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SUMMARY  
 

Despite recent advances in new therapies and diagnosis, lung cancer remains the most common 

and deadliest cancer worldwide. Conventional chemotherapy, combining a platinum compound 

(cisplatin or carboplatin) to another antineoplastic agent is used at nearly all stages. As it is 

administered using the intravenous (IV) route, it leads to heavy systemic side effects, with dose-

limiting toxicities (DLT) such as nephrotoxicity for cisplatin, or myelotoxicity for carboplatin-

paclitaxel doublet. Consequently, cytotoxic drugs are administered in well-spaced cycles 

between which all tissues can recover, including the tumour, which leads to tumour 

repopulation. Indeed, a significant correlation between platinum concentration in lung tumours 

and treatment efficacy was established in lung cancer patients. The aim of this work was to 

evaluate the potential of combining a cisplatin-based dry powder for inhalation (CIS-DPI-50) 

with conventional IV-chemotherapies to continuously expose the tumour to cytotoxic drugs.  

 

The first experimental part aimed to develop the CIS-DPI-50 formulation. To limit a high 

cisplatin concentration from being directly solubilized once delivered in the lungs (i.e. lung 

toxicity) and to ensure enough lung exposure, it was essential to develop appropriate controlled-

release and sustained lung-retention dry powder for inhalation (DPI) formulations. This 

consisted in optimizing a previous solid lipid microparticle-based formulation developed by 

Levet et al (CIS-DPI-TS). CIS-DPI-TS was re-produced to evaluate its efficacy on the M109-

HiFR lung carcinoma model (0.5 mg/kg, 3 times per cycle for two cycles) and showed similar 

survival rates to the ones obtained with CIS-IV (1.5 mg/kg, once a cycle for two cycles). This 

optimization was done by (i) using generally recognised as safe (GRAS) and pharmaceutical 

grade excipients (49.5% (w/w) of hydrogenated castor-oil (HCO) and 0.5% (w/w) of d-α-

Tocopherol polyethylene glycol 1000 succinate (TPGS) following a scalable process, and (ii) 

increasing the burst effect to boost the anti-tumour response. CIS-DPI-50 showed an interesting 

aerodynamic performance at both high and sub-optimal air flows (i.e. 100 and 40 L/min) with 

a fraction of fine particle from the delivered dose (FPF_d) of 86 ± 1% and 74 ± 1% respectively. 

These interesting characteristics were reproduced from batch to batch and maintained during 6 

months’ storage at normal conditions (25°C, RH 60%) with an FPF_d varying from 81.0 ± 

0.6% at T0 to 81 ± 2% after 6 months. This was certainly related to (i) the stabilization of the 

β-form of HCO as well as the crystalline state of cisplatin and (ii) the low residual solvent 

content (< 0.2% w/w). Moreover, it demonstrated a higher burst release than CIS-DPI-TS while 
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maintaining controlled-release properties in vitro as 48 ± 2% were dissolved within 2h vs. 35 ± 

11% for CIS-DPI-TS and 76 ± 5% for uncoated cisplatin microcrystals. This was confirmed in 

vivo and proved that the change to HCO decreased the time to reach the maximum concentration 

(Cmax) (i.e. Tmax) in blood from 120 min for CIS-DPI-TS to 1 min for CIS-DPI-50 and 

maintained lung targeting and retention within 4 hours, with an area under the curve (AUC) in 

the lungs of 4 611 ± 932 ng.min.mg-1(vs. 6 072 ng.min.mg-1 for CIS-DPI-TS). Consequently, 

CIS-DPI-50 was selected for further investigation in grafted-mice. 

 

The second part of this work aimed first to evaluate the biodistribution of a single administration 

of CIS-DPI-50 in Lewis lung carcinoma expressing luciferase (LLC1-Luc)-grafted mice. 

Following the single administration of CIS-DPI-50 at 0.5 mg/kg, a more sustained and 10-fold 

higher exposure in the tumour than in tumour-free lungs was observed (AUC0-∞  in the tumours: 

10 683 ± 5 826 ng.min.mg-1 vs. 1 071 ± 825 ng.min.mg-1 in tumour-free lungs). The second aim 

was to select the best CIS-DPI-50 monotherapy regimen for combination to IV chemotherapies. 

CIS-DPI-50 was administered for two cycles either five times per cycle at 0.3, 0.5 or 1 mg/kg, 

or three times per cycle at 0.5 mg/kg. Following the first cycle treatment, no significant 

difference in terms of platinum concentration in the tumours or healthy organs was observed 

between these groups and a single administration of CIS-DPI-50. However, one treatment cycle 

later, all the platinum concentrations increased in heathy organs, with a significant decrease in 

tumours. This was correlated to (i) a 23-fold increase in tumour size between cycles (533 ± 23 

mg vs. 23 ± 3 mg) and (ii) the degradation of the overall condition of the mice. Moreover, none 

of the selected regimens showed an increased pulmonary toxicity or efficacy (i.e. similar 

tumour size, necrosis and apoptosis). This limited efficacy was related to the lack of sensitivity 

of the LLC1-Luc model to cisplatin. Therefore, regimens with the lowest cumulative cisplatin 

dose (i.e. the group treated at 0.5 mg/kg three times per cycle vs. the group treated at 0.3 mg/kg 

five times per cycle) were selected to be evaluated on M109-HiFR-Luc2 grafted mice, as they 

were intended to be combined with IV chemotherapies. Results from this study showed a 

statistically significant reduced tumour size with both treated groups (p < 0.0001) in 

comparison with the negative control group, which confirmed the responsiveness of this model 

to cisplatin. However, no significant differences in terms of tumour growth (similar trends), 

proportion of responders (33% for both groups) or survival (31 days for both treated groups vs. 

23 days for untreated group) were reported between the treated groups. Consequently, regarding 

the potential nephrotoxicity, the less-frequent regimen (i.e. 0.5 mg/kg, repeated three times per 
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cycle) was selected to prevent a probable accumulation of platinum and therefore acute kidney 

injury (AKI).  

The third part aimed to evaluate the tolerance of CIS-DPI-50, CIS-IV and their combinations.  

Results from the pro-inflammatory cytokines quantification (Tumour necrosis factor α (TNF-

𝛼), IL-6 and IL-1𝛽) in bronchoalveolar lavage fluid (BALF) showed a better tolerance for CIS-

DPI-50 than CIS-IV. Neutrophil granulocytes (NT-GRA) increased in BALF dose-dependently 

for all the groups treated with CIS-DPI-50 and were reversible 1 week later only for CIS-DPI-

50 monotherapies and for the combination group for which CIS-IV and CIS-DPI-50 

administrations were staggered over 24h. Considering both inflammation and cytotoxicity 

results, the addition of CIS-DPI-50 to CIS-IV at its maximum tolerated dose (MTD) seemed to 

have a higher impact than if CIS-DPI-50 was added to a 25% reduced IV dose. Results from 

the AKI investigation showed a significant increase in all AKI biomarkers (Neutrophil-

gelatinase associated lipocalin (NGAL), cystatin C and creatinine) in plasma once CIS-DPI-50 

and CIS-IV administered at their MTD the same day or 24h later. Consequently, considering 

the results from both investigations, it was important to reduce CIS-IV MTD by 25% and 

stagger CIS-DPI-50 administration by 24h to preserve pulmonary and renal tolerance. This 

regimen was therefore selected to evaluate its efficacy on M109-HiFR-Luc2-grafted mice by 

combining CIS-DPI-50 to the conventional cisplatin-paclitaxel IV chemotherapy. Even if the 

results were not significantly different from conventional IV chemotherapy alone, interesting 

efficacy trends in terms of reduced tumour growth, survival (31 days for combination group vs. 

26 for IV doublet, vs. 21 days for untreated group) and proportion of responders (67% for 

combination group, vs. 50% for IV doublet) were reported for the combination group.  

 

The several adaptations probably hindered the potential of the combinations. It was therefore 

interesting to investigate the combination of CIS-DPI-50 with a less nephrotoxic doublet (i.e. 

carboplatin-paclitaxel) that would necessitate fewer adjustments. However, the DLT of 

carboplatin and paclitaxel imposed an evaluation of myelotoxicity in this study. Results showed 

that the addition of CIS-DPI-50 to carboplatin-paclitaxel IV doublet on the same day at their 

MTD induced a higher white blood cell (WBC) and BALF cell counts, a higher proportion of 

NT-GRA in BALF and earlier regenerative anaemia than with the IV doublet alone. All these 

side effects were reversible within one week. The strategy of reducing the IV dose by 25% and 

separating CIS-DPI-50 and IV doublet administration by 24h avoided regenerative anaemia 

and/or WBC increase as well as total cell increase in BALF when compared to their respective 

IV doublets. Interestingly, all the combination groups induced higher non-reversible 
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cytotoxicity than the non-treated groups. These combinations were overall better tolerated than 

those with CIS-IV and should be tested on murine lung cancer models alone or in combination 

with immunotherapy (e.g. immune checkpoint inhibitors). 

This work has demonstrated the feasibility to combine a loco-regional treatment modality with 

conventional cisplatin and carboplatin-based IV chemotherapies against pulmonary tumours. 

This was done by optimizing the combinations to avoid cumulative pulmonary, renal and 

haematological (i.e. for carboplatin-based chemotherapy) toxicities while showing a tendency 

to efficacy (i.e. cisplatin-paclitaxel doublet) in an aggressive preclinical model. Therefore, these 

promising results open the door to several other combination possibilities (i.e. localized 

treatments and immune checkpoint inhibitors) that should be further investigated to select the 

indications for which this treatment would be the most effective.  
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RESUME 
 

Malgré les progrès réalisées en matière de traitement et de diagnostic, le cancer du poumon 

demeure le plus répandu et le plus mortel dans le monde. La chimiothérapie conventionnelle, 

associant un composé de platine (cisplatine ou carboplatine) à un autre agent antinéoplasique 

est utilisée à quasiment tous les stades. Comme celle-ci est administrée par voie intraveineuse 

(IV), elle entraîne des effets secondaires systémiques importants dont certains sont dose-

limitant (DLT) comme la néphrotoxicité pour le cisplatine ou la myélotoxicité pour le doublet 

carboplatine-paclitaxel. Par conséquent, ces agents sont administrés selon des cycles bien 

espacés pendant lesquels les tissus se rétablissent, et ce incluant la tumeur ; conduisant à une 

repopulation tumorale. En effet, une corrélation significative a été établie entre la concentration 

de platine dans les tumeurs pulmonaires et l’efficacité du traitement. Le but de ce travail était 

d’évaluer le potentiel de combiner une poudre sèche pour inhalation (CIS-DPI-50) avec le 

traitement de chimiothérapie IV, afin d’exposer la tumeur à l’agent cytotoxique de manière 

continue.  

 

La première partie de ce travail a permis de développer le CIS-DPI-50. Afin d’éviter qu’une 

haute concentration en cisplatine ne soit complètement solubilisée une fois dans les poumons, 

et afin d’assurer une exposition suffisante, il était essentiel de développer des formulations à 

libération contrôlée et à rétention pulmonaire suffisante. Ceci consistait en l’optimisation d’une 

formulation à base de microparticules lipidiques solides (CIS-DPI-TS) préalablement 

développée par Levet et al. Cette formulation a été reproduite afin d’évaluer son efficacité chez 

des souris greffées avec le modèle M109-HiFR (0.5 mg/kg, trois fois par cycle pendant deux 

cycles) et a démontré une survie similaire au CIS-IV (1.5 mg/kg, une fois par cycle pendant 

deux cycles). Cela a été effectué en (i) utilisant des excipients de grade pharmaceutique, 

reconnus comme sûrs (GRAS) (49,5 % (w/w) d’HCO et 0,5 % (w/w) de TPGS) selon un 

processus facilement transposable, et (ii) en augmentant la libération initiale afin d’améliorer 

la réponse antitumorale. Le CIS-DPI-50 a montré une performance aérodynamique prometteuse 

à des débits d’air différents (100 et 40 L/min) avec une fraction de particules fines par rapport 

à la dose délivrée (FPF_d) de 86 ± 1 % et de 74 ± 1 %, respectivement. La reproductibilité du 

procédé a été démontrée sur 3 lots différents et la stabilité maintenue pendant les 6 mois de 

stockage avec une FPF_d variant de 81,0 ± 0,6 % au T0 à 81 ± 2 % après 6 mois. Ceci était lié 

à (i) la stabilisation de la forme β de HCO et de l’état cristallin du cisplatine, et (ii) à la faible 
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teneur en solvant résiduel (< 0,2 % w/w). De plus, cette formulation était caractérisée par une 

libération initiale plus marquée qu’avec CIS-DPI-TS ainsi que par des propriétés de libération 

contrôlée in vitro puisque 48 ± 2% ont été dissous en 2 h, vs. 35 ± 11 % pour CIS-DPI-TS et 

76 ± 5 % pour les microcristaux de cisplatine non enrobés. Cela a été confirmé in vivo et a 

prouvé que le changement vers HCO a diminué le Tmax dans le sang de 120 min pour CIS-DPI-

TS à 1 min pour le CIS-DPI-50. De plus, la rétention pulmonaire a été maintenue pendant 4 

heures avec une aire sous la courbe (AUC) dans les poumons de 4 611 ± 932 ng.min.mg1 vs. 

6 072 ng.min.mg-1 pour CIS-DPI-TS. Par conséquent, cette formulation a été choisie pour la 

suite des investigations.  

 

La deuxième partie de ce travail visait tout d’abord à évaluer la biodistribution après 

l’administration de CIS-DPI-50 à 0.5 mg/kg chez des souris greffées avec le modèle LLC1-

Luc. Suite à cette administration, une exposition plus soutenue et dix fois plus élevée a été 

retrouvée dans les tumeurs par rapport au tissu sain (AUC0-∞ de 10 683 ± 5 826 ng.min.mg-1, 

vs. 1 071 ± 825 ng.min.mg-1, respectivement). Le deuxième objectif était de sélectionner le 

schéma d’administration du CIS-DPI-50 le plus adapté à sa combinaison avec la chimiothérapie 

IV. Le CIS-DPI-50 a été administrée 5 fois par cycle pendant deux cycles à 0,3, 0,5 et 1 mg/kg, 

ou à 0,5 mg/kg 3 fois par cycle pendant deux cycles. Après le premier cycle de traitement, 

aucune différence en termes de concentrations en platine n’a été observée dans les tumeurs ou 

dans les organes sains entre les groupes traités de manière répétée et ceux administrés une seule 

fois. Cependant, un cycle plus tard, toutes les concentrations en platine ont augmenté dans les 

organes sains et diminué dans les tumeurs. Ceci était lié à une augmentation de la taille tumorale 

d’un facteur de 23 entre les deux cycles (533 ± 23 mg vs. 23 ± 3 mg), ainsi qu’à la dégradation 

de l’état général des animaux. De plus, aucun des schémas n’a démontré une toxicité 

pulmonaire ou une efficacité. Cette efficacité limitée était liée à la faible sensibilité du modèle 

LLC1-Luc au cisplatine. Par conséquent, les schémas caractérisés par la plus faible dose 

cumulée (0,5 mg/kg trois fois par cycle et 0,3 mg/kg cinq fois par cycle) ont été sélectionnés 

afin d’évaluer leur efficacité chez des souris greffées avec le modèle M109-HiFR-Luc2. Une 

réduction significative de la taille tumorale dans les groupes traités (p < 0,0001) par rapport au 

groupe non traité a été observée ; confirmant la réponse de ce modèle au cisplatine. Cependant, 

aucune différence en termes de croissance tumorale (tendances similaires), de proportion de 

répondeurs (33 % pour les deux groupes) ou de survie (31 jours pour les groupes traités vs. 23 

jours pour le groupe non traité) n’a été rapportée entre ces deux groupes. Par conséquent, le 
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schéma le moins fréquent a été choisi pour éviter une éventuelle accumulation de platine et une 

atteinte rénale aigue (AKI). 

 

La troisième partie de ce travail avait pour but d’étudier la tolérance pulmonaire et rénale du 

CIS-DPI-50, du CIS-IV et de leurs combinaisons. Les résultats de quantification des cytokines 

pro-inflammatoires (TNF-α, IL-6, IL-1β) dans le fluide de lavage bronchoalvéolaire (BALF) 

ont montré une meilleure tolérance pour le CIS-DPI-50 par rapport au CIS-IV. Les neutrophiles 

granulocytes (NT-GRA) ont augmenté proportionnellement à la dose pour tous les groupes 

traités avec le CIS-DPI-50. Ces augmentations étaient réversibles une semaine plus tard 

uniquement pour les monothérapies et le groupe combiné, dont les administrations ont été 

espacées de 24h. Compte tenu des résultats d’inflammation et de cytotoxicité, l’ajout de CIS-

DPI-50 au CIS-IV à sa dose maximale tolérée (MTD) semblait avoir un plus grand impact que 

si CIS-DPI-50 était ajouté à une dose IV réduite de 25%. Les résultats de quantification des 

biomarqueurs AKI plasmatiques (NGAL, cystatine C et créatinine) ont augmentés lorsque les 

deux monothérapies ont été administrées à leur DMT le même jour ou 24 heures plus tard. Par 

conséquent, la MTD du CIS-IV devait être réduite de 25% et les administrations séparées de 

24h pour préserver la tolérance. L’efficacité de ce schéma a été évaluée sur des souris greffées 

avec le modèle M109-HiFR-Luc2 en combinant le CIS-DPI-50 au doublet IV cisplatine-

paclitaxel. Malgré le fait que ces résultats n’étaient pas significativement différents, des 

tendances intéressantes en termes de réduction de la croissance tumorale, de survie (31 jours 

pour le groupe combiné vs. 26 pour le doublet IV, vs. 21 jours pour le groupe non traité) et de 

proportion de répondeurs (67 % pour le groupe combiné, vs. 50 % pour le doublet IV) ont été 

observés pour le groupe combiné. 

 

Comme les différentes adaptations ont probablement pu entraver le potentiel des combinaisons, 

il était intéressant d’étudier l’association de CIS-DPI-50 avec un doublet moins néphrotoxique 

(carboplatine-paclitaxel), et qui nécessiterait éventuellement moins d’ajustements. Compte tenu 

de la DLT du carboplatine et du paclitaxel, l’évaluation de la myélotoxicité était incluse dans 

cette étude. Les résultats ont montré que l’ajout de CIS-DPI-50 au doublet carboplatine-

paclitaxel IV le même jour à leur MTD ont induit une augmentation du nombre de globules 

blancs et de cellules totales dans le BALF, une proportion plus élevée de NT-GRA dans le 

BALF et une anémie régénérative plus précoce qu’avec le doublet IV. Ces effets étaient 

réversibles. La stratégie de réduction de la dose IV de 25 % et la séparation des administrations 

par 24h ont permis d’éviter le développement d’une anémie régénérative et/ou l’augmentation 
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de globules blancs ou du nombre de cellules totales dans le BALF par rapport aux doublets IV. 

De plus, toutes les combinaisons ont induit une cytotoxicité non réversible tout en étant mieux 

tolérées que celles avec le CIS-IV. Leurs efficacités devraient donc être testées sur des modèles 

de cancer pulmonaire murin seuls ou en combinaison avec l’immunothérapie (inhibiteurs de 

checkpoint). 

 

Ce travail a démontré la faisabilité de combiner une modalité de traitement locorégionale avec 

les traitements de chimiothérapie conventionnelle par voie IV à base de cisplatine et de 

carboplatine contre les tumeurs pulmonaires. Ceci a été effectué en optimisant les combinaisons 

afin d’éviter des toxicités pulmonaire, rénale et hématologique (pour la chimiothérapie à base 

de carboplatine) tout en démontrant une tendance vers une efficacité (pour le doublet cisplatine-

paclitaxel) dans un modèle préclinique agressif. Par conséquent, ces résultats ouvrent la voie à 

plusieurs autres possibilités de combinaisons (traitements localisés et inhibiteurs de checkpoint) 

qui doivent être investiguées afin de sélectionner les indications pour lesquelles ce traitement 

serait le plus efficace. 
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 Lung cancer 
In this research work, we aimed to optimize a loco-regional treatment against lung cancers. 

Therefore, in this first section, the burden of this disease, its major sub-types and the different 

treatment modalities are introduced.  

 

1.1.  Epidemiology and risk factors  
Worldwide, lung cancer is the second most common and deadliest cancer, for both sexes with 

2.2 million new lung cancer cases (11.4%) and 1.8 million deaths (18.0%) in 2020 (Figure 1) 

[1]. In Belgium, lung cancer is the second most frequent cancer with 9 646 new cases (11.6%). 

It is still the leading cause of deaths, with the highest mortality rate (22.7%) among all cancer 

deaths, in 2020 (Figure 2) [2]. Worldwide, the differences between the genders is narrowing 

as incidence rates have tended to increase for females and decrease for males in recent decades 

[3–5]. This seems to be strongly related to historical differences in tobacco-smoking 

interruption for males and an increase in smoking prevalence for females [1,5]. Moreover, if 

current trends are maintained, in 2045 the mortality in females is expected to exceed that 

observed in males, in the USA [6]. In addition to gender, incidence rates vary depending on 

several other factors such as race (highest in African-American and lowest in Hispanic women 

in the USA), age, socioeconomic status (related to access to education) and geographic location 

[4]. Indeed, significant variations are observed between developed and developing countries, 

mainly due to the recent increase in smoking in low- or middle-income countries, and to the 

implementation of smoking cessation campaigns in high income countries [4]. 

 

 
Figure 1: Pie charts representing the distribution of cases and deaths worldwide for the 10 most common cancers 
in 2020 for both sexes. Source: GLOBOCAN 2020, from Sung et al., 2021 [1]. 
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Figure 2: Incidence and mortality rates for the most common cancers in Belgium. NHL stands for non-Hodgkin 
lymphoma. Source: Globocan 2020 [7]. 

 

Tobacco smoking (and second-hand smoke) is still the leading cause of lung cancer as it is 

responsible for 80% of the total cases [4]. This is related to the 4 000 chemical constituents of 

cigarette smoke, among which at least 50 carcinogens are identified [4]. However, in these last 

couple of years, electronic nicotine delivery systems, including E-cigarettes, have been seen as 

an alternative to tobacco smoking and are increasingly used by teenagers and young adults [8]. 

These products are controversial as they contain various chemical entities such as carbonyl 

compounds (acetaldehydes, formaldehydes) that may induce lung tissue damage, and for which 

the long-term safety has not yet been determined [8]. Except for smoking, other risk of factors 

have been associated with lung cancer, such as coal burning for heating or cooking, air 

pollution, and radon and asbestos exposure, as well as chronic lung diseases such as chronic 

pulmonary disease, idiopathic pulmonary fibrosis and tuberculosis [4,9].  

 

Lung cancer cases (2.2 million in 2020 vs. 1.8 million in 2012) and deaths (1.8 million in 2020 

vs. 1.6 million in 2012) have been increasing worldwide, while the number of smokers has 

increased between 1980 and 2012 [4]. Since 1991 and up to 2015, a significant decrease in 

incidence rates was reported in the USA [10], largely due to tobacco cessation campaigns. 

Indeed, they have played a major role by leading to lower tobacco smoking rates and 

consequently decreased lung cancer incidence and mortality rates [4,10].  

Furthermore, while still low, the 5-year relative survival rates have improved in the USA, from 

10.7% in 1973 to 16.0% in 2000, and to 21.7% in 2018 [10,11]. Moreover, these rates were 

different between females and males, as observed in Belgium between 2013 and 2017 (27.0% 

for females vs. 18.2% for males) [3,4]. This progress was reported to be related to the 
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improvement of thoracoscopic surgery techniques (surgical rate stable around 25% between 

1973 and 2015), to the increased use of a more efficient radiotherapy technique for early stages, 

and to the extended use of conventional chemotherapy (14.9% in 1973 to 39.2% in 2015), along 

with the development of more personalized therapies (targeted therapies and immunotherapy) 

for advanced disease [4,10]. 

 

1.2.  Clinical manifestations 
Lung cancer was the most frequently diagnosed among people in the 65-74 years-old age 

interval in the USA between 2013 and 2017 [11]. The same trend was observed in Belgium, 

with a median age for diagnosis of 70 years old for males and 67 years old for females in 2017 

[3]. Most of these patients are asymptomatic when diagnosed but they often present nonspecific 

systemic manifestations such as fatigue, anorexia or body weight (bw) loss [4,12]. Depending 

on the tumour size and spread, different clinical manifestations are observed [13]. In the case 

of a primary tumour, cough (75%), dyspnoea (60%), chest discomfort (50%) and haemoptysis 

(35%) are the most commonly reported manifestations [4,12]. 

However, in 40% of cases, patients are diagnosed with a tumour that has already spread 

intrathoracically following tumour size expansion along the lymphatic system [4]. In this case, 

hoarseness (2-18%), phrenic nerve paralysis, Pancoast’s tumour, pleural effusion, superior vena 

cava obstruction and oesophageal symptoms may be detected [4].  

Between 33 and 40% of patients are diagnosed with metastases due to the tumour expanding to 

metastatic sites such as bones, the liver, the brain, adrenal glands, lymph nodes and the spinal 

cord [4,14]. In this case, apart from non-specific manifestations such as weakness and weight 

loss, specific symptoms of bone metastasis (bone fracture and pain) or brain metastasis 

(headache, nausea, vomiting, confusion, etc.) may be observed [4]. Other manifestations such 

as paraneoplastic syndromes (10%) can be found [4,12].  

 

1.3.  Classification and pathology 
Lung cancer is mainly divided into two major histological types: non-small cell lung carcinoma 

(NSCLC) and small cell lung carcinoma (SCLC). Each category is then divided into different 

histological sub-units (Table 1), and will be further detailed in later sections.  

NSCLC is the most frequent (85% of patients) whereas SCLC is less frequent (15%) [13,15], 

more aggressive and highly related to cigarette smoking as 90-95% of patients with SCLC are 

either current or past smokers [15]. It is characterized by rapid growth and metastasis to 
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extrathoracic organs and is often associated with paraneoplastic syndromes [13,15]. NSCLC 

and SCLC treatment modalities are different and depend on staging, histological sub-types and 

genetic alterations. The inter-connection between these parameters will be further detailed in 

the next sections.  

 
Table 1: 2015 WHO classification of lung tumours, from Travis et al., 2015 [16]. 

 



Introduction 

 22 

1.4.  Non-small cell lung carcinoma 
1.4.1. Screening 

Prognosis of NSCLC is strongly related to its stage at diagnosis, which shows the importance 

of screening. Two randomized clinical trials have demonstrated the benefits of screening by 

low-dose computed tomography (CT) in terms of reduction of lung cancer deaths in high-risk 

population [17,18]. The choice of the technique is an important criterion as the benefits of 

screening using chest X-ray and/or sputum cytology have not been demonstrated [19,20]. 

However, harms from screening have also been identified, such as false-positive exams and 

over-diagnosis leading to cost, anxiety and invasive diagnostic procedures. Moreover, radiation 

exposure for younger people or those with a low risk of developing lung cancer is another 

limitation to screening [21].  

Consequently, in their latest version of screening for lung cancer in 2013, the US Preventive 

Services Task Force recommended annual screening with low-dose CT in adults aged between 

55 and 80 years who have a 30 pack-year smoking history (1 pack-year is equivalent to 1 

pack/day for 1 year) or more and are smokers or have quit smoking within the last 15 years. 

However, screening should be discontinued if the former smoker has not smoked for 15 years 

or if he develops a health problem that limits his life expectancy or his ability to access lung 

surgery [22].   

 

Although this screening has demonstrated its beneficial value in terms of mortality, currently, 

there is no lung cancer screening programmes organised worldwide. Implementation of 

screening is being discussed throughout Europe among clinicians and policymakers and aims 

to identify a balance between benefit, harm, cost-efficiency, a shared decision-making process 

and integration of tobacco cessation [23].  

 

1.4.2. Diagnosis 

As mentioned previously, NSCLC is often diagnosed at an advanced stage with non-specific 

clinical manifestations, laboratory abnormalities or paraneoplastic syndromes [12]. Therefore, 

the diagnosis must identify histologic specifications (biopsy), tumour extent (staging) and, 

more recently, the expression of biomarkers to select the most suitable therapeutic option.  

 

The diagnostic strategy needs to be decided in a multidisciplinary team as it depends on the size 

and location of the tumour, the involvement of nodes, and patient comorbidities [24]. This 

strategy should include (i) an overall investigation (medical history, physical examination, 
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comorbidity and performance status (PS) assessment), (ii) a laboratory check-up (blood-cell 

counts, renal function, liver enzymes, bone parameters), (iii) the determination of the cardio-

pulmonary function (e.g. forced expiratory vital capacity, electrocardiogram, forced expiratory 

volume in 1 second), (iv) the use of imaging techniques to determine the tumour size and extent 

and (v) finally, tissue sampling techniques to identify specific abnormalities [25].  

 

The imaging techniques include the use of chest X-ray radiographs, CT and positron emission 

tomography (PET) scans. Indeed, a Danish randomized study has demonstrated better staging 

with PET scans combined with CT, in comparison with the traditional invasive staging alone 

(i.e. mediastinoscopy and mediastinal lymph node biopsy with echo-endoscopy) [12].  

 

The National Comprehensive Cancer Network (NCCN) in the US recommends that patients 

with a strong clinical suspicion of stage I or II, based on risk factors and radiologic appearance, 

do not require a biopsy before surgery as biopsy adds time, cost and procedural risk and may 

not be needed for treatment decisions [24]. Indeed, the European Society for Medical Oncology 

(ESMO) reported that unlike stage IV, the need for a detailed pre-treatment pathological 

diagnosis for earlier stages is not yet clear as the consequence of upfront diagnosis is assumed 

to be less relevant [25]. However, for stage IV, the least invasive biopsy techniques among 

bronchoscopy, mediastinoscopy, endoscopic ultrasound, endobronchial ultrasound and 

transthoracic needle aspiration should be selected depending on the tumour mass and location 

[24]. This is done to identify the histological sub-types, detect molecular abnormalities 

(epidermal growth factor receptor (EGFR) gene mutations, anaplastic lymphoma kinase (ALK) 

rearrangements, BRAF mutations; etc.) and checkpoint molecules (programmed death-ligand 

1 (PD-L1)) [26]. To do so, various techniques are used such as immunohistochemistry (IHC), 

real-time polymerase chain reaction (PCR), reverse-transcription PCR (RT-PCR), next-

generation sequencing (NGS) and fluorescence in situ hybridization (FISH) [26]. 

 

Moreover, the sampling of at least six positive nodes (at least three of them should be 

mediastinal nodes) during surgery is also recommended to classify the N stage for patients with 

a suspicion of stages II and IIIA, [12,25]. Finally, the use of brain imaging (magnetic resonance 

imaging, bone scintigraphy or contrast-enhanced CT) to identify brain metastases remains 

controversial for early stages as their detection is very low for such patients. However, brain 

imaging is recommended for patients describing signs or symptoms of brain metastasis with an 

intent to be cured (i.e. not eligible for palliative treatment) [12,25,27].  
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1.4.3. Staging 

Staging is crucial for the selection of the best therapeutic option: the determination of the stage 

is in constant change, with improvements in diagnosis techniques tending to describe more 

precisely the tumour extent [28]. The stage classification is therefore updated by the Union for 

International Cancer Control (UICC) and the American Joint Committee on Cancer (AJCC) 

regularly, who published their latest version in January 2017 [28].  

 
Table 2: 8th TNM classification of NSCLC, adapted from Detterbeck et al., 2017 [28]. 

 
 

This classification consists of the tumour, node, metastases (TNM) description of the anatomic 

extent of the tumour in terms of: T, the size of the primary tumour; N, the involvement of lymph 

nodes and their location; and M, distant metastases beyond regional lymph nodes. Each one of 

these components is divided into different groups and their specific combination leads to the 

determination of the stage [28] (Table 2). Stages I and II with negative nodes are commonly 

referred as “early-stage disease”, while stages II and III with positive nodes are referred as 

“locally-advanced disease” and stage IV as “advanced or metastatic disease” [24].  

 

The T component is divided into five groups, from T0 (no primary tumour) to T4, depending 

on the tumour size (T1 for tumour size ≤ 3 cm, T2 for tumour size between 3 and 5 cm, T3 for 

tumour size between 5 and 7 cm, and T4 for tumour with a greater size than 7 cm). Moreover, 

these groups can be sub-divided depending on the invasion of adjacent central/mediastinal 

(Cent. In Table 2) or peripheral (Inv. In Table 2) structures [28,29].  
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The N component is also sub-divided into four groups, from N0 to N3, depending on the 

location of the nodes involved. As mentioned previously, it is recommended to sample and 

analyse at least six lymph nodes for accurate staging [28]. The pathological analyses of M0 

patients (i.e. patients with no distant metastasis) has demonstrated a correlation between a 

decreasing 5-year survival rate and the involvement of distant nodes: N1a, 59%; N1b, 50%; 

N2a1, 54%; N2a2, 43%; and N2b, 38% [29].  

 

The M component is also sub-divided into four groups, from M0 to M1C depending on the 

localization (intrathoracic for Contr Nod. Or extrathoracic for Pl Dissem. In Table 2) and the 

number (Single for M1b or Multi for M1c in Table 2) of distant metastasis [28]. Patients with 

a single extra-thoracic metastasis (M1b) have a better prognosis in terms of mean survival than 

those with several metastases (M1c) (11.4 months vs. 6.3 months) [29]. 

Stage grouping was also adapted in the last TNM classification and is summarized in Table 2. 

As expected, the more advanced the stage is (from stage I to stage IV), the lower is the 5-year 

survival rate (from 92% from stage IA1 to 0% for IVB) (Table 3) [28,30].  

 
Table 3: 5-year survival rates of NSCLC, adapted from Detterbeck et al., 2017 [28]. 

 
 

Considering the importance of the tumour microenvironment in the development and 

progression of cancer (as will be discussed in section 1.4.5.2), several reports indicated that the 

number, type and location of tumour immune infiltrates in primary tumours were essential 

prognostic factor for overall survival [31]. As, these are able to influence the risk of relapse, an 

immune-classification of tumours based on a sample immune score can be interesting. Indeed, 

this score, quantifying the density and location of immune-cells within the tumour, has a 

prognostic value that could be superior to the classical UICC/AJCC TNM classification [31].  
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1.4.4. Histological sub-types 

In the previous WHO classifications, the identification of the histopathological sub-types was 

based on histology using light microscopy and haematoxylin-eosin (HE) staining, and 

sometimes mucin staining. IHC was introduced in the 1999 WHO classification and has since 

gained more and more interest. The newest version of the WHO classification was published in 

2015 and aims to emphasise on the importance of IHC and genetics in identifying the 

specifications of the patient’s tumour, leading to personalized treatment [16]. This change was 

related to the discovery of targeted therapies based on specific histologic and genetic 

alterations, and will be discussed further later in this text [16]. Consequently, lung tumours are 

divided into many histologic types and even more subtypes, as represented in Table 1. Some 

of these sub-types are illustrated in Figure 3 and will be discussed hereunder.  

 

 
Figure 3: NSCLC sub-types and SCLC. A: Adenocarcinoma with acinar pattern. B: Invasive squamous cell 
carcinoma differentiation identified by keratin pearls and prominent keratinization. C: Large cell carcinoma with 
large tumour cells, abundant cytoplasm and large nuclei. D: Tumour cells from densely packed SCLC undergoing 
massive mitoses and apoptosis, from Zander et al., 2018 [32]. 

 

1.4.4.1. Adenocarcinoma 

Adenocarcinoma has become the most common sub-type of NSCLC as it represents 40% of 

patients (smokers and non-smokers). This is explained by the fact that since filters have been 

added to cigarettes, they have prevented the inhalation of large particles but have induced 

deeper inhalation of smoke, resulting in more peripheral damages [14]. This sub-type tends to 

grow relatively slower than other sub-types, increasing the chance of being found before the 

invasion of extrathoracic organs [12,14]. Adenocarcinoma arises mostly from type II alveolar 

A B

C D
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cells that normally secrete surfactant in the periphery of the lung and more precisely mostly 

from the small airway epithelium [14,32] (Figure 3.A). Adenocarcinoma is diagnosed by the 

presence of pneumocyte markers (TTF-1 and/or napsin A). Its sub-division was completely 

updated in the 2015 WHO classification to depend on the extent of the invasiveness. Therefore, 

three major types of adenocarcinomas are identified: pre-invasive (adenocarcinoma in situ), 

minimally invasive and invasive.  

 

Adenocarcinoma in situ is diagnosed with a tumour size of less than 3 cm describing a pure 

lepidic growth, which is defined as growth of neoplastic cells along alveolar septa without 

architectural destruction [33]. No stromal, vascular or pleural invasion is detected in this sub-

type, nor are papillary, micropapillary pattern or interalveolar tumour cells [12,16,34].  

 

Minimally invasive adenocarcinomas include tumours with a size no higher than 3 cm and 

invasion no greater than 5 cm, with a predominant lepidic growth and with less than 0.5 cm of 

any other invasive component. In this case, the cell type is mostly nonmucinous (i.e. type II 

pneumocytes or Clara cells) and must not invade lymphatics, blood vessels, air spaces or pleura 

or contain necrosis [12,34].  

 

Adenocarcinomas with an invasion of 0.5 cm or greater are considered as invasive 

adenocarcinomas and are divided in five sub-types: lepidic, acinar, papillary, micropapillary 

and solid. As previously defined, a lepidic growth characterizes the proliferation of tumour cells 

along the surface of intact alveolar walls, whereas an acinar growth is a gland-forming cancer. 

The papillary pattern is characterized by papillary structures that replace the underlying lung 

architecture, while the micropapillary pattern describes papillary tufts that lack a central 

fibrovascular core. Finally, a solid adenocarcinoma is composed of sheets of polygonal tumour 

cells [16]. 

 

1.4.4.2. Squamous cell carcinoma 

Squamous cell carcinomas represent 25-30% of lung cancers, and 90% occur in cigarette 

smokers [12,13]. The majority of these carcinomas arise in the epithelium cells located centrally 

in the mainstem, lobar or segmental bronchi. They are diagnosed by the presence of 

immunohistochemical markers such as CK5, CK6, p40 and desmoglein-3 [12]. Moreover, they 

show keratinization, pearl formation and/or intercellular bridges [13,32] (Figure 3.B). Recent 

studies demonstrate mixed results regarding the survival rates between adenocarcinomas and 
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squamous cell carcinomas [35]. While some studies have shown a significantly better prognosis 

in terms of the 5-year survival rate for squamous cell carcinomas in comparison with 

adenocarcinomas [13,35], others have shown the opposite or report no significant difference 

[35]. Indeed, the comparison between these sub-types is difficult considering the following 

significant differences: gender (males are more likely to have squamous cell carcinomas), the 

distribution of the sub-type across stages (adenocarcinomas are more likely to be detected in 

earlier clinical T and N stage while squamous cell carcinomas patients reveal much more 

tendency to have clinical M0 stage) and tumour location (adenocarcinomas are detected in the 

periphery whereas squamous cell carcinomas are retrieved in central locations) [35].  

 

1.4.4.3. Large cell carcinoma 

Large cell carcinomas are an undifferentiated NSCLC type that lacks the cytologic and 

architectures of SCLC and glandular or squamous differentiation. They encompass large cell 

neuroendocrine carcinoma since the WH0 1999 classification. Large cell carcinoma represent 

5-10% of all lung cancers whereas large cell neuroendocrine carcinoma accounts for about 3% 

of lung cancers. They are both mostly encountered in smokers, but differ from one another by 

the neuroendocrine features of the latter, that are correlated with a worse prognosis. They are 

characterized by large cells with abundant cytoplasm and large nucleoli (Figure 3.C). Their 

numbers are tending to be reduced as newer immunophenotyping techniques improve the 

classification of poorly differentiated sub-types [12,16].  

 

1.4.4.4. Adenosquamous carcinoma 

Adenosquamous carcinoma is a sub-type in which both squamous cell carcinomas and 

adenocarcinomas are represented, at a minimum of 10% for each [16]. They account for 0.4-

4.0% of lung carcinomas and might increase in the case of higher adenocarcinoma incidence 

[13]. Adenosquamous carcinomas have a poor prognosis and show early metastasis. The 

tumours are often located in the periphery of the lungs and are highly similar to other NSCLC 

in terms of presentation and spread [13].  

 

1.4.4.5. Sarcomatoid carcinoma 

Sarcomatoid carcinoma is considered as a rare sub-type of NSCLC as it accounts for 0.3-1.3% 

of all lung malignancies [13]. It is poorly differentiated and contains a component of sarcoma 

or sarcoma-like tumours and is divided into five subgroups: spindle cell carcinoma, 

pleomorphic carcinoma, carcinosarcoma, giant cell carcinoma, and pulmonary blastoma [16]. 
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It is majorly related to tobacco smoking (90% of cases are pleomorphic carcinoma) or, at a 

lower proportion, to asbestos exposure [13]. It emerges from the central or peripheral lung, 

mostly in the upper lobes [13].  

 

1.4.5. Treatment 

The current treatment modalities for NSCLC are divided into two main groups: localized and 

systemic treatments. The localized treatments include surgery and radiotherapy, and aim to 

remove the primary tumour. Systemic treatments involve conventional chemotherapy, targeted 

therapies and immunotherapy and aim to fight tumour invasion from the primary tumour. The 

combination of these modalities considers the patient intrinsic factors (age, comorbidities, PS 

and personal choice), the disease characteristics (histology, stage) and the tumour factors (e.g. 

tumour operability, biomarkers, etc). The management of the treatment could include the option 

of changing the therapeutic strategy following additional investigations [27].  

To increase the chance of success, it is recommended to include a smoking cessation 

programme as a major part of the management of NSCLC by giving clear and personalized 

advice as it has been demonstrated that this can improve the treatment outcome. Moreover, 

smoking is able to interact with systemic therapy, which can interfere with the efficacy of the 

therapy [27]. However, its direct impact on efficacy remains controversial.   

 

1.4.5.1. Localized treatments  

Surgery 

Surgery consists of the ablation of a lobe (i.e. lobectomy), in the case of a tumour size greater 

than 2 cm with a solid appearance, a part of the lung irrespective of its anatomical boundaries 

(i.e. wedge resection), a segment (i.e. segmentectomy) of the lung containing the tumour, or 

even of the whole lung (i.e. pneumonectomy). This is the best therapeutic option for NSCLC 

in the early stages (stages I, II and IIIA) if the tumour is resectable and if the patient 

cardiopulmonary reserve is compatible with invasive surgery [14,24,30]. As mentioned above 

and illustrated in Table 3, these stages are correlated with the highest 5-year survival rates: 68-

92% for stages IB to IA1, 53-60% for stages IIB to IIA and 36% for stage IIIA [28,30]. 

 

The tumour operability is assessed using imaging studies, biopsies and patient-intrinsic factors 

[14]. However, as mentioned previously, NCCN guidelines recommend that patients with a 

strong suspicion of stages I and II do not require a biopsy before surgery [24]. In contrast, the 

role of surgery for patients with stage IIIA remains controversial as this population is highly 
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heterogeneous. Therefore, they must be classified following the recommendations described in 

the guidelines [24]. Moreover, the high-risk population and also the main part of lung cancer 

patients are smokers. Indeed, even if smokers have an increased risk of postoperative 

complications, it is still recommended to consider surgery as it remains the predominant 

opportunity for prolonged survival [24].  

Video-assisted thoracoscopic surgery or minimally invasive surgery (with robotic-assisted 

approaches), where a small incision is made in the chest and where a thoracoscope is inserted, 

remains highly recommended [14,24,30]. Indeed, these techniques have shown in large meta-

analyses to give a better quality of life and long-term outcomes compared with open lobectomy 

[30]. 

Moreover, stage II and IIIA patients who have undergone surgery may receive an adjuvant 

chemotherapy to kill the remaining cancer cells and reduce the risk of tumour repopulation and 

cancer relapse [30]. Chemotherapy may also be administered prior to surgery as a neoadjuvant 

therapy to reduce the tumours and facilitate their shrinkage, as recommended by NCCN 

guidelines [30]. Indeed, an absolute survival improvement of 5% at 5 years has been reported 

in patients with clinical stages IB-IIIA [36].   

 

Radiotherapy 

Radiotherapy is the use of high-energy X-ray beams to damage DNA within cancer cells and 

destroy them [30]. Simulation should be assessed using CT scans that were used for the 

selection of radiotherapy as a treatment. Intravenous (IV) and/or oral contrast are recommended 

to better target the tumours, especially in the case of central tumours or nodal involvement [24]. 

Radiotherapy results in a high local tumour control with limited toxicities and has proven its 

potential in all stages of NSCLC as either definitive or palliative therapy [24]. Indeed, radiation 

oncology and more precisely stereotactic body radiation therapy (SBRT) is used for early stage 

NSCLC patients who have a tumour size up to 5 cm without any metastases to nearby lymph 

nodes (stage I, II N0) and who refused or were not able to support surgery [24,30,36]. It uses 

an advanced technology (linear accelerator machines, proton beams) to precisely locate the 

tumour, which ensures the delivery of concentrated and highly focused radiation [30]. This 

technique has demonstrated good primary tumour control rates and overall survival that are 

higher than conventionally fractionated radiotherapy, but still lower than surgery [24,30].  

The use of radiotherapy is recommended for patients from stage III with residual tumour 

remaining (either microscopic R1 or macroscopic R2) after surgery as postoperative 

radiotherapy (PORT) or in combination with adjuvant chemotherapy [36]. Moreover, stage IV 
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patients are also good candidates for radiotherapy as they may benefit from local palliation or 

prevention of symptoms (pain, bleeding, obstruction) due to local tumour(s) [24]. For locally 

advanced NSCLC (stage III), doses of at least 60 Gy should be given in 2 Gy fractions [24]. As 

radiation therapy can be combined to surgery or to conventional chemotherapy for patients with 

resectable stage IIIA, doses must be lowered to 45-54 Gy in 1.8-2.0 Gy fractions (6-7 weeks) 

to avoid complications (stump breakdown, bronchopleural fistula) [24]. In the case of advanced 

lung cancer patients (stage IV), shorter courses of palliative radiotherapy are preferred (e.g. 17 

Gy in 8.5 Gy fractions) [24].  

 

1.4.5.2. Systemic treatments 

The use of systemic treatments was initiated with the discovery of the first cytotoxic drug in 

the 1940s (i.e. alkylating agents, antimetabolites). It is from the introduction of platinum-based 

chemotherapy in the early 1980s that survival advantages of chemotherapy were reported for 

NSCLC patients [37]. Different combinations and regimens had been optimized with no 

additional benefit, leading to the use of platinum drugs combined to another cytotoxic drug as 

the first-line therapy for approximately 25 years. A general consensus was that a plateau in the 

development of cytotoxic chemotherapy was reached in the beginning of the 21st century. 

Interestingly, in parallel, new discoveries in the field of immunology as well as in cell and 

molecular biology (i.e. cellular pathways in tumour cells) have led to the discovery of targeted 

therapies. It was not until the beginning of the 21st century, that the benefits of targeted therapies 

started to be demonstrated, with an improved effectiveness of NSCLC treatments [38], and the 

first targeted therapy (i.e. gefitinib) approved by the FDA in 2004. Finally in the middle of the 

2010s, recent advances in immunotherapy led to the introduction of immune checkpoint 

inhibitors for the treatment of advanced disease. It is from 2015 that these therapies showed 

their benefits in NSCLC patients, with the approval of nivolumab by the FDA [37–39].  

Therefore, recent advances in targeted therapies and immunotherapy have changed the 

positioning of conventional chemotherapy for the treatment of NSCLC [38]. Consequently, it 

is now crucial to investigate specific histologic and genetic alterations, as well as the presence 

of biomarkers to select the most promising therapeutic option. 

 

Conventional chemotherapy 

Conventional chemotherapy is administered using the IV route depending on histology, age, 

comorbidity and PS [14]. PS is a parameter commonly used by clinicians, who score PS from 

0 to 5 (with a PS of 5 corresponding to patient death) to assess the suitability of chemotherapy 
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for NSCLC patients. Although subjective, it measures functional capacity, the probability of 

adverse effects, quality of life and survival after treatment [40]. Conventional chemotherapy 

has proven its effectiveness in comparison with the best supportive care, with a 23% reduction 

in risk of death, a 1-year survival gain of 9% and a 1.5-month absolute increase in median 

survival. Moreover, it has improved quality of life irrespective of age, sex, histology and PS 

[27]. Conventional chemotherapy is used either alone or in combination with localized 

modalities (i.e. surgery and radiotherapy) for early and locally-advanced diseases, and with 

immunotherapy for invasive disease [36]. 

 

  
Figure 4: Treatment algorithm for stage IV with no targetable alterations for squamous cell carcinoma and non-
squamous-cell carcinoma following ESMO guidelines. Recommendations are classified as strong (I) or moderate 
(II) based on a high (A) or moderate (B) level of evidence. At stands for atezolizumab, Bv for bevacizumab, BSC 
for best supportive care, CARB for carboplatin, nab-PTX for nanoparticle albumin-bound paclitaxel, Pem for 
pemetrexed, Pb for pembrolizumab, Pt for platinum and PTX for paclitaxel, adapted from Planchard et al., 2020 
[36]. 

 

It has been stated that 40% of diagnosed patients are stage IV [14]. The treatment for advanced-

stage patients with a PS of 0-1 is a platinum-based chemotherapy with a combination of a 

platinum compound (cisplatin or carboplatin) to paclitaxel, gemcitabine, docetaxel, 

vinorelbine, irinotecan or pemetrexed [14] (Figure 4). This is explained by the fact that (i) two-
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drug based chemotherapies have demonstrated a survival benefit over one-drug chemotherapy 

regimens, (ii) a three-drug based chemotherapy combination did not demonstrate any higher 

survival, and finally that (iii) platinum-based doublets have shown a statistically significant 

reduction in the risk of death at 1 year with a similar toxicity profile to that of non-platinum 

doublets [27]. Moreover, none of cisplatin and gemcitabine, cisplatin and docetaxel or 

carboplatin and paclitaxel have demonstrated a significant advantage over the others, and have 

resulted in similar median overall survivals ranging between 8-10 months [42]. Therefore, the 

selection of the cytotoxic combination should be personalized to each patient based on the 

toxicity profile. However, depending on the histologic sub-type, (i.e. squamous or non-

squamous), some chemotherapy drugs seem to be preferred over others [27,36] (Figure 4). 

Indeed in non-squamous NSCLC, a pemetrexed-based doublet (pemetrexed-cisplatin or 

pemetrexed-carboplatin) is administered either alone or in combination with bevacizumab if 

there are no contraindications [14,36]. Moreover, in squamous NSCLC, the use of taxanes in 

platinum-based doublets (e.g. paclitaxel-carboplatin) have demonstrated greater benefit than in 

non-squamous NSCLC, proving the role of histology in selecting the most promising treatment 

[43].  

Platinum-based chemotherapies are administered over four-six well-spaced cycles (i.e. every 

3-4 weeks) due to their toxicities [24]. This range in terms of number of cycles was selected 

based on the fact that six-cycle treatments did not demonstrate overall-survival benefits over 

treatments with fewer cycles [27]. The platinum compound is administered the first day of each 

cycle (50-100 mg/m2 for cisplatin and AUC 5-6 mg/mL x min for carboplatin) while the other 

cytotoxic drug may be administered more frequently (1-3 times more a cycle) [24]. Typically, 

docetaxel (75 mg/m2), paclitaxel (200 mg/m2) and pemetrexed (500 mg/m2) are also 

administered on the first day of each cycle, while gemcitabine (100-1250 mg/m2) is 

administered 2 times per cycle, etoposide (50-100 mg/m2) 3 times per cycle and vinorelbine 

(30 mg/m2) up to 4 times per cycle [24].  

 

For patients with a PS of 2, despite an increased toxicity (mainly haematological), a higher 

response rate and survival has been demonstrated for platinum-based chemotherapy versus 

single-agent chemotherapy [27]. Moreover, the superiority of carboplatin in terms of survival 

has been demonstrated in comparison with single therapy over two phase-III clinical trials 

[44,45]. Therefore, it is suggested to administer platinum-based chemotherapy (carboplatin, as 

first choice) in eligible PS 2 patients and to switch to only one-agent chemotherapy 

(gemcitabine, vinorelbine, docetaxel, or pemetrexed) in the case of high toxicities [27,36] 
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(Figure 4). Moreover, the chemotherapy drug can be changed if there are serious adverse 

effects and even stopped in the case of lack of tumours shrinking [14]. Until now, insufficient 

data are available on the use of checkpoint inhibitors for these patients, but this treatment 

remains an option [27].  

 

Patients with a PS of 3 are more likely to suffer from systemic toxicities related to cytotoxic 

drugs than benefit from their efficacy [14]. Consequently, the best supportive care as palliative 

treatment is the best option for these patients (Figure 4) [14]. This kind of treatment aims to 

anticipate, prevent and reduce suffering and support the best possible quality of life for patients 

[46].  

 

Targeted therapies 

Personalized medicine for NSCLC treatment has gained major interest recently as in 2003, high 

remission rates were found in some NSCLC patients using tyrosine kinase inhibitors (TKI) 

[47]. By 2009, the use of TKI had demonstrated an improved overall survival for stage IV 

patients compared to conventional chemotherapy regimens (Figure 5). However, this 

improvement was not demonstrated for EGFR of ALK targeted therapies in phase III [24,48].  

 

 
Figure 5: Treatment algorithm for stage IV with targetable alterations following ESMO guidelines. 
Recommendations are classified as strong (I), moderate (II) or with no benefit (III), based on a high (A) or 
moderate (B) level of evidence. At stands for atezolizumab, Bv for bevacizumab, CARB for carboplatin, Pt for 
platinum and PTX for paclitaxel, adapted from Planchard et al., 2020 [36].  
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Targeted therapies were developed to trigger specific genomic alterations using predictive and 

prognostic biomarkers [24]. Some authors estimated that up to 69% of stage IV NSCLC patients 

could have potential molecular targets, the most frequent among these patients being young 

patients with adenocarcinoma and who have never smoked; but this seems optimistic for 

Caucasian populations [24,30].   
 

EGFR gene mutations 

EGFR gene mutations are the most commonly detected abnormality for NSCLC patients [24]. 

They represent 10-20% of Caucasian patients among adenocarcinomas patients and a much 

higher percentage for those of Asian descent, with never-smoker females predominating 

[14,30,41]. Testing for EGFR mutations is mandatory in the majority of European countries 

[27]. This gene codes for a cell surface EGFR that is associated with the activation of several 

pathways involved in cell growth and proliferation [14]. Therefore, the mutation of EGFR gene 

is characterized by abnormal cell division as it is constantly activated [14]. This mutation 

appears in exons 18-21, and is specifically targeted by TKI such as gefitinib, erlotinib and 

afatinib [14,24,36] (Figure 5). These drugs demonstrated superior progression-free survival, 

response rates and quality of life than platinum-based conventional chemotherapy [24,36]. A 

higher overall survival was only observed for afatinib, a second-generation TKI but one that 

was also associated with higher toxicities (e.g. interstitial lung disease) than first-generation 

TKI [30,36]. Nowadays, osimertinib is considered as first-line therapy in case of del19/L858R 

and second-line therapy in case of resistance to TKI for patients with exon 20 790M mutation 

(Figure 5) [49]. Unfortunately, it was reported that most patients treated with erlotinib, gefitinib 

or afatinib become resistant to treatment in about 9.7-13 months [24]. The treatment after 

progressive disease should be adapted depending on the patient’s failure pattern. In the case of 

local or slow progression (i.e. oligoprogression), continuation of EGFR TKI therapy is 

recommended. However, in the case of rapid systemic progression, switching to platinum-based 

chemotherapy remains the standard of care [30]. 

 

ALK rearrangements  

ALK rearrangements, also known as ALK fusions, represent 3-7% of NSCLC patients [14,24]. 

These patients are often around 50 years old at diagnosis, mostly never or light smokers with 

adenocarcinomas and are more frequently Asian men (50-60%) [14,24,30]. Therefore, the 

NCCN NSCLC Panel and ESMO recommend testing for ALK fusions in all patients with 

metastatic non-squamous NSCLC [24]. Rearrangement in EML-4-ALK is the most common 
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type in NSCLC patients. These patients cannot benefit from EGFR TKI therapy and so specific 

ALK TKI have been developed and are considered as the backbone of treatment: alectinib, 

crizotinib, ceritinib, brigatinib and ensartinib (Figure 5). Crizotinib and ceritinib have 

demonstrated higher progression-free survival than conventional chemotherapy for these 

specific NSCLC patients in phase III trials [36]. Moreover, alectinib and brigatinib have shown 

better progression-free survival than crizotinib and are therefore recommended as first-line 

therapy [24,36]. In the case of the development of resistance, lorlatinib has been reported as 

having an interesting activity in patients treated with ALK TKI other than crizotinib. However, 

platinum-based chemotherapy remains the standard of care up to now in case of systemic 

progression [36]. More recently, in March 2021, lorlatinib was approved by the FDA as a first-

line therapy for ALK-positive metastatic NSCLC patients [50]. 

 

BRAF mutations 

BRAF mutations, and mostly BRAF V600E (50% of cases), are detected in 3-5% of lung 

cancers, mainly in current or former smokers bearing adenocarcinomas (1-2%), unlike EGFR 

or ALK patients [24,30]. BRAF is a proto-oncogene able to promote cell proliferation and 

survival and is non-overlapping with other oncogenic mutations of NSCLC. The NCCN 

NSCLC Panel and ESMO recommend testing for BRAF mutations in patients with metastatic 

non-squamous NSCLC. Moreover, testing became required in many countries after the 

approval of BRAF and MEK inhibitors [27]. The combination of dabrafenib and trametinib is 

recommended as first-line therapy for patients with BRAF-V600E mutation (Figure 5). In the 

case of severe toxicities, single-agent therapy with dabrafenib or vemurafenib is the treatment 

of choice [24,36]. 

 

ROS-1 rearrangement 

Chromosomal rearrangement in ROS proto-oncogene 1 (ROS-1) is observed in 1-4% of 

NSCLC patients, mostly those diagnosed with adenocarcinoma and negative to EGFR, KRAS 

and ALK gene arrangements [24,30]. The NCCN NSCLC Panel and ESMO recommend testing 

for ROS-1 in non-squamous NSCLC and in metastatic squamous cell NSCLC if small biopsy 

specimens are already available for the latter [24,27]. Crizotinib seems to be highly effective 

with ROS-1 patients as it has demonstrated an interesting response rate of up to 80% (Figure 

5) [24,36].  
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KRAS oncogene 

V-Ki-ras2 Kirsten rat sarcoma (KRAS) is a common mutated oncogene that codes for a G-

protein with GTPase activity, as it is detected in approximately 10-25% of patients with 

adenocarcinoma, mostly Caucasian smokers [14,30]. KRAS oncogene is a prognostic 

biomarker as no targeted therapy is available and as it indicates poor survival and lack of benefit 

from EGFR TKI therapy [24]. However, immune checkpoint inhibitors appear to be effective 

and MEK inhibitors are under investigation for the treatment of KRAS mutations in clinical 

trials [24].  

 

NTRK gene fusion 

Neurotrophic tropomyosin-related kinase (NTRK) gene fusions encode for tropomyosin 

receptor kinase fusion proteins, which are oncogenic drivers for NSCLC (0.2%) and other 

cancers (gland, thyroid). It does not over-lap with EGFR, ALK, or ROS-1. The NCCN NSCLC 

Panel recommends testing in patients with metastatic NSCLC based on encouraging clinical 

outcomes from larotrectinib and entrectinib [24].  

 

Others 

Other emerging genetic alterations have been detected and specific targeted agents are now 

under investigation, such as rearranged-during-transfection (RET) gene rearrangements 

(cabozantinib, vandetanib), human epidermal growth factor receptor-2 (HER-2) mutations 

(ado-trastuzumab emtansine). The FDA approved capmatinib, and tepotinib for the treatment 

of high-level mesenchymal-epithelial transition (MET) MET exon 14, in May 2020 and 

February 2021 respectively [24,51,52].  

 

Immunotherapy 

Apart from genomic alterations and molecular properties of cancer cells, the interaction with 

the tumour microenvironment (including the immune system) plays a crucial role in cancer 

development [53,54]. The tumour microenvironment refers to a cellular environment in which 

tumours and/or cancer stem cells co-exist with other cells. These are non-malignant cells, blood 

vessels, lymphoid organs or lymph nodes, nerves, extracellular matrix, cancer-associated 

fibroblasts, intercellular components (e.g. cytokines and chemokines) and surrounding immune 

cells (Figure 6) [53,54]. It encompasses T and B lymphocytes (LYM), natural killer (NK) cells, 
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tumour-associated macrophages, myeloid-derived suppressor cells, mast cells, granulocytes, 

dendritic cells and tumour-associated neutrophils [54].  

This tumour microenvironment is trained and shaped by cancer cells to assist the development 

of cancer hallmarks, respond to stress, stimulation and treatment and finally to assist their 

survival and migration [54]. Its two main hallmarks are hypoxia and immunosuppression, and 

are both able to reprogram cancer biology. They are therefore potential target for cancer therapy 

[54].  

 

 
Figure 6: The tumour microenvironment and its two main hallmarks, adapted from Jin et al, 2020 [54]. 

 

Indeed, the first attempts to modulate the immune system aimed to develop vaccines for 

NSCLC therapy and did not seem to be effective [30]. Nowadays, new immunotherapy 

approaches mostly target different ligands and receptors that are involved in the immune-

modulating pathways. These immune checkpoints are normally used by the immune system to 

protect the tissues from external damage. However, they can be dysregulated in the case of 

cancer by tumour resistance mechanisms [14]. The two main check-point inhibitors are 

described in this part.  

Cytotoxic T-lymphocyte-associated antigen-4 (CTLA-4) is an inhibitory receptor that plays a 

major role in down-regulating T-cell activation by dendritic cells in lymph nodes as well as 

their proliferation [14,30]. The anti-CTLA-4 therapy, ipilimumab, aims to target this receptor 

to induce T-cell activation against lung tumours [14,24].  
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Another interesting target is programmed cell death 1 (PD-1) receptor and its ligand PD-L1, 

which were the first targets to be approved for the treatment of NSCLC. Indeed, these 

checkpoints are involved in down-regulating the immune system, thus reducing self-immunity. 

Their inactivation would therefore boost the immune system and potentialize its involvement 

in the control of the tumour extent by improving the anti-tumour immunity. Nivolumab and 

pembrolizumab, both approved by the FDA in 2015, target PD-1 receptors whereas 

atezolizumab, durvalumab and cemiplimab, approved in 2016, 2018 and 2021 respectively, 

inhibit PD-L1 [24,55]. Other immune checkpoint inhibitors such as tumour mutation burden 

(TMB) are under investigation as potential immunotherapy biomarkers [56].  

 

IHC testing for PD-L1 expression is recommended to be performed systematically for all 

metastatic NSCLC patients [24,27]. The FDA approved the tumour proportion score as a 

method for evaluating PD-L1 expression. This score represents the percentage of viable tumour 

cells showing PD-L1 staining [24]. For a PD-L1 expression of 50% or higher, pembrolizumab 

is recommended as monotherapy in first-line therapy (Figure 4) [27]. The recommended dose 

is either 200 mg every 3 weeks or 400 mg every 6 weeks administered over 30 minutes of 

infusion. More recently, in May 2020, atezolizumab administered at 840 mg every two weeks 

or 1 680 mg every four weeks was also approved as first-line monotherapy for advanced 

NSCLC [57,58]. Furthermore, if PD-L1 expression is lower than 50% (1-49%), pembrolizumab 

is also recommended to be administered in combination with platinum-based chemotherapy 

(Figure 4). In this case, pembrolizumab is administered at 200 mg every 3 weeks as an infusion 

over 30 minutes [59]. However, more recently, the FDA approved pembrolizumab as first-line 

therapy with an expression higher than 1%, although this was controversial [60]. It should be 

mentioned that the immunotherapy-based schemes of administration have the specificity of 

being administered until disease progression, the appearance of unacceptable toxicity or up to 

2 years without disease progression.  

 

Regarding these encouraging results, clinical trials on locally-advanced NSLC were conducted 

and durvalumab demonstrated a higher progression-free and overall survival rate when 

administered after concomitant chemo-radiotherapy. Durvalumab is now the first 

immunotherapy validated for stage III NSCLC [61]. However, it did not show an improvement 

in terms of overall survival over conventional chemotherapy when combined with 

tremelimumab (an anti-CTLA-4) for metastatic NSCLC patients [62]. In May 2020, the FDA 
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approved the combination of nivolumab (anti-PD-1) at 360 mg every 3 weeks, ipilimumab 

(anti-CTLA-4) at 1 mg/kg, every 6 weeks and two cycles of platinum-doublet chemotherapy 

every 3 weeks as a first-line therapy for patients with advanced or recurrent NSCLC with no 

specific ALK or EGFR alterations [63]. For PD-L1 expression of 1% or more with specific 

genomic alterations, targeted therapies are preferred over immunotherapy as they demonstrated 

higher response rates and better toxicity profiles [24,64].  

 

As demonstrated with the recent approvals by the FDA, the use of immunotherapy is booming 

and is continuously shifting the position of the standard of care against NSCLC, thus opening 

up to new treatment perspectives.  

 

1.5.  Small cell lung carcinoma 
1.5.1. Screening, diagnosis, symptoms and histology 

Currently, no effective screening test has been able to detect early-stage SCLC. This disease is 

typically diagnosed when patients present symptoms indicative of advanced stages. Although 

low-dose CT is able to detect early-stage NSCLC, this does not seem to be useful for early-

stage SCLC. This is certainly related to the aggressiveness of the disease leading to the 

appearance of metastases between the annual check-ups [65]. As SCLC presents a large hilar 

mass and bulky mediastinal lymphadenopathy, cough and dyspnoea are often diagnosed. 

Moreover, other symptoms have also been described such as hoarseness, vocal cord paralysis 

and paraneoplastic symptoms [13]. Other manifestations reflect the presence of disseminated 

metastases in the bone marrow or the liver. Metastases in the brain are rare at the time of 

primary diagnosis but tend to develop during the disease [13].  

 

SCLC is a high-grade neuroendocrine carcinoma with an epithelial tumour characterized by 

small, oval, round and spindle-shaped cells and by a small cytoplasm [13]. These cells undergo 

extensive necrosis and high mitotic activities [13] (Figure 3.D). This sub-type arises centrally 

and spreads locoregionally and can also be combined to another cell type from NSCLC sub-

types [13]. SCLC is grouped with carcinoid tumours and large cell neuroendocrine carcinoma 

as neuroendocrine tumours in the 2015 WHO classification [16].  
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1.5.2. Staging and prognosis 

SCLC is described either as limited-stage or extensive-stage and follows the TNM classification 

(Table 4). On the one hand, the limited stage includes all patients without metastases and on 

the other hand, extensive-stage SCLC includes stage IV with metastases [15].  

 
Table 4: 8th TNM classification of SCLC, adapted from NCCN, 2016 [65]. 

 
 

The 5-year survival rates of SCLC are relatively lower than those observed with NSCLC, 

demonstrating its higher aggressiveness. These rates range between 40% for stages IA-IIA to 

1% for stages IVB (Table 5).  

 
Table 5: 5-year survival rates of SCLC stages, adapted from NCCN, 2016 [24]. 

 
 

As conventional chemotherapy is recommended for all SCLC patients, the determination of the 

stage is useful for the addition of radiotherapy for limited-stage patients [65]. This must be 



Introduction 

 42 

performed using a history and physical examination with CT scans of the chest/abdomen with 

IV contrast product and brain imaging magnetic resonance imaging (MRI, preferred over CT 

scan). Unilateral bone marrow biopsy may be indicated in some patients with haematological 

abnormalities but remains rare (5% of patients). If a limited-stage tumour is detected, a PET 

scan is preferred to assess the presence of distant metastases [65]. Moreover, PET scans seemed 

to be well-adapted to SCLC staging as SCLC is a highly metabolic disease. However, this must 

be completed with pathologic confirmation.  

 

Therefore, mediastinal staging is required for stage I-IIA patients who are candidates for 

surgery. This can be performed by minimally invasive techniques such as video-assisted 

thoracoscopic surgery. Another technique is thoracentesis with cytologic analysis, which is 

recommended in case of pleural effusion [65]. Poor PS (3-4) associated with extensive-stage 

disease and weight loss markers of excessive bulk of disease (e.g. serum lactate dehydrogenase, 

LDH) are the worst prognostic factors, whereas female gender, a younger age than 70 years, 

normal LDH and stage I disease offer a better prognosis [65].  

 

1.5.3. Treatment 

Systemic conventional chemotherapy is the backbone of care in all patients with SCLC. The 

combination of cisplatin or carboplatin with etoposide is the recommended and most commonly 

used treatment [15,65]. Even though the use of carboplatin is less common than cisplatin for 

SCLC patients, four randomized studies have demonstrated similar efficacy of both drugs in 

terms of response rate, progression-free survival and overall survival, but with different toxicity 

profiles [66].  

 

Adjuvant chemotherapy is recommended for patients who have undergone surgical resection 

or SBRT for early-stage cancer. Indeed, SBRT seems to be useful for patients with clinical 

stage I to IIA tumours who are inoperable or refuse surgery, but this is not clearly established 

in clinical practice. For limited-stage cancer, concurrent thoracic radiotherapy combined to 

chemotherapy is recommended. Thoracic radiotherapy has demonstrated an improvement in 

terms of local control of (25-30%) and survival (5-7% in 2-year survival) in limited-stage 

patients. However, the combination of chemotherapy and radiation has induced risks of 

esophagitis, pulmonary and hematologic toxicity [15,65].   

For extensive-stage patients, systemic therapy is the first-line treatment and radiotherapy may 

be considered as a palliative option to reduce the symptoms [15,65]. Finally, a recent study has 
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demonstrated the benefit of adding immunotherapy (atezolizumab) to chemotherapy as first-

line treatment for extensive-stage SCLC and resulted in significantly longer overall survival 

and progression-free survival than chemotherapy alone [11,65]. More recently, durvalumab 

was approved by the FDA in combination with etoposide and either carboplatin or cisplatin as 

first-line treatment for patients with extensive-stage patients [67].  

 

1.6.  Reasons for treatment failure 
Despite recent advances in lung cancer treatment, the overall 5-year survival of all stages 

remains low at 21.7% (USA, 2011-2017) [10]. Moreover, the aforementioned treatment 

strategies have various limitations that may explain their limited effectiveness.  

 

First, as cytotoxic drugs used in conventional chemotherapy act on tissues undergoing rapid 

mitosis such as cancerous cells but not only these tissues, they do not selectively discriminate 

cancerous cells from healthy tissues. Therefore, they induce severe toxicities in bone marrow, 

gastro-intestinal mucosa and skin, which lead to myelotoxicity, gastro-intestinal discomfort and 

alopecia [68]. These severe toxicities could limit the role of the immune system in controlling 

the disease [69]. Moreover, as all cytotoxic drugs for conventional chemotherapy (as well as 

targeted therapies and immunotherapy) are administered using the systemic route (mainly IV), 

systemic toxicities are more likely to occur as the drugs are distributed in the whole body. 

Consequently, the administered dose is often reduced and the administration cycles are spaced 

to limit cumulative toxicities between cycles and to allow healthy tissues to recover [68]. In the 

meantime, the surviving cancer cells are no longer exposed to cytotoxic treatment, which allows 

them to proliferate and to invade the lungs and other tissues (i.e. lymph nodes or distant organs), 

which could lead to tumour relapse.  

 

Moreover, to be efficient, the drug must reach and penetrate the tumour and enter its cells at an 

effective concentration that is high enough to exert its therapeutic action. This is challenging as 

tumours often proliferate rapidly, with a poorly-organized vascular architecture. This 

architecture leads to irregular blood flow and compression of blood and lymphatic vessels by 

cancer cells and therefore to heterogenous concentration of drugs into the tumour. 

Consequently, the access of drugs to the cancer cells far from blood vessels (i.e. often in the 

periphery) remains very challenging, especially when administered using the IV route [70]. 

Moreover, in zones far from blood vessels, there is a limited access to oxygen and nutriments 

and higher products of metabolization that lead to a hypoxic environment, a major hallmark of 
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the tumour microenvironment [54,70]. These hypoxic zones exposed to lower drug 

concentrations also change the phenotype of the cells, which become progressively more 

resistant to the treatment and more invasive [70]. Apart from poor drug penetration in solid 

tumours, resistance is also acquired following tumour proliferation and their ability to increase 

their survival by acquiring mutations during their development and in exposure to therapies. In 

addition to highly mutant cells, cancer stem cells are also retrieved in the tumours, which 

indicates the high level of intratumour heterogeneity [71]. These mutant and cancer stem cells 

require much higher drug concentrations to be affected and are therefore responsible for tumour 

repopulation. This has been described for EGFR and ALK TKI for NSCLC treatment to which 

resistance was acquired due to the perpetual change of cell clones over mutations. 

Consequently, repeated biopsies are needed to evaluate the constant change in cells clones when 

they are in relapse to better adapt therapies [71].  

 

Even specific and effective, targeted therapies are only suitable for a minority of patients and 

have been associated with severe toxicities including diarrhoea, skin rush, anorexia, cachexia, 

sarcopenia and leukopenia [72,73]. Immunotherapy is also gaining much interest, but it is 

important to keep in mind that severe toxicities associated to deaths were also observed. Of 

these deaths, 35%, 22% and 15% were due to pneumonitis, hepatitis and neurotoxic effects, 

respectively, for anti-PD1/PD-L1 treatment, and 70% due to colitis for anti-CTLA4. The 

combination of anti-PD1 and anti-CTLA4 has led to severe toxicity associated to death, with 

37% and 25% of deaths due to colitis and myocarditis, respectively [74]. 

 

1.7.  Strategies and new perspectives 
One of the most successful strategies to limit the side effects related to the administration of 

cytotoxic drugs has been the development of nanomedicines. For lung-cancer therapy, 

nanoparticle albumin-bound paclitaxel (nab-paclitaxel, Abraxane®) is the only nanomedicine 

accepted by the FDA that has demonstrated an advantageous pharmacokinetic (PK) profile 

associated with an accumulation in the tumour environment while limiting systemic toxicities 

[75]. Abraxane® benefits from receptor-mediated transcytosis and from the enhanced 

permeation and retention (EPR) effect to reach the tumour microenvironment. This effect is 

related to the leaky vessels in the tumours due to their anarchic development [75]. Moreover, 

an albumin-based formulation by itself has been well-tolerated, due to its high biocompatibility, 

whereas a surfactant/solvent-based formulation used by the conventional Taxol® showed 

hypersensitive reactions (i.e. mild hypotension, dyspnoea with bronchospasm, erythematous 
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rashes, urticaria, abdominal and extremity pain, angioedema and diaphoresis [76,77]). A change 

to the albumin-based formulation led to an increase in the administered dose commonly used 

with Taxol®, which improved its efficacy in NSCLC patients. This effect may be used for the 

development of other nanomedicines to improve the therapeutic ratios of other cytotoxic drugs. 

 

Despite these advantages, the development of nanomedicines faces major challenges that limit 

their further development in clinics [78]. The first challenge is related to the formulation 

development, including often low drug-loading efficiency (i.e. promoting the use of high 

amounts of excipients), which leads to difficulty in producing large nanopharmaceutical 

batches with robust characteristics [78]. Moreover, due to their high specific surface, 

nanomedicines are able to interact with the biological environment, raising concerns regarding 

their safety. Finally, there is a need to establish clear guidelines by regulatory authorities to 

define the requirements needed in terms of quality and safety for inhaled nanomedicines to 

reach the clinical stage [78].  

 

Even if targeting single abnormalities or cancer pathways has shown interesting clinical 

outcomes, limited improvement in terms of overall survival has been demonstrated [71]. 

Zugazagoitia et al., insist that it may be interesting to use more multiple drug combinations 

against several abnormalities and/or targets to improve lung cancer treatment, as done for 

human immunodeficiency viruses (HIV) [71]. Anti-PD-1/PD-L1 may therefore be combined 

together or with anti-CTLA4 and conventional chemotherapy to increase the oncogene 

targeting and improve the treatment efficacy, as recently accepted by the FDA (nivolumab, 

iplimumab and platinum-doublet chemotherapy). However, the major limitation in this case 

would be overall cumulative toxicities. The investigation of other regimens, doses and drugs 

should be investigated to evaluate their clinical outcomes and survival.  

 

Regarding the reasons for treatment failure, and more precisely the need to stagger treatment 

cycles during conventional chemotherapy, it could be interesting to administer cytotoxic drugs 

directly in the lungs during these off-cycles. This would lead to increased tumour exposure to 

cytotoxic drugs while limiting systemic exposure, and would offer the possibility to deliver 

high-systemic-toxicity drugs by improving their therapeutic ratio, as long as the pulmonary 

tolerance remained acceptable. Consequently, the access to the site of action would be enhanced 

(improving the penetration in the tumour site), intensifying the treatment efficacy. The 

advantage of this loco-regional treatment is that high cytotoxic drug doses would arrive directly 
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into the lungs and diffuse progressively into the blood and to the lymph, following the same 

ducts as cancer cells would follow during tumour spread. Inhaled chemotherapy, as a loco-

regional modality would therefore fill the gap between localized (surgery, radiotherapy) and 

systemic treatments (conventional chemotherapy, targeted therapy and immunotherapy) against 

lung cancers. Interesting results from a phase I/II trial of inhaled carboplatin in combination 

with IV carboplatin and docetaxel have demonstrated an improvement in terms of survival over 

IV carboplatin/docetaxel group. This seems to be related to a higher concentration of the 

chemotherapy in the tumour site, lymph nodes and systemic circulation [79,80]. This strategy 

will be further discussed in the next sections.  

 
 Cisplatin, Carboplatin and Paclitaxel 

As mentioned in the previous section, platinum-based drugs are the backbone of conventional 

chemotherapy used against lung cancers. These drugs are often combined to other cytotoxic 

drugs, including paclitaxel, which was also selected in this work. Therefore the key 

characteristics of cisplatin, carboplatin and paclitaxel are set out in this section.  

 

2.1.  Cisplatin and carboplatin 
2.1.1. Generalities and clinical use 

Cisplatin was discovered in 1844 by Michele Peyrone and its chemical structure was revealed 

in 1893 by Alfred Warner (Figure 7). But it was in 1965 that it gained interest when Rosenberg 

et al., identified by chance its inhibition activity in Escherichia coli and hypothesized on its 

role in cancer treatment. It was only by the end of the 1970s that it had demonstrated its 

cytotoxic activity for various cancer types, and it was approved by the FDA in 1978 for the 

treatment of metastatic testicular or ovarian cancer [81,82]. Nowadays, cisplatin is used for the 

treatment of many types of cancers such as germ-cell tumours, sarcomas, lymphomas and 

carcinomas, and more specifically in the treatment of lung, bladder and head and neck cancers 

[83].  

 

 
Figure 7: Chemical structure of cisplatin, carboplatin and oxaliplatin, adapted from Spreckelmeyer et al., 2014 
[84]. 
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Proportionally to its advantages, cisplatin is also a highly toxic drug with life-threatening side 

effects (nephrotoxicity, ototoxicity, and neurotoxicity), which has led to the development of 

several thousand analogues to improve its therapeutic index. Moreover, since the discovery of 

cisplatin, wide interest regarding the use of platinum compounds for cancer treatment has begun 

[81]. Thus, this development was also investigated to overcome cisplatin-resistance 

mechanisms. Among the platinum compounds investigated, 13 were tested in clinical trials. 

However, only carboplatin and oxaliplatin were approved by the FDA, in 1989 and 2002 

respectively [81] (Figure 7). As illustrated in Figure 7, unlike cisplatin and carboplatin, 

oxaliplatin has an oxalate leaving group and a carrier ligand that are both responsible of its 

unique properties [85]. Indeed, they are responsible of an increased cellular uptake and different 

conformation of DNA adduct formation. Therefore, oxaliplatin can overcome the resistance 

encountered with cisplatin and is used against colon cancer [86]. Unlike oxaliplatin, carboplatin 

is also used for the treatment of lung cancers [87]. Based on a Cochrane review, carboplatin 

and cisplatin have a similar efficacy against NSCLC in terms of overall survival, one-year 

survival and response rates. However, higher rates of nausea and vomiting were described for 

cisplatin and more thrombocytopenia was reported by carboplatin-treated patients [88]. 

 

2.1.2. Cell penetration and efflux 

Cisplatin or cis-diamminedichloroplatinum (II) – cis-[PtCl2(NH3)2] – is a small non-charged 

molecule with a molecular weight (MW) of 300.05 g/mol. Carboplatin or cis-diammine 

cyclobutanedicarboxylatoplatinum (II) – cis-[PtC6H604(NH3)2] – is considered as a second-

generation platinum complex and is also a small molecule, with a MW of 371.25 g/mol. It 

differs from cisplatin in that it has a bidentate dicarboxylate ligand in place of the two chloride 

ligands (Figure 7) [81]. Their structure makes them candidates for passive diffusion (log P of 

-2.19 for cisplatin and of -2.30 for carboplatin [89,90]) as they have a small size and no net 

charge [91]. However, their specific toxicities related to their preference to concentrate in some 

specific cells (especially cisplatin in proximal tubule cells for example) has driven the 

hypothesis that their cell uptake mechanisms involves other possibilities such as transport 

proteins (Figure 8) [82].  

 

Copper transporter 1 (Ctr1) has been identified in intestinal cells of the mouse, rat and pig and 

also in the basolateral side of the proximal tubule cells. Moreover, it has also been found in the 

mouse cochlea and identified in dorsal root ganglia. Ctr1 seems to control the cellular 

accumulation of cisplatin and carboplatin at both low and high concentrations [82,92]. 
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Moreover, this transporter expression in tumour cells of ovarian-cancer patients has been 

related to cell sensitivity to carboplatin and cisplatin. However, as it is not specifically 

overexpressed in particular organs, it does not seem to be the decisive transporter for specific 

platinum-drug toxicities [93].  

 

 
Figure 8: Traffic of cisplatin and carboplatin across the cell membrane. Cisplatin and carboplatin enter the cell by 
passive diffusion or using transporters such as OCT1/OCT2 for cisplatin and Ctr1 for cisplatin and carboplatin. 
Once in the cells they are submitted to aquation, leading to the generation of highly reactive species that attack the 
negatively charged DNA. These species are inactivated by GSH and MTL. Their efflux can be assessed either by 
transport of the reactive species out of the cell or from their complexes with GSH/MTL using ATP7A, ATP7B, 
OAT, MRP2 and also MATE1 for cisplatin. This figure was created from information retrieved from the following 
references [82,93,94]. 

 

Copper transporter 2 (Ctr2) is a transport protein with structural homology to Ctr1 and that 

seems to ensure copper efflux. Ctr2 has also been associated with low sensitivity and 

consequently to resistance to carboplatin and cisplatin, with higher expression of Ctr2 

correlating to lower observed sensitivity to carboplatin or cisplatin [82,93] (Figure 8).  

 

Organic cation transporters (OCT) have demonstrated a specific interaction with cisplatin. 

Moreover, they have a specific organ distribution with a preference for excretory organs such 

as the liver (OCT1), kidneys and cochlea (OCT2) [82,93]. In humans, these transporters are 

expressed in the basolateral membrane (blood-faced part of plasma membrane) of hepatocytes 

and renal proximal tubule cells and are therefore involved in cisplatin uptake in these cells. It 

might be useful to mention that in mice, OCT1 expression is higher in renal proximal tubules 
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than OCT2. In humans, cisplatin seems to interact preferentially with OCT2, suggesting that 

this transport is critical for cisplatin renal uptake resulting in nephrotoxicity, its main dose-

limiting toxicity (DLT). Even if cisplatin has similar affinities to OCT2 and Ctr1 transporters, 

it has been underlined that Ctr1 is an equilibrative transporter whereas OCTs are electrical and 

concentration-gradient dependent. The latter is therefore responsible for cisplatin accumulation 

in the cells presenting these transporters (i.e. kidney, liver and cochlea) [82,93] (Figure 8).  

 

Other transporters expressed in the apical cell membrane (lumen-faced part of plasma 

membrane), are retrieved in cancer cells and are involved in cisplatin secretion into the urine 

such as the P-type copper-transporting ATPases ATP7A and ATP7B. They both seem to be 

involved in transport of carboplatin and cisplatin out of the cells or into specific subcellular 

compartments as they interact with copper [82,92,93]. Moreover, multidrug and toxin-extrusion 

protein 1 (MATE1), another transporter that is highly expressed in the kidneys, adrenal gland, 

liver and other tissues, is involved in cisplatin induced nephrotoxicity as it mediates the 

secretion of cisplatin into the urine [82,93]. Furthermore, copper-transporting proteins with 

glutathione (GSH) and metallothionein (MTL) may also influence cisplatin and carboplatin 

efflux. Cisplatin and carboplatin are able to form a complex with GSH that is refluxed from 

cells using multi-resistance-associated protein 2 MRP2 (ABCC2) and organic anion transporter 

(OAT) [92,95] (Figure 8).  

 

2.1.3. Mode of action  

Once cisplatin and carboplatin are injected in the bloodstream, their neutral forms are conserved 

as the concentration of chloride ions in plasma is high (100 mM) [92,96]. However, once in the 

cell, they are able to form highly reactive positively charged metabolites that are able to interact 

with numerous cytoplasmic substrates (e.g. GSH, MTL and other proteins through their 

cysteine residues), including DNA (nuclear and mitochondrial) and induce apoptosis [83,97–

99].  

 

Indeed, due to the low intracellular concentration of chloride (about 20 mM), cisplatin loses 

one and/or two chloride ligands for aqua, leading to monoaquacisplatin [Pt(NH3)2Cl(OH2)]+ 

and diaquacisplatin [Pt(NH3)2(OH2)2]2+ (Figure 9). Moreover, carboplatin loses its 1,1 cyclo-

butanedicarboxylate leading to positively charged diaquacisplatin (Figure 10) [92,100].  
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Figure 9: Cisplatin aquation once in the cell (Makovec et al., 2019) [85] . 

 

 
Figure 10: Carboplatin aquation once in the cell (Oliveira et al., 2018) [88]. 

 

These metabolites interact with nucleophilic molecules in the cell such as DNA and, more 

precisely, with the N7 position of purine bases leading to the formation of adducts of platinum, 

called “platination”. Most of these adducts (90%) are formed using 1,2-intrastrand cross-link 

purine bases, leading to cell cycle arrest in G2/M phase and the activation of apoptosis 

[83,92,96,98]. This results in the activation of various pathways leading to the digestion of the 

damaged cells through the activation of caspases. Once the caspases are activated, they target 

nuclear and cytoplasmic factors involved in the maintenance of architecture of the cell [83].  

 

The major difference between cisplatin and carboplatin regarding their activity and therefore 

their toxicity profiles is probably due to the low reactivity of carboplatin with nucleophiles, as 

1,1-cyclobutanedicarboxylate is a poorer leaving group than chloride [92].  

 

Moreover, except from its immunosuppressive effect, cisplatin is also able to trigger 

immunomodulatory effects that are also important mechanisms of tumour cytotoxicity [98]. 

Indeed, recent studies have demonstrated that cisplatin can modulate its immune activity by 

regulating major histocompatibility complex class I, cytotoxic effectors and 
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immunosuppressive cells in tumour microenvironment [99,101,102]. Unlike oxaliplatin, 

cisplatin is not able to induce an immunogenic cell death. Indeed, cisplatin was not able to 

expose calreticulin on the plasma membrane of tumour cells but was associated with an 

increased level of ATP and high mobility group protein-1 (HMGB-1) [99,101,102]. On the one 

hand, ATP (i) acts as a powerful chemotactic signal; thus recruiting dendritic cells and 

macrophages to the tumour site, and (ii) stimulates the maturation of dendritic cells. On the 

other hand, once HMGB-1 released from the nucleus, it binds to Toll-like receptors (TLR4) on 

dendritic cells thus improving the cross-presentation and increasing pro-inflammatory cytokine 

secretion [101]. Finally, cisplatin was also corelated with tumour cell sensitization to cytotoxic 

T LYM lysis and downregulation of PD-Ls [101].  

 

2.1.4. Resistance mechanisms 

Despite the wide use of platinum drugs in various types of cancers, these drugs have also been 

associated with relapse and resistance [83,92]. Resistance is described to be related to a failure 

to induce apoptosis of tumour cells undergoing apoptosis at the right therapeutic concentrations 

of the drug [83]. This resistance can be either intrinsic to the tumours (most NSCLC patients) 

or acquired following/during treatment cycles (most SCLC patients) [103]. Three main 

mechanisms seem to be responsible for this resistance. 

 

The first is a reduction in the accumulation of the drug intracellularly, which is involved in 70-

90% of the total incidence of resistance. However, researchers are still divided between those 

that believe that 20-70% reduction in cisplatin intracellular accumulation could lead to 

resistance by a factor of 3 to 40, respectively, and those arguing that there is no link between 

intracellular accumulation and resistance [83]. Moreover, overexpression of ATP7A and 

ATP7B, which are responsible for drug efflux from the cells, has been demonstrated to be 

strongly related to the resistance to platinum compounds [92,93].  

 

The second mechanism related to drug efflux is the inactivation of cisplatin and carboplatin. 

Indeed, they form complexes with GSH and/or MTL leading to their efflux using the MRP2 

(Figure 8), as described previously. Moreover, overexpression of MTL in 70% of patients with 

oesophageal cancer has been correlated with resistance to cisplatin treatment. [92,95] 

 

The third mechanism that may be responsible for resistance is increased repair of DNA damage. 

Indeed, nucleotide excision repair (NER) is considered as the main pathway for platinum DNA 
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adduct repair, leading to the inhibition of the cytotoxicity of the drug and therefore of the 

tumour cell apoptosis [83,92]. 

 

More recently, the interference of cisplatin with the tumour microenvironment seems also 

responsible of drug resistance. The components responsible of this interaction are either 

physical (i.e. high cell density, fluidic shear stress and extracellular matrix) or biological related 

to tumour growth (e.g. hypoxia) or to non-cancerous cells (e.g. stroma cells, tumour-associated 

fibroblasts and immune cells) [98].  

 

2.2.  Paclitaxel 
2.2.1. Generalities and clinical use 

Paclitaxel (Figure 11) was discovered in the 1970s in the extract from the bark of the Pacific 

yew tree Taxus brevifolia and was identified in 1971 by Wani et al., [104]. However, its 

development was suspended for over a decade due to the challenges regarding its formulation 

(it is practically insoluble in water) [104–106]. Once the hemi-synthesis protocol of paclitaxel 

was optimized, and polyoxyl 35 castor oil (Cremophor® EL) selected as an appropriate 

excipient for parenteral administration, the evaluation of its clinical activity against various 

cancers was initiated [104,106]. Nowadays, paclitaxel is formulated with Cremophor® EL and 

absolute ethanol (50:50 v/v; Taxol®) and has been approved for the treatment of a wide range 

of solid tumours such as breast, ovarian, prostate, gastric, NSCLC, and head and neck cancers 

[104]. However, the amount of Cremophor EL® per administration is relatively high leading to 

hypersensitivity reactions and neurotoxicity, and has altered the paclitaxel PK [106]. The 

alteration of the PK seems to be related to the fact that when administered as Taxol®, paclitaxel 

becomes sequestered in Cremophor® EL micelles, prolonging its circulation time and therefore 

decreasing systemic clearance [106].  

 

 
Figure 11: Chemical structure of paclitaxel, adapted from De Weger et al., 2014 [104]. 
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2.2.2. Cell penetration and efflux 

Regarding its highly hydrophobic structure (Figure 11), paclitaxel mostly enters the cell via 

passive diffusion [105,107]. This phenomenon is non-saturable and is dependent on the 

extracellular drug concentration and on the duration of exposure [105]. As P-glycoprotein has 

been associated with resistance to paclitaxel treatment, it has been demonstrated that paclitaxel 

interacts with a specific binding site on the P-glycoprotein leading to its expulsion from the cell 

[105]. Moreover, this protein is also located in the blood-brain barrier, preventing paclitaxel 

from accumulating in the central nervous system by rapidly exporting it to the vascular lumen, 

back to the blood [108]. 

 

2.2.3. Mode of action and resistance mechanisms 

Paclitaxel is an anti-mitotic drug, able to bind to the microtubules, leading to the formation of 

stable assemblies. This leads to the disruption of normal assembly and disassembly of 

microtubules, preventing their polymerization. Consequently, cell proliferation is inhibited by 

stopping the cell cycle between metaphase and anaphase, inducing apoptosis [104,107]. 

Acquired resistance to paclitaxel is related to various mechanisms identified in vitro. These 

mechanisms include (i) overexpression of P-glycoprotein, (ii) alterations in tubulin, thus 

reducing the stability of the microtubule network, and (iii) inefficient transduction pathways 

and/or cell death. However, their real contribution in vivo remains unclear and seems to depend 

on the extent of dysregulation of normal cellular integrity in cancer cells [109].  

 

2.3.  Cisplatin, carboplatin and paclitaxel related toxicities 
Dose delays and dose reductions are often used during conventional chemotherapy to overcome 

the systemic toxicities (i.e. DLT) encountered with cytotoxic drugs, which could limit their 

potential. However, up to now, no report has indicated a significant correlation between 

maintenance of the dose intensity and survival in lung cancer patients [110–112]. The specific 

toxicities of the most common cytotoxic drugs used in lung cancer treatment and selected in 

this work are represented in Figure 12.  

 

Indeed, cisplatin induces mainly nephrotoxicity (DLT as 47% of patients were reported to have 

a grade ≥ 2, with a fall in creatinine clearance of 40% encountered in 35% of patients 

[113,114]), ototoxicity (4-90%, [115]), myelosuppression (100% of patients diagnosed with a 

grade ≤ 2, [114]), neurotoxicity (30-40% with a grade 0-1, [83,114,115]) and gastrointestinal 
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toxicity (i.e. nausea and or emesis 72%, among them 6% were diagnosed with a grade ≥ 3 

[66,116]).  

On the other hand, carboplatin has a different toxicity profile as it induces myelosuppression 

(DLT as 73% of patients were reported with a grade ≥ 3 neutropenia, 34% with a grade ≥ 3 

leucopenia, 25% with a grade ≥ 3 anemia and 42% with a grade ≥ 3 thrombocytopenia [66]), 

nephrotoxicity (with 10% of patients diagnosed, among them 5% reported with a grade ≥ 3) 

and gastrointestinal toxicity (63-65% among them 3% were diagnosed with a grade ≥ 3, 

[66,116]), but to a lesser extent than cisplatin.  

Finally, paclitaxel mainly induces neutropenia (DLT as 22% of patients were diagnosed either 

with grade 3- 4, [117]), neurotoxicity (57-83%, among them 32% were diagnosed with a grade 

3, [76,117–119]), cardiotoxicity (29%, [76]), gastrointestinal toxicity (50%, [120]) and high 

hypersensitive reactions (Figure 12).  

Overall, the toxicities reported with the highest grades in several studies were nephrotoxicity 

for cisplatin, myelosuppression for carboplatin and neutropenia for paclitaxel [66,76,88,117–

119,121,122].  

 

 
Figure 12: Cisplatin, carboplatin and paclitaxel toxicity profiles. The DLT and the most significant toxicities are 
coloured in red. Cisplatin induces nephrotoxicity, which is its DLT, and ototoxicity, one of its most significant 
toxicities. Carboplatin induces myelosuppression (DLT), and paclitaxel induces neutropenia (DLT), neurotoxicity 
and high hypersensitivity reactions. This figure was created from information retrieved from the following 
references [115,118,123]. 
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Considering that this work focused on the DLTs of these drugs, only nephrotoxicity and 

myelosuppression (including neutropenia) were discussed in this section. Moreover, as we also 

evaluated lung toxicities, the pulmonary toxicity profile of these drugs is also investigated. 

 

2.3.1. Nephrotoxicity 

2.3.1.1. Physiopathology 

Nephrotoxicity is the cisplatin DLT as it is the main reason for treatment discontinuation for 

cancer patients treated with cisplatin (Figure 12) [115]. The severity of this toxicity leads to 

dose adjustment, which could limit the treatment efficacy [124]. The exact mechanism during 

which cisplatin induces nephrotoxicity is not yet fully elucidated [125]. 

 

The first consideration of cisplatin nephrotoxicity is its uptake in proximal tubular cells. Indeed, 

kidney excretion is the main route of excretion for cisplatin as 80% of unbound cisplatin is 

filtered in 24 hours [126]. The cisplatin concentration in proximal tubular epithelial cells is 

about 5-fold higher than in plasma, mainly due to peritubular uptake [126,127]. This 

concentration is mainly due to two transporters: Ctr1 and OCT2, as described previously 

(Figure 8) [128]. Once cisplatin enters the tubular cell, it can interact with GSH leading to the 

formation of a cisplatin-GSH complex which is able to be metabolised by g-glutamyl 

transpeptidase (GGT) and cysteine-S-conjugate b-lyase resulting in the formation of a reactive 

thiol that is reported to be a more potent nephrotoxin [125,127–129]. However, it is still unclear 

whether all the cytotoxic effects are assessed by the activated metabolites or by cisplatin itself 

[125].  

 

The different mechanisms related to cisplatin nephrotoxicity, are summarized in Figure 13, and 

will be discussed hereunder.  

 

The first mechanism is DNA damage due to the highly reactive monoaqua and diaqua-cisplatin 

species that prevent cell replication. This induces activation of the tumour-suppressor protein 

p53, which can trigger apoptosis leading to the activation of reactive oxygen species (ROS). 

ROS can also be increased directly by these metabolites as they (i) react with GSH, leading to 

depletion of the cell of antioxidants such as GSH, and (ii) interact with the mitochondrial 

respiratory chain and (iii) cytochrome p450 in the microsome [125]. Consequently, ROS (i) 

lead to the initiation of inflammation and (ii) contribute to the mitochondrial pathway resulting 

in cell apoptosis [125,128].  
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Figure 13: Summary of main apoptosis pathways responsible for cisplatin nephrotoxicity. Cisplatin enters the 
tubular cells using passive diffusion, OCT1/OCT2 or Ctr1 transporters. Once in the cells, it converts into highly 
reactive species that trigger various targets to induce apoptosis: DNA damage, mitochondria, ROS release and 
endoplasmic reticulum (ER). The activation of mitochondria, ROS and ER leads to the release of various caspases 
and to apoptosis. The reactive species can also bind to GSH and MTL, leading to a depletion of antioxidants. This 
figure was created from information retrieved from the following references [125,128]. 

 

Endoplasmic reticulum and mitochondria also play a major role in cisplatin nephrotoxicity by 

initiating various caspase activations. Indeed, caspase-12, which is localized in the endoplasmic 

reticulum, seems to be up-regulated to ensure apoptosis. Moreover, the positively charged 

metabolites attack the negatively charged mitochondrial DNA leading to its damage [125]. 

Consequently, the cell switches to a “starvation” mode as it is not able to synthetise ATP, 

leading to the release of caspase-9 mediators to initiate caspase-meditated apoptosis. Caspase-

9 is also secreted by mitochondria following its stimulation by p53-induced protein with a death 

domain (PIDD). Moreover, mitochondria activation through this pathway has also led to 

increased caspase 2, inducing the release of apoptosis-inducing factor (AIF) and lead to 

apoptosis [125,128]. Interestingly, sensitivity to cisplatin seemed to be related to mitochondrial 

density. This is particularly interesting as proximal tubules, the main renal section damaged by 

cisplatin, are known to highly concentrate mitochondria [125]. 

 

Last but not least, cisplatin is able to induce inflammation in the kidneys by releasing damage-

associated molecular pattern molecules (DAMPs), which act on TLR4, and are able to activate 

a nuclear factor-kappa B (NF-κB) pathway leading to the release of chemokines and cytokines 
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such as tumour necrosis factor α (TNF-α). These cytokines act on intercellular adhesion 

molecules (ICAM-1) to attract pro-inflammatory cells to initiate inflammation [125]. 

Moreover, TNF-α is also known to activate caspase-8, which triggers caspase-3 leading to 

apoptosis [128]. 

 

This damage seems to occur in the tubule-interstitial compartment with minimal glomerular 

changes. Indeed, a gradual involvement of the tubules is described, with the proximal tubules 

predominating. Cisplatin has not been correlated with interstitial nephritis; however, its chronic 

use has led to tubular atrophy and interstitial fibrosis [125]. Indeed, when acute kidney injury 

(AKI) occurs, and as long as it is early detected early, normal regeneration processes are usually 

able to restore kidney function [130]. These are mainly related to the resolution of inflammation 

with tubular regeneration and matrix remodelling [131]. However, in case of defects in these 

processes mainly through increased release of cytokines, infiltration of inflammatory cells, 

epithelial mesenchymal transformation and/or fibroblast activation, renal fibrosis and atrophy 

are encountered. Consequently, a fibrotic scarring tissue is produced and switches the kidney 

injury from acute to chronic [131,132].  

 

It is important to mention that carboplatin is less toxic to the kidneys than cisplatin as it has 

slower rates of aquation, reduced generation of ROS and is not recognized by OCT2 [92,128]. 

However, it induces other type of toxicities, as represented in Figure 12.  

 

2.3.1.2. Clinical manifestations 

Nephrotoxicity depends on the dose, the duration, the frequency and the number of 

chemotherapy cycles [115,125]. Nephrotoxicity is defined as a damage to kidneys related to 

filtration, reabsorption and excretion that manifests itself as one of the 12 clinical 

manifestations related to nephrotoxicity, as summarized in Table 6.  

 

The two main manifestations are AKI and hypomagnesemia. As mentioned above, cisplatin 

accumulates in proximal tubular cells leading to their death, resulting in transient and not fully 

reversible loss of structure and function, called AKI, in 20-30% of cisplatin-treated patients 

[125,132]. This leads to a dysregulation of the intrarenal haemodynamic, which impairs the 

glomerular filtration rate [132]. Moreover, the impairment during the regeneration processes 

can lead to tubular atrophy and to the development of fibrotic scarring tissue, which switches 

the kidney injury from acute to chronic renal failure [132]. This is increasingly observed as 
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patients are surviving longer after their cancer treatment and must deal with chronic renal 

failure in their older age [125]. However, a Cochrane systematic review has demonstrated a 

non-significant trend toward chronic renal failure associated significantly with transient 

proteinuria following cisplatin treatment, showing the heterogeneity of the data [125].  

 
Table 6: The common clinical manifestations associated with cisplatin nephrotoxicity, adapted from Oun et 
al.,2018 [115] and Manohar et al., 2017 [125]. 

 
 

Hypomagnesemia is related to the inability of the injured proximal tubular cells to reabsorb 

magnesium, with a prevalence estimated to occur between 40 and 100% [115,125,127]. 

Moreover, it has been reported that hypomagnesemia was also able to increase cisplatin 

nephrotoxicity [127]. Consequently, magnesium supplementation is recommended after 

cisplatin administration [127]. 

 

Other manifestations related to the damage of kidney reabsorption have been reported, such as 

Fanconi-like syndrome (depletion of potassium, uric acid, phosphate and others in plasma, 

Table 6), hypocalcaemia, renal salt wasting, renal concentrating defect, hyperuricemia and 

transient proteinuria. Other symptoms were related to the functional role of the kidney, such as 

distal renal tubular acidosis, erythropoietin deficiency, thrombotic microangiopathy and 

chronic renal failure (Table 6) [115,125].  

 

2.3.1.3. Risk factors 

As mentioned above, cisplatin nephrotoxicity is dose-, frequency- and duration-dependent. 

Indeed, higher plasma maximum concentrations (Cmax) and a higher cumulative dose (i.e. area 

Nephrotoxicity side effect Definition

Acute kidney injury ﻿Sudden onset of kidney damage or failure resulting in a build-up of waste products in blood serum and difficulty 
in maintaining correct fluid balance

﻿Hypomagnesemia Low levels of serum magnesium, possibly related to distal tubular injury

﻿Fanconi-like syndrome Excess levels of potassium, uric acid, phosphates, bicarbonate, glucose, and select amino acids in urine, related to 
proximal tubular injury

﻿Distal renal tubular acidosis A defect in the kidneys that causes acid to build up in blood serum, from tubular injury

﻿Hypocalcaemia Lower than average levels of serum calcium

﻿Renal salt wasting
(cerebral salt wasting)

Extracellular volume depletion due to a renal sodium transport abnormality with or without high urinary sodium 
concentration, presence of hyponatremia or cerebral disease with normal adrenal and thyroid function

﻿Renal concentrating defect Decreased ability of the kidneys to concentrate solutes for excretion in urine

﻿Hyperuricemia Excess serum levels of uric acid

﻿Transient proteinuria Temporary increase in the level of proteins excreted in the urine (>150 mg day−1)

Erythropoietin deficiency Low levels of erythropoietin, a hormone produced by the kidneys that promotes red blood cell formation﻿

﻿Thrombotic microangiopathy Damage of the capillaries in the vital organs, especially the kidneys

﻿Chronic renal failure The gradual loss of kidney function over time



Introduction 

 59 

under the curve (AUC)) both seemed to be correlated to a higher nephrotoxic injury [125]. 

Except for these risk factors related to the administration of the drug, other risk factors related 

to intrinsic factors of the patients have been reported and are summarized in Table 7. 

 

Indeed, female gender, history of smoking, poor PS, older age, malnutrition/dehydration, 

alcohol ingestion, electronic disturbance, chronic disturbance and the co-administration of other 

nephrotoxic drugs increase the risk of nephrotoxicity [115,125,128]. Moreover, patients with 

lower albumin are subjected to higher nephrotoxicity from cisplatin as a higher active fraction 

is available in plasma to exert its non-selective cytotoxic action [125]. Moreover, one of the 

most challenging risk factors to manage is advanced age with pre-existing chronic renal failure, 

in which case a single injection of cisplatin can induce a transient episode of AKI [132]. 

 
Table 7: Risk factors for cisplatin nephrotoxicity, adapted from Manohar et al., 2017 [125].  

 
 

2.3.1.4. Prevention 

The most challenging part in the prevention of cisplatin nephrotoxicity is to not alter its efficacy 

[125]. Indeed, different strategies for preventing or reducing cisplatin nephrotoxicity will be 

summarised hereafter.  

 

The first strategy was to target cell entry, and more precisely to use OCT2 and Ctr1 inhibitors 

to reduce the entry of cisplatin into the tubular cells. This was not successful as cimetidine 

(OCT2 inhibitor) was needed in high doses in humans, and copper (Ctr1 inhibitor) seemed to 

alter the efficacy of cisplatin. The inhibition of the activation of nephrotoxin using g-glutamyl 

transpeptidase (GGT) and GSH transferase inhibitors, high dose of GSH or thiol agents was not 

successful except for the use of amifostine. This is because amifostine forms complexes with 

cisplatin, preventing its binding to GSH and therefore its activation in nephrotoxin. Indeed, it 

Patients factors Cisplatin related factors 

• Female gender
• History of smoking
• Poor performance status
• Older age
• Malnutrition and dehydration
• Alcohol ingestion
• Electronic disturbance (hypomagnesemia)
• Chronic comorbidities (diabetes, liver 

disfunction, chronic kidney injury)
• Concurrent nephrotoxic drugs (iodinated 

contrast, non-steroidal anti-inflammatory 
drugs, gemcitabine)

• Dose (> 50mg/m2)
• Frequency and duration of administration
• Hydration protocols



Introduction 

 60 

is the only drug approved by the FDA for reducing cisplatin nephrotoxicity in ovarian cancer 

and NSCLC [125,128].  

 

The use of anti-inflammatory agents (Anti-TNF-α, anti-TLR4, salicylates, etc.) has also been 

investigated and showed limited and mitigated results except for IL-10, which seemed to protect 

against cisplatin-associated injury in vitro and in rodents [125,128]. Moreover, the use of 

antioxidant to prevent oxidative stress (natural antioxidants, selenium, magnesium, vitamin E, 

vitamin C, spirulina, etc.) or anti-apoptotic agents did not demonstrate any benefit in humans 

and was even associated with cisplatin resistance in the case of P53 inhibitor. However, the use 

of enalapril as an inhibitor of poly-ADP ribose polymerase demonstrated a reduction in renal 

injury in rodents, associated with a down-regulation of ROS pathways [125]. Last but not least, 

tetrahydrocurcumin was also reported as a promising drug to combat ROS generation in rodents 

[115].  

 

However, the use of hyperhydration protocols is the accepted standard of care for preventing 

cisplatin nephrotoxicity without impairing its efficacy. Before the application of this standard 

of care of hyperhydration and diuresis, 100% of patients were diagnosed with AKI [125,127]. 

Hyperhydration involves the IV administration of a saline solution (NaCl 0.9%) at a rate of 

100-200 mL/hour for between 2 and 12 hours before treatment and between 6 hours and up to 

three days after cisplatin treatment administration [115]. Although this can be associated with 

nephroprotective agents (mannitol), the use of other diuretics remains controversial as their 

benefit has not yet been proven and they have possible irreversible side effects [115]. 

Hyperhydration is performed not only to avoid cisplatin accumulation in tubular cells but also 

to provide a high concentration of chloride ions that may reduce the formation of mono- and 

diaqua-cisplatin. However, it has been demonstrated that saline solution does not alter cisplatin 

accumulation but triggers the release of a stress response that renders the cell less sensitive to 

cisplatin [127]. In addition to this, the use of antiemetics to prevent vomiting and fluid loss is 

often recommended.  

 

2.3.1.5. Evaluation of nephrotoxicity using biomarkers 

The early detection of kidney lesions using early biomarkers is valuable to allow clinicians to 

adjust the dosage in order to preserve the kidneys and to reduce the risk of side effects related 

to the excretion impairment of other drugs [132]. A biomarker can be defined as “a 

characteristic that is objectively measured and evaluated as an indicator of normal biological 
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process, pathogenic processes, or pharmacologic responses to a therapeutic intervention” 

[133]. An optimal biomarker must meet a number of requirements: it has (i) to be low in the 

absence of injury, (ii) to show rapid and intense changes in its concentration (thus increased 

sensitivity) in accessible fluids when the injury appears, (iii) to disappear after its release to 

indicate the kinetics of recovery, and (iv) to be easily applicable between different models (cells 

and animals to humans) [134,135]. Biomarkers must therefore be quantified following their 

kinetics. Moreover, plasma biomarkers should have a MW large enough (higher than 60 kDa) 

to be poorly affected by the glomerular filtration rate, unless glomerular filtration is desired 

(e.g. cystatin C in AKI evaluation) [134]. 

 

Recommendations from a 23-expert panel in 2020 suggested combining damage and functional 

biomarkers to assess early AKI [136]. Different functional (cystatin C, microalbumin, β2 and 

α1- microglobulin, etc.) and damage (alanine aminopeptidase, alkaline phosphatase, N-acetyl-

b glucosamine, neutrophil-gelatinase associated lipocalin (NGAL), kidney injury molecule-1 

(KIM-1), etc.) biomarkers have been intensively investigated and have proven their sensitivity 

for early AKI assessment in both clinical and preclinical studies [137–139]. They demonstrated 

their ability to detect minor tubule and glomeruli injuries, even when creatinine levels remain 

in normal ranges [140]. Among these AKI biomarker candidates, specific proximal tubule 

markers (i.e. the cisplatin-preferred site of injury) will be described, with cystatin C and 

creatinine as functional biomarkers and NGAL and KIM-1 as damage biomarkers (Figure 14).  

 

Creatinine is a 113 Da molecule produced by the muscle creatine catabolism, thus reflecting 

the constant breakdown of skeletal muscles. It is eliminated from plasma at a constant rate 

following free filtration by the glomerulus, which makes it possible to estimate the glomerular 

filtration rate using plasma creatinine. Plasma creatinine is by far the most frequently used 

marker of renal function and injury, and is still a gold standard in clinical practice [141]. 

However, as active tubular secretion has been reported for creatinine clearance, the 

determination of the glomerular filtration rate using plasma creatinine is slightly overestimated 

[141]. Other biases have been reported, such as muscle mass in the body composition, age and 

gender, leading to the calculation of the glomerular filtration rate including these factors in 

formulas such as the Cockcroft-Gault [141]. Moreover, unlike early AKI biomarkers, it is not 

possible to use plasma creatinine to detect minor and early injuries.  
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Figure 14: Summary of KIM-1, NGAL, and cystatin C pathways in normal condition and in the case of injury. In 
the case of injury, KIM-1 is upregulated and shed in plasma and urine, while NGAL is able to scavenge iron, 
accumulate in plasma and urine and be released by tubular epithelial cells to promote cell differentiation and 
recovery. Finally, upon injury, cystatin C accumulates in plasma due to the inefficient filtration by the glomerulus. 
This figure was created from information retrieved from the following references [137,139,142,143]. 

 

Cystatin C is a 13-kDa protein that is synthetized constantly in all nucleated cells and is not 

bound to plasma [137,142,143]. Plasma concentrations seem to be independent of sex, age and 

muscle mass [137,142]. It is freely filtered by the glomerulus and reabsorbed and degraded in 

the renal proximal tubule [137,142]. Unlike creatinine, it is not secreted in the urine by the 

tubule. Thus its increase in plasma reflects a filtration defect whereas its accumulation in urine 

shows a filtration and a reabsorption impairment by the glomerulus and proximal tubules, 

respectively (Figure 14) [137]. Its sensitivity as a plasma biomarker of the glomerular filtration 

rate [142,143] over creatinine has been clearly established [73].  
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NGAL, also known as siderocalin or lipocalin-2, is a novel 25-kDa protein associated with 

gelatinase in human neutrophil granulocytes (NT-GRA) and is produced by injured epithelial 

tubular cells [137,139]. Its levels are very low in the steady state and are regulated by renal 

clearance since it undergoes glomerular filtration because of its low MW [137]. Once filtered, 

NGAL is reabsorbed, mainly through endocytosis by the proximal tubules, where it is degraded 

by lysosomes into a 14-kDa protein, if the tubules are intact (Figure 14) [137–139]. This makes 

NGAL a good marker for renal tubular damage [138]. Moreover, its release from tubular cells 

in response to injury and tubulointerstitial damage may have also a self-defensive action based 

on the activation of specific iron pathways that are also involved in kidney repair [144]. Indeed, 

it interacts with the mechanism of iron transfer to the proximal tubule by forming an iron-

NGAL complex (siderophore) [135,138]. Moreover, it has been reported to induce the 

differentiation of kidney progenitors into renal epithelia and to contribute to the recovery of 

tubular epithelia after injury. All these observations make NGAL a good damage biomarker of 

AKI [138]. An interest in NGAL as an AKI clinical biomarker was assessed after it was found 

that it is upregulated in mouse models of ischemia-reperfusion and cisplatin [137]. Indeed, it 

has been demonstrated that NGAL was up-regulated more than ten-fold within the first hours 

of renal injury [142]. It is now considered as one of the most promising AKI biomarkers in both 

urine and plasma [138,139].  

 

KIM-1, also known as T cell immunoglobulin and mucin (TIM-1), is a 38.7-kDa type I cell 

membrane glycoprotein containing an immunoglobulin-like domain and a mucin domain in its 

extracellular region that is retrieved in tubular epithelial cells [137,142]. KIM-1 mRNA levels 

increase more than those of any other gene after kidney injury [137,142]. Indeed, the increase 

in KIM-1 was found at very high levels on the apical membrane of proximal tubule cells after 

nephrotoxic injury [144]. KIM-1 is also expressed in immune cells to induce the differentiation 

of T and B LYM and to activate dendritic cells and NK cells [137]. It has been demonstrated 

that KIM-1 is involved in generating proximal tubules at it seemed to be responsible for 

phagocytosis. This shows its ability to facilitate remodelling of injured renal epithelia [137]. It 

is considered as a promotor of apoptotic and necrotic cell clearance, and is upregulated and 

shed in urine and extracellular space in the case of AKI [135,137]. It has been approved by the 

FDA as an AKI biomarker for preclinical drug development [135,137].  

 

As demonstrated in Figure 14, these biomarkers can be detected in both urine and plasma. On 

the one hand, urine has the advantages to be more likely to contain biomarkers originating from 
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kidneys; thus increasing specificity while being more useful to proteomic screening because of 

the limited number of protein retrieved. However, urine samples are more susceptible to protein 

degradation and biomarker concentrations change due to the variability in urine flow rates 

[145]. On the other hand, plasma biomarkers are easily available even in anuric patients and 

are correlated with higher stability. However, they may lack of specificity and reflect a systemic 

response to a disease rather than a specific organ injury. Moreover, the presence of large number 

of proteins (e.g. albumin and immunoglobulin) may render proteomic approaches challenging 

[145]. 

 

2.3.2. Myelotoxicity 

Myelotoxicity is a haematological side effect common to most cytotoxic drugs, including 

platinum drugs and paclitaxel, that directly impair haematopoiesis in the bone marrow (Figure 

12) [146,147].  

Neutropenia (reduced levels of NT-GRA) is one of the most common side effects observed in 

clinical trials, with the NT-GRA nadir (the lowest value that NT-GRA will reach during a cycle 

of chemotherapy) occurring 10-14 days following the treatment initiation and with a complete 

recovery by day 21-28 [146].  

On the other hand, anaemia can either be related to a direct effect of cytotoxic drugs on red 

blood cells (RBC), as explained above, or can be secondary to renal impairment and its inability 

to produce erythropoietin, in the case of platinum drugs [76]. Indeed, carboplatin has been 

associated with the destruction of RBC through three main mechanisms, leading to acquired 

haemolytic anaemias [148–150]. Following this phenomenon, an increase in the reticulocyte 

count describes regenerative anaemia [149–151]. Finally, thrombocytopenia potentially 

requires subsequent dosage adaptation or therapy delays, with an increasing risk of life-

threatening spontaneous haemorrhage. The prevention and the management of this side effect 

remain unsolved, even with platelet transfusions. Moreover, thrombopoietin receptor agonists 

are still under investigation [146]. 

 

These side effects alter the patient general condition so that he feels dizzy, tired, lethargic and 

is more susceptible to infections in the case of neutropenia and leukopenia [115]. Treatments 

involve the use of blood transfusions, administration of antibiotics and even the use of 

granulocyte-stimulating factors [115]. These manifestations have also been encountered more 

in patients with several risk factors such as kidney function, age and race [115]. 
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Cisplatin, and especially carboplatin and paclitaxel, are known to induce myelotoxicity. 

Myelosuppression remains the carboplatin DLT and neutropenia remains the paclitaxel DLT 

[115,119]. Indeed, it has been reported that carboplatin induces a greater risk of bone marrow 

suppression than cisplatin, with reduced non-hematologic toxicity [152]. Moreover, 

myelotoxicity in the case of platinum drugs seem to be dose-dependent and occurs in more than 

20% of patients, depending on the other combination cytotoxic drug [115]. Neutropenia, in the 

case of paclitaxel, is reported to be dose- and frequency-dependent, and occurs in up to 52% of 

patients treated with this drug (135-300 mg/m2, over 24h) [119]. Indeed longer paclitaxel 

infusion (24h) has been correlated with a higher risk of myelotoxicity than shorter courses (3h) 

[76]. Paclitaxel can also induce thrombocytopenia and anaemia but at a less severe level than 

neutropenia. Indeed only 10% and 78% of patients were reported with thrombocytopenia and 

anaemia, respectively, in a phase III study [76].  

 

It is still a matter of concern to combine two highly myelotoxic drugs as the co-administration 

of carboplatin and paclitaxel has induced grade IV neutropenia in more than 50% of patients in 

several phase II or III studies [119,153,154]. To minimize cumulative side effects, doses and 

regimen were optimized to find the best balance between efficacy and tolerance. Indeed, the 

infusion time for paclitaxel administration was reduced and the carboplatin dose was calculated 

using the Calvert formula as myelosuppression seems to be more precisely forecast using the 

patient’s renal function, age and AUC than body surface area [155]. Consequently, carboplatin 

(AUC 6 mg/mL x min) and paclitaxel (200 mg/m2) are recommended to be administered over 

a 5-hour infusion following spaced-out cycles (the first day of each cycle of 21 days for four 

cycles) [24]. Moreover, the use of growth factors and a reduction in the regimen adaptions have 

reduced the occurrence of grade III-IV neutropenia [76].  

 

2.3.3. Pulmonary toxicity 

Platinum-based drugs and paclitaxel administered using the IV route have an overall well-

tolerated pulmonary toxicity profile. Indeed, except for some hypersensitivity reactions and in 

some rare cases bronchospasm, cisplatin and carboplatin are relatively well-tolerated by the 

lungs [77,156,157]. Moreover, in one case report, cisplatin was associated with eosinophilic 

pneumonia, but this seemed very rare as it was reported for only one patient [158,159].  

On the other hand, paclitaxel has also been associated with pulmonary hypersensitive reactions 

(discussed in section 1.7), and interstitial pneumonitis in 1% of patients [77]. Pulmonary 

hypersensitive reaction often describes non-specific symptoms such as dry cough, dyspnoea 
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and hypoxemia and is associated with interstitial inflammation, with hypersensitive 

pathogenesis (eosinophils (EOS) in bronchoalveolar lavage fluid (BALF) and blood) [77].  

 

 Inhaled therapy as a loco-regional treatment against lung 

cancers 
In proposing inhaled therapy as a new modality against lung cancer, it is important to consider 

the anatomy and physiology of the lungs as well the pulmonary delivery of drugs.  

 

3.1.  The lungs 
3.1.1. Structure and function 

The lungs have two essential functions: the first is ventilation-perfusion and aims to deliver 

oxygen to the body and remove carbon dioxide from it (Figure 15, [160]). The second is host 

defence against foreign particles. The lungs are also responsible for homeostasis and therefore 

have secondary functions such as surfactant synthesis, and neuroendocrine signalling (synthesis 

and secretion of molecules such as serotonin or calcitonin) [161]. 

 

 
Figure 15: Cast of bronchial tree with airways (yellow), pulmonary arteries (red) and veins (blue), from Hsia et 
al., 2016 [160]. 

 

The pulmonary tract is divided into two main regions: the upper (nasopharynx, oropharynx, 

laryngopharynx and the larynx) and the lower respiratory system (trachea, bronchus and the 

lungs). The left lung is divided into two lobes and the right lung into three lobes [161]. The 

anatomy of the airways is strongly related to their function. Indeed, they consist of a sequence 

of branching tubes that become narrower, shorter and more numerous as it goes deeper in the 

lung down to the terminal bronchi. This area is described as the conducting zone, and aims to 

channel the inspired gas to the gas exchanging regions of the lungs [161]. The trachea and 
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bronchi are cartilaginous and do not change shape significantly with ventilation as they do not 

participate in gas exchange. However, the bronchioles, which have a maximum diameter of 1 

mm, have no cartilage and are numerous and short [161]. Each terminal bronchiole divides into 

a respiratory bronchiole, which transition to the alveolar ducts. Each duct is lined with alveoli, 

which represent the respiratory region [161]. 

A dichotomous model of the human airways (Figure 16) was established by Weibel in 1965 

that extrapolates the length, diameter and number of airways and their branching angles. This 

dichotomous model is mainly divided into two zones: the conducting zone from generations 0 

(lower region of the trachea) to 16, and the translational and respiratory zone from generations 

17 to 23. In the first area, the trachea is divided into two primary bronchi. Each bronchus is 

then divided into two secondary bronchi, and each secondary bronchus is again divided into 

two segmental bronchi. These become, after few generations, bronchioles and afterwards 

terminal bronchioles. From generation 17, three generations of alveolar ducts and one 

generation of alveolar sacs are retrieved, which constitutes the respiratory zone (Figure 16) 

[161]. The alveolar surface area in the adult human is estimated to be 100-150 m2 [161]. 

 

 
Figure 16: Subdivision of the conducting and the respiratory zones according to Weibel model, adapted from 
Broaddus et al., 2016 [161]. 

 

3.1.2. Cell types 

3.1.2.1. Conducting zone 

The cellular composition of the airways is complex. The bronchial mucosa consists of columnar 

pseudostratified epithelium. Nearly half of the epithelial cells are ciliated at all airway 

generations down to the bronchioles. Cilia move rhythmically and propel liquid, mucus, cells 
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and debris towards the pharynx from the deep lung [161]. The tight junctions between airway 

epithelial cells play two major roles: the first is the limitation of absorption by passive diffusion 

and the second is polarization of cellular functions between the apical and basolateral 

membrane [161].  

 

Mucus is secreted by submucosal glands and by goblet cells. The glands are retrieved in the 

submucosa of the bronchi, and are able to secrete water, electrolytes and mucins into the lumen. 

Moreover, goblet cells are retrieved at most levels, and diminish peripherally until disappearing 

at terminal bronchioles (also able to secrete mucin). The mucus is a complex mixture of proteins 

(glycoprotein and proteoglycan), water (95%) and electrolytes. It plays an important role in 

innate immunity, by preventing the intrusion of foreign particles into lung tissue, and in 

preventing airway dehydration [161]. However, its hypersecretion is associated with chronic 

inflammatory airway diseases such as asthma, chronic obstructive pulmonary disease (COPD), 

and cystic fibrosis [161].  

 

Clara cells are non-ciliated cuboidal cells retrieved among the ciliated epithelial cells in the 

terminal airways. Now known as “club cells”, they are characterized by large apical granules 

and play major roles in the lungs. They serve as progenitor cells for themselves and for ciliated 

epithelial cells and are a source of surfactant proteins (SPs), such as SP-A, SP-B and SP-D, 

lipids and proteins. Finally, they have a function in liquid balance by influencing ion channels 

[161].  

 

3.1.2.2. Respiratory zone 

To ensure the gas exchange between the air and the blood compartments, the alveolar-capillary 

barrier is formed by cytoplasmic extension of alveolar type I cells and capillary endothelial 

cells, separated by a common fused basement membrane [161]. The most common cell types 

are the alveolar macrophages (AM) (80%, in steady state), which are retrieved in the internal 

surface of the alveoli and play an important role in innate immunity [161].  

The type I cells comprise approximately 10% of the cells in this zone and cover more than 95% 

of the internal alveolar surface area. These type I pneumocytes are attached to one another at 

their lateral membrane by different complexes such as tight, adherent and gap junctions [161]. 

These are large squamous cells with thin cytoplasm and are able to produce pro-inflammatory 

cytokines (TNF-α, IL-6, IL-1β), following an initiation with lipopolysaccharide (LPS). They 
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seem to be more susceptible to acute lung injury than type II cells and have important roles in 

resolving inflammation.  

The type II cells comprise approximately 18% of the cells and cover 5% of the internal alveolar 

surface area. They are identified by the presence of lamellar bodies, the intracellular form of 

pulmonary surfactant. They are the only source of surfactant and of the SP-C. As Clara cells, 

they also express SP-A, SP-B and SP-D. They therefore play an important role in innate 

immunity. Their turnover in steady state is extremely low but in the case of lung injury is 

accelerated to restore the epithelium. Moreover, they are involved in the transport of sodium 

and chloride to balance the alveolar fluid volume [161].  

 

The surfactant is composed of 85% phospholipids, and more precisely 76% 

phosphatidylcholine (47% dipalmitoyl-phosphatidylcholine (DPPC) and 29% unsaturated 

phosphatidylcholine), 12% phosphatidylglycerol, 4% phosphatidylinositol and 3% 

phosphatidylethanolamine. It is also composed of neutral lipids (5% cholesterol, free fatty 

acids) and 10% proteins (mostly SP-A, but also SP-B, SP-C and SP-D). It plays an important 

role in lowering the surface tension (mainly due to DPPC) by decreasing the effort of breathing, 

preventing alveolar collapse and atelectasis, and allows alveoli of different sizes to be stable.  

 

3.1.3. Innate immunity cell types 

As mentioned previously, the lung epithelium is one of the largest epithelial surfaces in the 

body. Indeed, with an average respiratory rate of 10-12 breaths/min and an average tidal volume 

of 600 mL, the lungs are exposed to more than 10 000 L of air per day. Their defences against 

pathogens and foreign particles are therefore crucial to protect not only them but also the entire 

organism. In addition to the epithelial type I and II cells, different cell types are involved in 

innate immunity and are discussed hereunder.  

 

3.1.3.1. Polymorphonuclear cells 

NT-GRA are the cells that first migrate to the site of lung injury and defend it using 

phagocytosis, degranulation and generation of ROS, or by releasing webs of chromatin via 

neutrophil extracellular traps (NETs) to trap and kill microorganisms. They account for 70% of 

circulating human blood leukocytes with a survival time of up to 7-10h [162]. However, in the 

case of inflammation they can survive more than 48h. These cells are able to switch from a pro-

inflammatory to an anti-inflammatory phenotype by stopping the release of pro-inflammatory 

mediators (e.g. leukotriene B4, platelet-activating factor) and starting the release of pro-
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resolving mediators (e.g. pro-resolving bioactive lipids, lipoxins). This switch occurs when the 

secretion of pro-inflammatory chemokines and cytokines (TNF-𝛼, IL-6, IL-1β) is inhibited and 

the secretion of more anti-inflammatory pro-resolving mediators is increased (lipoxins, 

resolvins, protectins and maresins). Once they have fulfilled their function, they undergo 

apoptosis [162].  

 

EOS represent less than 5% of circulating blood, can survive up to one week if necessary and 

are mostly involved in allergic airway inflammation [162]. When they arrive at the site of 

injury, they undergo degranulation, which is essential to the removal of the inflammatory 

stimuli, and are able to contribute to host defence by releasing extracellular traps. Therefore, 

they release different components such as eosinophilic cationic protein, major basic protein, 

eosinophil peroxidase and eosinophil-derived neurotoxin, which are cytotoxic to airway 

epithelial cells. Moreover, they can undergo transformation into both anti-inflammatory and 

pro-inflammatory phenotypes, as well as phagocytosis once their function is achieved [162].  

 

Last but not least, basophils are the rarest circulating human granulocytes. These are able to 

migrate to the site of injury and release their contents (e.g. histamine, heparin, serotonin and 

others) in the case of inflammation to exaggerate inflammation [162].  

 

3.1.3.2. Monocytes and macrophages 

Monocytes (MON) are retrieved in bone marrow and blood in steady state. They rapidly migrate 

to the site of injury upon inflammation and differentiate into large tissue-resident phagocytic 

macrophages [162]. Their phenotype depends on their environment as they can have either a 

pro-inflammatory phenotype (M1) or anti-inflammatory phenotype (M2). The M1 phenotype 

is induced by LPS, IFN-𝛾 and TNF-𝛼, and able to secrete pro-inflammatory cytokines (TNF-

𝛼, IL-6, IL-1β,	IFN-𝛾) to emphasize inflammation and to secrete nitric oxide to help in killing 

microorganisms [162,163]. On the other hand, the M2 phenotype is induced by various 

parasites, immune complexes, apoptotic cells and soluble mediators such as macrophage-

colony stimulating factor (M-CSF) to stop the release of pro-inflammatory stimuli and release 

pro-repair mediators instead [162].  

 

3.1.3.3. Others 

Dendritic cells are an important group of phagocytic and antigen-representing cells. They act 

as a bridge between innate and adaptive immune systems as once they encounter a microbe, 
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they leave the epithelium and traffic into regional lymph nodes to interact with naïve T cells 

[161]. 

Mast cells are retrieved in mucosal/connective tissues and are involved in healing and repair as 

they are able to secrete inflammatory mediators such as histamine, proteases, chemotactic 

factors and arachidonic acid. They are mostly involved in allergy-related inflammation, as with 

eicosanoids and EOS [162].  

NK cells are cytotoxic LYM that represent 10-15% of interstitial LYM and are able to recognize 

and kill tumour cells and virus-infected cells. They are an important source of cytokines 

released early in the immune response [161,162]. 

 

3.2.  Drug delivery to the lungs 
To efficiently deliver drugs to the lungs, several parameters related to the delivery devices as 

well as to the formulations should be considered and are detailed in this section. 

 

3.2.1. Pulmonary delivery devices 

There are four types of inhalers: nebulizers, soft mist inhalers, pressurised metered-dose 

inhalers (pMDIs) and dry powder inhalers (DPIs). The advantages and drawbacks of each 

inhaler type are summarized in Table 8. 

 
Table 8: Advantages and drawbacks of each inhaler type, adapted from Lavorini et al., 2019 [164].  

 
 

 

 

Device Advantages Drawbacks
Additional drawbacks related 

to the administration of 
cytotoxic drugs

- Nebulizers

- No specific inhalation required
- Vibrating mesh is portable and do 

not require to be connected to an 
outside energy source (battery-
operated devices)

- High lung deposition (vibrating 
mesh : up to 50%)

- Jet and ultrasonic nebulisers require 
outside energy source

- Treatments time are often long 
(5mL/15 min)

- Performance varies between 
nebulisers

- Risk of bacterial contamination

- Not adapted for lyophilic drugs, (i.e. 
limited solubility in water) 

- Not adapted for drugs that need to be 
delivered in high quantity (e.g. cytotoxic 
drugs)

- Low deposited fraction in the lungs (10-
15%)

- Environmental contamination 

- Soft mist inhaler 
- Compact and portable
- High lung deposition
- Multidose devices
- No propellants

- Not breath actuated
- Requires some coordination of 

actuation and inhalation

- Limited solubility for some cytotoxic (i.e. 
lipophilic) drugs

- Environmental contamination 

- Pressurized Metered-
Dose Inhalers (pMDI)

- Compact and portable
- Dose consistency
- Multidose devices

- Propellant required
- Requires good coordination of 

actuation and inhalation
- High oropharyngeal deposition

- Deposited mass in !g range unsuitable 
for the delivery of cytotoxic drugs in the 
lungs

- Dry-Powder inhalers 
(DPI)

- Unexpensive
- Compact and portable
- Unidose and multidose
- No propellants
- Breath actuated (no coordination 

needed)

- Sensitive to humidity
- Requires a more challenging 

development of drug formulation than 
nebulizers or pMDI.

- Require an inspiratory airflow high 
enough to overcome interparticulate 
forces

-
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3.2.1.1. Nebulisers 

Nebulisers are devices able to convert a liquid as a solution or dispersion into small inhaled 

droplets. The solutions or dispersions are composed of a drug dissolved or dispersed in a liquid 

carrier. These nebulizers are mainly divided into three types: jet nebulisers, ultrasonic 

nebulisers and, most recently vibrating mesh nebuliser and are illustrated in Figure 17 [164].  

 

Jet nebulisers, also known as pneumatic nebulizers, are the most common type of nebulisers 

(Figure 17.A [165]). These devices use compressed gas, usually air or oxygen, that draws a 

liquid from a side feed tube into the nozzle as a consequence of aspiration resulting from the 

expansion of the jet at the nozzle orifice [164,165]. Consequently, the aerosol is generated as it 

arises from the feed tubes (also called the venturi effect). Particles with a higher particle size 

are entrapped by the baffles and are returned into the reservoir while smaller particles are either 

inhaled or may land on internal walls, returning to the reservoir until re-nebulisation [164,165].  

 

 
Figure 17: Schematic illustration of jet nebuliser (A), ultrasonic nebuliser (B) and vibrating mesh nebuliser (C), 
from Yeo et al., 2010 [165]. 

 

Ultrasonic nebulisers induce an aerosol by applying an alternating electric field to a 

piezoelectric transducer, which leads to the generation of a mechanical vibration in contact with 

the reservoir (Figure 17.B) [165]. Consequently, sound waves are generated and propagate to 

the entire reservoir, leading to the generation of an aerosol from the droplets that break free 

from the top of the waves [164,165]. These nebulisers are able to generate solutions more 

quickly than jet nebulisers but are not suitable for dispersions and heat-sensitive drugs 

[164,165].  
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The third nebulizer type is vibrating mesh nebulisers, which were developed to overcome some 

limitations encountered with conventional nebulisers, related to the long treatment time and 

inefficient use of drug (Figure 17.C) [165]. These nebulisers use the same piezoelectric element 

and are equipped with a vibrating mesh/plate that allows the passage of droplets with the desired 

size. Their main advantage is that they are able to deliver a narrower particle size distribution 

(PSD) than conventional devices (Table 8) [164,165].  

 

Although nebulizers have the advantage of not requiring an inhalation technique, treatment 

administration using these nebulisers is often long, with a high risk of bacterial contamination 

(Table 8). Moreover, conventional nebulizers (jet, ultrasonic and vibrating mesh) require an 

outside energy source to generate the aerosol, and precision cleaning and maintenance 

following administration. Finally, in the case of highly toxic drugs, the risk of environmental 

contamination and exposure of medical staff is high [164,166]. 

 

3.2.1.2. Pressurised metered-dose inhalers 

Unlike conventional nebulisers, pMDIs are portable multidose devices that consist of an 

aluminium canister, lodged in a plastic support, containing a pressurised liquid propellant 

solubilizing or dispersing the drug particles. The key component of these devices is the metering 

valve, which is able to deliver a precise volume of propellant containing the micronized drug 

at each actuation (Figure 18) [166]. Actuating the canister causes decompression of the 

formulation expelled from the metering valve, leading to the generation of an aerosol. This 

aerosol is composed of droplets containing the drug particles in a shell of propellant. The 

propellant evaporates rapidly with time and distance, leading to a reduced size of droplets 

[164,166]. Since their development, these devices have evolved by replacing 

chlorofluorocarbon (CFC) with hydrofluorocarbon (HFC), which is described as being more 

environmental-friendly [164,166]. 

 

 
Figure 18: Schematic illustration of the pMDI components and the steps to deliver the aerosol, adapted from 
Lavorini et al., 2013 [166]. 
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pMDIs have numerous advantages as they are compact, portable and inexpensive while 

containing at least 200 metered doses ready to be used (Table 8). However, they contain 

propellants and are not actuated by breathing. Therefore, they necessitate a coordination 

between the device actuation and inhalation, which is not easy for most patients, who are not 

able to use them correctly [164,166]. Indeed, patients must actuate the device while breathing 

deeply and slowly and continuing to inhale, even when they feel the impact of the aerosol to 

their throat, which is called the hand-lung coordination. Finally, they should hold their breath 

(for particle sedimentation) before exhalation [164,166]. Moreover, these devices can deliver 

masses in the micrograms and are correlated with high oropharyngeal deposition, which is not 

suitable for the delivery of highly toxic drugs.  

The soft mist inhalers have been developed to overcome the limitations encountered with both 

the previous devices. Indeed, unlike conventional nebulizers, they are portable and multidose 

devices, and unlike pMDIs, they have limited oropharyngeal deposition and do not necessitate 

hand-lung coordination. The only such device on the market is Respimat® [164].  

 

3.2.1.3. Dry powder inhalers 

DPIs were first introduced in 1970 as single-dose devices (such as the RS.01 device, Figure 

19), [167], containing the powder formulation in a capsule that is loaded into the device by the 

patient in advance. Multidose DPIs have been available since the late 1980s (Diskhaler, Diskus, 

Turbohaler) [161,164,166].  

 

 
Figure 19: Images of the DPI RS.01 closed (A), and opened (B). Representative illustration of the RS.01 (C) 
device, adapted from Elkins et al., 2014 [167]. 

 

DPIs contain a powder-based formulation that has been previously micronized to the 

appropriate particle size range to deposit efficiently in the lungs. They allow the powder to be 

deagglomerated by the patient’s own inspiratory flow and consequently do not require 

coordination of inhaler actuation with inhalation, which is one of the main drawbacks of pMDIs 
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(Table 8) [164,166]. Moreover, these devices are designed with an internal resistance that 

should be overcome to generate a turbulent flow that is able to deagglomerate particles and 

generate an aerosol [164,166]. They have the advantages of being inexpensive, portable, 

compact, not using propellants and having increased stability as they are formulated in their dry 

form (Table 8) [164,166]. Moreover, as represented in Figure 20.A, DPIs provide a better 

deposition in the lungs than pMDIs [161]. Indeed, with pMDIs, most of the inhaled dose is 

deposited in the oropharyngeal area, swallowed and retrieved in the stomach (Figure 20.B). 

However, DPIs require a minimum inspiratory flow and are sensitive to relative humidity (RH) 

[164,166].  

 

 
Figure 20: Deposition images following inhalation of radiolabelled aerosols following the use of a DPI (A) and a 
pMDI (B), from Broaddus et al., 2016 [161]. 

 

3.2.2. Development of DPI formulations  

Considering that this work aimed to optimize a DPI formulation, this part will focus on 

development of such a formulation instead of formulations for the other types of device. It will 

especially discuss the factors influencing the performance of DPI devices as well as the fate of 

the particles once deposited in the lungs.  

 

3.2.2.1. Aerodynamic performance and lung deposition 

As mentioned above, the lungs have the role of ensuring ventilation-perfusion and protecting 

the organism against foreign particles, including pathogens. Indeed, except for mucociliary 

clearance and phagocytosis (discussed in section 3.2.2.4), the lungs have a serial branching of 

the airways that hinder the ability of the particles to deposit in the deeper sections [161]. 

However, the lungs are not able to discriminate pathogens from therapeutic drugs. Therefore, 

it is important to adapt the drug formulation to optimally deposit the drug in the desired areas.  
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The principle of inhalation therapy depends on the ability to generate a population of 

liquid/solid particles, carried along with the patient inspiratory airflow, that deposit in the 

different lung sections depending on the aerodynamic diameter (dae) [168]. The dae is defined 

by the following equation:  

dae=dgeo '
!!"#$%&'(
!).#

 

Equation 1: Aerodynamic diameter formula [169]. 

 

Where dgeo is the geometric diameter, 𝜌$%&'()*+ the density of the particle, 𝜌, the particle unit 

density (1 g/cm3 sphere) and 𝜒, the dynamic shape factor (measuring the deviation from 

sphericity).  

As this equation demonstrates, dae considers the particle size, density and shape and therefore 

characterizes the particle’s aerodynamic behaviour in an airflow [168]. In general, the 

probability of the particle to deposit in a specific lung region is an interaction between the 

physical characteristics of the particle, the airflow and the airway anatomy [161]. Practically, 

the greater the mass, the faster the velocity and higher the airflow, and the more a particle is 

likely to deposit by inertial impaction [161]. Indeed, the air turbulence initiated by the mouth 

passages and the cartilaginous segmentation of the trachea ensure that the particles with a larger 

dae than 5 𝜇m deposit preferentially on the mucus surfaces of the upper respiratory tract [161]. 

Particles between 1-5	𝜇m are mainly deposited in the lower respiratory tract, which comprises 

the bronchial tree and alveoli [168]. To specifically target the alveoli, particles must have a dae 

ranging between 1 and 3 𝜇m [168]. These particles mainly deposit by gravitational 

sedimentation, which is described as the process by which a particle accelerates, under gravity, 

until reaching a terminal velocity. Therefore, sedimentation is closely related to the patient’s 

breathing technique. Indeed, holding the breath before exhalation is encouraged to give to the 

particles enough time to sediment. Otherwise, these particles are exhaled rather than deposited. 

Finally, particles with dae lower than 0.5 𝜇m are subject to Brownian motion, and are mostly 

exhaled. Indeed they are too small to deposit efficiently by sedimentation and too large to 

deposit efficiently by Brownian diffusion [161,168]. 

  

The evaluation of the fluidisation efficacy of the formulation is performed by determining the 

delivered dose, defined as the quantity of drug particles able to be delivered from the device.  

Considering the dae characteristics, the evaluation of the aerodynamic behaviour of a 

formulation is performed by characterizing the mass of drug particles with a dae < 5 𝜇m in terms 
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of fine particle dose (FPD) or fine particle fraction (FPF) from the nominal dose (FPF_n), which 

corresponds to the dose fraction able to deposit in the deepest part of the lungs following the 

patient inspiratory airflow [168]. The FPF can also be expressed as a fraction of the delivered 

dose (FPF_d) [168]. FPF (whatever its expression) and FPD describe the ability of the 

formulation to be fluidised and deagglomerate before its deposition in the desired areas [168].  

To characterize the aerodynamic behaviour of a formulation, different parameters are evaluated 

such as (i) the delivered dose, (ii) the delivered dose uniformity (DDU), (iii) the FPD, (iv) the 

FPF, (v) the mass median aerodynamic diameter (MMAD), which corresponds to the diameter 

that divides the aerodynamic PSD (APSD) into two equal halves, and (vi) the geometric 

standard deviation (GSD), which indicates the variability around the particle diameter 

[161,168]. It is commonly accepted that a GSD higher than 1.2 describes a polydisperse PSD, 

while a GSD lower than 1.2 characterizes a monodisperse PSD [164,168]. The determination 

of the FPD, FPF, MMAD and GSD is performed using impactors such as a fast-screening 

impactor (FSI) or next-generation impactor (NGI), as described in the European Pharmacopeia 

10.  

 

3.2.2.2. Interparticulate forces 

Interparticulate forces are dictated mostly by Van der Waals forces, but also by capillary forces, 

electrostatic charges and mechanical interlocking. The intensity of these forces depends on the 

particle size, shape and surface properties, the hardness of the adhering particle, surface 

roughness, the intensity of the press-on forces during mixing and the RH. These parameters are 

therefore able to influence the aerodynamic performance [168].  

 

Van der Waals forces are the most common in dry-powder formulations, especially for particles 

with a size below 10 𝜇m and an inter-particle distance under 100 nm [168]. They are weak 

forces that attract neutral molecules to one another. When the neutral particles reach within a 

threshold distance, electrons from one particle are pulled towards the nucleus of the other 

particle. This cause a transient polarization with two domains: electron-rich domain and 

electron-deficient domain. The domain of each particle attracts the oppositely charged side of 

the other particle [170]. They depend on the structure of the excipients in the formulation and  

decrease in the case of surface roughness, as the inter-particulate distance is increased [168].  

 

Capillary forces arise from the formation of a liquid bridge between two particles onto the 

particle surfaces. When this bridge is formed, a narrow slit is created around the surface of 
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contact. If the gap is sufficiently close and if the two surfaces are lyophilic, some water vapour 

will condense and form a meniscus. These forces are increased by the shape, size, roughness 

and chemical properties of the surface but mostly by the powder residual water content and the 

environmental RH [168,169].  

 

Electrostatic charges arise following contact between a donor and a receptor, and therefore a 

charge transfer, resulting into oppositely charged surfaces [168]. This short contact is called 

“triboelectrification” and can be secondary to the manufacturing process (mixing, handling, 

filling), leading to an increased adhesive-cohesive forces and therefore to a limited aerosol 

performance [168]. Triboelectrification can also arise at the moment of the fluidisation of the 

dry powder through the inhaler, and can be used to enhance lung deposition [168].  

Finally, mechanical interlocking is a result of the interaction of surface features and is related 

to the diameter of pores between particles and interfacial tension due to the hydrogen bonding 

of water, preventing particle dispersion [169].  

 

3.2.2.3. Dispersion force and the generation of the aerosol 

As mentioned above, the efficacy of DPI formulations is related to their ability to deposit in the 

deeper lung areas. The generation of the aerosol is dependent on the ability of a powder to 

overcome the inter-particulate forces and to be conducted by the patient’s inspiratory flow to 

achieve deep deposition in the lungs [168].  

 

To do so, four main parameters are able to influence lung deposition. The first is related to the 

properties of the drug formulation, as the stress generated by the inspiratory flow must be great 

enough to deagglomerate the particles [168]. The second and third parameters are related to the 

performance of the inhaler device. Indeed, the patient inspiratory flow intensity and the device 

resistance must be considered together. In general, high-resistance devices are able to generate 

high air turbulence leading to higher aerosol generation and therefore to higher FPF. However, 

these devices necessitate high inspiratory effort from the patient, which is often difficult to 

achieve for patients with respiratory problems. Therefore, a balance between resistance and 

turbulence is required, and the use of a low-resistance device is often preferred for patients with 

limited respiratory function [168]. The fourth parameter is a relationship between the correct 

inhalation technique for deposition in the lungs, with an appropriate breathing hold before 

exhalation and a high enough inspiratory flow rate of the patient, as mentioned above [168].  
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3.2.2.4. Fate of deposited particles  

Once deposited in the lungs, drug particles are directly in contact with either the thick mucus 

layer (10-30 𝜇m in the trachea or 2-5 𝜇m in the bronchia), if deposited in the conducting zone, 

or with the lung surfactant (0.1-0.2 𝜇m) if deposited in the respiratory zone, depending on their 

dae, as represented in Figure 21 [171].  

In either case, the dissolution of these particles in the lung fluid (mucus or surfactant) is 

determined by the Noyes-Whitney equation [171]:  

 

𝑑𝑀
𝑑𝑡 =

𝐴. 𝐷. (𝐶- − 𝐶()
ℎ  

Equation 2: Noyes-Whitney equation 

where dM/dt is the dissolution rate, A is the surface area of the drug in contact with the fluid, 

D is the diffusion coefficient of the drug, h is the diffusion layer thickness, and Cs and Ci are 

the drug saturation solubility at the drug surface and the dissolved drug concentration in the 

fluid, respectively at a determined time t. 

 

 
Figure 21: Schematic illustration of the fate of particles once deposited in the conducting (dae > 3𝜇m) or respiratory 
(dae < 3𝜇m) zone of the lower respiratory airways, adapted from Wauthoz et al., 2015 [171]. 

 

It should be mentioned that despite the small volume of the lung surfactant, the drug is usually 

dispersed over a large surface area in the respiratory zone, unlike in the conducting zone (100-
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120 m2 vs. 2-3 m2) [171]. Moreover, the surfactant has tensioactive properties that can increase 

the drug dissolution of the particles deposited in the respiratory zone [171].  

Once dissolved, the drug can exert its pharmacological action locally, in the case of local 

therapies, or can be absorbed into the blood through the lung epithelium at a rate and extent that 

is strongly dependent on its absorption mechanism and affinity with lung environment. This 

occurs either by passive diffusion or by saturable active transport [171]. Small molecules (100-

1000 Da) with a log P < 0 are lipid-insoluble and are generally assumed to be absorbed 

paracellularly via aqueous pores in the intracellular tight junctions. In contrast, molecules with 

a log P > 0 are more lipid soluble and are more likely to be absorbed transcellularly [171].  

Moreover, the dissolved drug can also be metabolized locally, but to a lesser extent than orally 

administered drugs [171]. Consequently these absorptive mechanisms are responsible for the 

PK patterns from the lungs to the blood, and are directly related to their toxicity profile [171] 

(Figure 21). 

Undissolved drugs can either be submitted to mucociliary clearance or phagocytosis depending 

on their deposition area, as represented in Figure 21 [171].  

 

Mucociliary clearance 

The particles that are deposited in the ciliated airways (conducting zone) are trapped into the 

mucus. This mucus is transported proximally by the rhythmic beating of cilia to the pharynx, 

where it is swallowed or expectorated, which is called “mucociliary clearance” [161,171].  

As mentioned above, the ciliated cells are most numerous in the trachea and the bronchi, and 

decrease in the deeper lungs. Consequently, the mucociliary escalator is less rapid in the 

peripheral lung. Nevertheless, this effective organisation leads to a complete mucociliary 

clearance within 24h after deposition [161,172]. 

Mucociliary clearance can be impaired either by intrinsic defects in ciliary function that can be 

congenital or induced by external factors such as influenza or tobacco smoking. In addition, 

impairment can be due to the quantity and composition of airway secretions (chronic bronchitis, 

cystic fibrosis). In this case, secretions are cleared most often by coughing. If both mechanisms 

(mucociliary clearance and coughing) are altered, the secretions are retained and obstruct the 

airways lumen [161]. 

 

Phagocytosis  

The particles that arrive in the respiratory zone can be phagocytosed by AM, after which they 

migrate to lymph nodes, a mechanism that is called “the macrophage phagocytosis system”. 
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Indeed, there are almost 10 macrophages per alveolus, which are ready to attack any foreign 

particles using phagocytic receptors or through specific and non-specific opsonisation [161]. 

Maximum phagocytosis has been observed for undissolved particles that have a dae ranging 

between 1-2 𝜇m, with a maximum intake 1h after incubation [161,172].   

 

In addition to phagocytosis and mucociliary clearance, which are non-absorptive mechanisms, 

the dissolved drug can be absorbed. This is considered as an absorptive clearance, as the drugs 

are cleared from the lungs [171], as discussed in the previous section.  

 

3.3.  Pulmonary route for lung cancer treatment  
As mentioned in the first section of this work, lung cancer treatment modalities are either 

localized (surgery, radiotherapy) or systemic (conventional chemotherapy, targeted therapies, 

immunotherapy). The pulmonary delivery of cytotoxic drugs could be a new modality with a 

loco-regional treatment that would fill the gap between the localized and systemic treatments 

by offering a local administration of these drugs with a diffusion from the lungs to the systemic 

compartment. The advantages and limitations as well as the possible strategies are summarized 

in Figure 22. 

 

 
Figure 22: Main advantages (blue) and limitations (red) to the use of inhaled chemotherapy for lung cancer 
treatment, as well as the strategies (purple) to overcome these limitations. This figure was created from information 
retrieved from the following references [68,173]. CR stands for controlled release.  
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3.3.1. Advantages   

Nowadays, the use of the pulmonary route is well-established for many pulmonary diseases 

such as not only COPD and asthma but also for pulmonary hypertension and cystic fibrosis 

[174]. Indeed, this can be explained by the various advantages of this local route and the 

limitations related to the systemic routes (oral and IV routes) (Figure 22). This non-invasive 

route of administration allows the delivery of a high drug concentration locally while reducing 

systemic exposure, thus improving the therapeutic ratio for pulmonary diseases. In addition to 

this PK advantage, this allows a rapid onset of action of a lower dose than doses used with 

systemic therapies, which could lead to reduced side effects [174].  

These advantages are mostly needed for cytotoxic drugs [174,175]. In addition, delivering a 

cytotoxic drug locally close to the tumour would increase the drug concentration gradient and 

therefore its diffusion inside the tumour (Figure 22) [173]. The inhaled cytotoxic drug can also 

reach the tumour site either by topical penetration from bronchial circulation for tumours 

located in the conducting zone, or by pulmonary circulation for tumours located away from the 

airways in the respiratory zone [173,175]. In addition to these advantages, the pulmonary 

delivery of cytotoxic drugs allows them to reach the lymphatic circulation and therefore access 

the lymphatic tissue, which is one of the first invaded sites [176], and which could increase the 

treatment efficacy. Moreover, the absorbed drug can follow the same pattern as cancer cells, 

which is interesting for the treatment of micro-metastases [176]. 

 

Considering these advantages, several cytotoxic drugs have been administered using the 

pulmonary route to patients with lung tumours in phase I to I/II clinical trials (Table 9). These 

drugs were either administered alone (cisplatin, doxorubicin) [177–180], or in combination with 

other cytotoxic drugs administered using the IV route [79,179]. Indeed, a more recent phase I/II 

study of inhaled carboplatin has demonstrated the added value in terms of survival and progress 

of the disease of the combination of a carboplatin dose fractionated between the pulmonary 

route (1/3) and the IV route (2/3) with a total dose of docetaxel, when compared to an IV 

carboplatin and docetaxel doublet [79]. This can be explained by a longer exposure of the 

tumour site, lymph nodes and systemic circulation to a therapeutic carboplatin concentration 

when compared to the IV doublet group [79]. This last interesting result opens the possibilities 

of investigating promising strategies for new treatment combinations. However, for the group 

where the total carboplatin dose was administered using the pulmonary route and was combined 

to IV docetaxel, lower neutropenia was observed than for the two other groups. This was also 

related to a lower efficacy as a higher but a non-significant median of survival was observed in 
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comparison with the IV group [79]. This observation also shows the importance of finding the 

best compromise between efficacy and tolerance. 

 

3.3.1. Limitations: Reports from clinical trials 

To develop promising strategies for inhaled chemotherapy, it is mandatory to understand the 

clinical and technological limitations observed during clinical trials. These trials are 

summarized in Table 9. 

 
Table 9: Description of the clinical trials of inhaled chemotherapy, adapted from Rosière et al., 2018 [68] and 
Wauthoz et al., 2020 [173].  

 
 

3.3.1.1. Pulmonary toxicity 

The first cytotoxic drug ever administered using the pulmonary route for lung cancer patients 

was 5-Fluorouracil in 1993 [181]. Since then, other cytotoxic drugs have been tested: 9-

nitrocampothecin [182], cisplatin [177,178], doxorubicin [179,180], gemcitabine [183] and 

carboplatin [79], as illustrated in Table 9. Although they have limited systemic toxicities with 

interesting lung targeting (5-flurouracil, 9-nitrocampothecin), they nearly all presented 

different levels of pulmonary toxicities (Table 9), as reported by Sardeli et al., who has 

Drug
Phase

Patients 

Device
Dose 

Scheme 
Deposition 
in the lungs Adverse effects Efficacy

- 5-Fluorouracil
- Pilot study
- Untreated lung cancer patients 
eligible for surgery (9), and with lung 
metastases (10)

- Ultrasonic nebulizer 
-2.5 mg/kg
-2 x/day for 2-3x/week
-10-15 min/nebulization

-Tumour concentration 
> (5-15) Lung 
concentration
-Concentration in lymph 
node

No local or systemic side effect
-Complete response (2/10)
-Partial response (4/10)
-No change (4/10)

- 9-Nitrocampothecin
- Phase I
- Patients with lung cancer and 
metastases (25), with no response to 
other treatment

- Jet nebulizer (liposome)
- 6.7 to 26.6 !g/kg/d, 5x/w 
up to 6 w
- 13.3 !g/kg/d, 5x/w for 8 w

- BALF concentration > 
(4.2-10.6) serum 
concentration

DLT = 26.6 "g/kg/d
- Grade 3: pharyngitis

At  13.3 "g/kg/j
- Grade 2: cough, bronchial irritation
- Grade 2: nausea, vomiting, fatigue, anaemia, 
neutropenia

- Partial remission (3/25)
- Stable disease (3/25)

- Cisplatin
- Phase I
- Untreated advanced NSCLC (16), 
SCLC (1) patients

- Jet nebulizer
- 1.5-60 mg/m2

-1-4 consecutive days in 1-3 
weeks for 1-8 cycles
- 20 min/nebulization up to 3 
consecutive nebulizations

- Deposition in the lungs 
of 10-15% (radiolabelled 
solution)

DLT not reached 
- Grade 3: bronchitis, decreased FEV1, dyspnea
- Grade 4: thrombosis
- Grade 3: fatigue

- Stable disease (12/18)
- Progressive disease (4/18)

- Cisplatin
- Phase Ib/IIa
- Osteosarcoma with lung metastases 
only (>1cm), previously treated with 
platinum-based chemotherapy

- Jet nebulizer
- 24 or 36 mg/m2/2 weeks
- Up to 3 sessions/day (2-3h 
between sessions)

-
- Grade 2: hoarseness
- Grade 3: nausea, vomiting

- Complete response (3/19)
- Partial response (1/19)
- Stable disease (7/19)
- Progressive disease (8/19)

-Doxorubicin
- Phase I 
- Lung metastases

- Nebulizer
- 0.4-9.4 mg/m2, each 3w Homogenous deposition 

in the lungs

DLT : 9.4 mg/m2

- Grade 4: respiratory distress
- Grade 3: hypoxia
- Grade 2: cough, dyspnea

- Partial response (1)
- Stable disease (8)
- Progressive disease ( 2)

- Doxorubicin (ET) + CIS + 
Docetaxel (DOC) (IV)
- Untreated advanced NSCLC

- 6.0 – 7.5 mg/m2 , 1-3h 
before 75 mg/kg CIS + DOC, 
each 3 weeks for 24 weeks

-

DLT : 7.5 mg/m2

- Decrease of > 20% pulmonary function test
- Grade 3-4: cough (6 mg/m2).
- IV doublet à constipation, hyponatraemia, 
neutropenia

- Complete response (1/24)
- Partial response (6/24)
- Stable response (13/24)
- Progressive disease (4/24)

- Gemcitabine 
- Phase I
- NSCLC stage IIIb (4) or IV (7), with 
no response to chemotherapy

- Vibrating mesh Nebulizer
- 1 – 4 mg/kg , 1 day/week 
for 9 weeks 

Homogenous deposition 
in the lungs
(42 ± 16%)

DLT : 4 mg/kg
- Grade 3-2: cough
- Grade 4: bronchospasm
- Grade 3: fatigue, vomiting

- Minor response (1)
- Stable disease (4)
- Progressive disease (4)

- CARB + DOC 
- Phase I/II
- Untreated stage IV NSCLC patients 
(Tumour 3-5 cm)

- Jet nebulizer

- CARB (ET): 160-230 mg/d
- CARB (IV): 550– 700 mg
- DOC (IV): 100 mg/m2

A : IV CARB + DOC
B : CARB (ET 1/3+ IV 2/3) + 
IV DOC
C : CARB ET + IV DOC

Deposition of 
radiolabelled aerosol in 
the lung parenchyma

A: grade 2 irritative cough
Grade 3: fatigue, alopecia, rash, anorexia, anaemia, 
neutropenia
B: grade 3 productive cough
Fatigue, rigors, alopecia, anaemia, neutropenia, 
anorexia (4)
C: grade 3 dyspnoea, hoarseness, voice change, 
irritative + productive cough
Grade 3: fatigue, alopecia, mucositis, nausea, 
pharyngitis, anorexia (4), dysgeusia (4)

Less Neutropenia in C than A or B

- Survival (d): 
B vs A : 275 ± 13 vs 211 ± 13 
(p<0.001)
C vs A : 250 ± 7 vs 211 ± 13 (p>0.05)

- Complete response: A:0, B:2, C:1
- Partial response: 1:5, B:6, C:4
- Stable disease: A:8, B:3, C:5
- Progressive disease: A:7, B:9, C:10
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classified these drugs going to the safest locally: taxanes < doxorubicin < gemcitabine < 

cisplatin-carboplatin < 5-fluorouracil < 9-nitrocampothecin [184]. Indeed, while 9-

nitrocampothecin and 5-fluoruracil have induced limited pulmonary effects, platinum drugs 

have induced irritative and productive cough, bronchitis, dyspnoea and hoarseness (Table 9) 

[181–183]. Doxorubicin seemed to be less tolerated by the lungs as it has induced grade 4 

respiratory distress, grade 3 hypoxia, and even decreased the pulmonary function by more than 

20% when combined to docetaxel (Table 9) [179,180]. Different strategies have been used to 

limit these toxicities such as the use of bronchodilators and steroids, as well as appropriate 

cleaning of the face and mouth [182,184]. 

 

3.3.1.2. Limitations related to the device 

In addition to pulmonary toxicity, the selected formulations (solution, suspension) as well as 

the chosen device did not seem to be well-adapted to this use. Indeed, the DLT was not reached 

following the administration of cisplatin at 60 mg/m2 after 6h of administration over 3 days. 

Moreover, only 10-15% of the administered dose was retrieved in the lungs [178].  

These administrations were performed using jet, ultrasonic, or vibrating mesh nebulizers, which 

raises an important point regarding the solubility of the drugs and their rapid clearance in the 

case of lipophilic drug (non-absorptive clearance) [173]. Depending on the drug concentration, 

the administration time can be long, as observed for liposomal dispersion of 1 mg/mL of 

cisplatin (20 min per nebulization, up to 3 times per session and up to 3 sessions per day, with 

a rest of 2-3h between sessions) [177,178]. In addition, nebulizers necessitate heavy 

infrastructure to avoid environmental contamination. 

 

3.3.1.3. Limitations related to the formulation 

In the case of asthma or COPD, the administered doses are commonly in the microgram range. 

However, in the case of lung cancer and pulmonary delivery of cytotoxic drugs, the delivered 

dose are in the milligram range (1-80 mg), as demonstrated during a phase I study of inhaled 

cisplatin (Table 9) [178]. Nonetheless, with only 10-15% retrieved in the lung, the targeted 

cisplatin dose into the lungs seems to be ranged between 0.15 and 12 mg. Moreover, as 

mentioned in the previous section, cytotoxic drugs have often a limited solubility in water, and 

their formulation as a solution for nebulization is inappropriate for administration over a 

reasonable time and without air contamination [68]. Therefore, the use of particulate 

engineering is often needed to develop more suitable formulations. 
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The deposition of high doses of cytotoxic drug is a promising strategy in terms of efficacy, but 

caution should be also paid to pulmonary tolerance. Recent studies have demonstrated that 

depending on the shape, size, pH and surface chemistry of the inhaled particles, the lung toxicity 

profile can be different [185].  

Moreover, two additional limitations related to the fate of deposited particles can be addressed: 

(i) the dissolved fraction from deposited particles can rapidly be retrieved in plasma (absorptive 

mechanism), and (ii) the undissolved fraction can be cleared through non-absorptive 

mechanisms. This leads to (i) a reduced exposure of the tumour and thus to a potentially reduced 

efficacy, and to (ii) increased systemic side effects. 

Both pulmonary tolerance and the fate of deposited particles are more problematic with an 

immediate-release formulation. Indeed, the total delivered dose is immediately dissolved, 

which results in high active fraction Cmax (i) in the lungs, leading to limited pulmonary 

tolerance, and (ii) in plasma, leading to systemic side effects.  

 

3.3.1.4. Environmental contamination 

As mentioned previously, another major point to consider is environmental contamination 

(Figure 22). The aerosol generated during an inhalation session should be confined and the 

environmental contamination must be controlled to protect medical staff. Full protective 

equipment is therefore used in terms of clothing (gown, glasses, face mask, gloves, cap and 

sleeves) and infrastructure (a negative pressure room with depressurized ‘tents’ or ‘cabins’ 

equipped with an air extractor linked to high-efficiency particulate absorbing (HEPA) filters), 

which imposes heavy procedures for treatment administration and cleaning of the 

infrastructure/device [173]. Moreover, the patient’s exhaled air can also contain a large dose 

fraction. Consequently, this technique renders the administration of cytotoxic drugs non-

patient-friendly, with major compliance issues and logistical costs [186].   

 

3.3.1.5. Patient intrinsic factors 

In the case of lung cancer, the airways can be modified by tumours, which can be responsible 

for a modified aerosol deposition profile (Figure 22). Indeed, the airways can be partly 

obstructed by the tumours, leading to a turbulent (not laminar) airflow in these areas and to 

higher impaction. In the case of total airway obstruction, the airflow will be deviated and the 

cytotoxic drug will not be deposited in the obstructed areas, which can impair the treatment 

efficacy [68], as these are the areas that most need the therapy [80]. However, previous clinical 
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studies have published that patients with tumours characterized by a median diameter higher 

than 3-5 cm upon diagnosis can be excluded from trials [80]. 

 

Moreover, as lung cancer patients often have impaired lung function following the use of 

tobacco and/or the presence of COPD, they often have a lower respiratory function resulting in 

a lower respiratory airflow than healthy patients. Consequently, they may not be able to 

generate an airflow high enough for some DPI to overcome the powder interparticulate forces, 

leading to low deagglomeration and deposition. In addition, these patients can be more subject 

to developing severe local side effects due to their weakened lung tissue [186].  

 

3.3.2. Strategies: Lessons learned from clinical studies 

As part of the development of inhaled chemotherapies, the strategies developed hereunder 

included the selection of the most suitable device and formulation. Indeed, the limitations that 

were disclosed in the previous section could be overcome with different technologies, as 

represented in Figure 23. Different preclinical studies have investigated promising strategies 

to achieve a safer profile with a reasonable time of administration, sufficient time for tumour 

exposure, and reduced environmental contamination [186].  

 

First, to ensure high delivered doses in the lungs and to avoid contamination, the use of DPIs is 

a promising strategy [187–189]. Unlike nebulizers, these devices offer the possibility to deliver 

high drug doses within a short period of time with limited environmental contamination 

[173,186]. Indeed, DPIs are able to deposit high drug doses following the use of an aerosol that 

is transported to the lungs through the patient’s inspiratory flow, with a negligible exhalation 

fraction (e.g. 0.2% of the nominal dose of tobramycin in healthy subjects [190]). Moreover, as 

discussed above, because lung cancer patients may have an impaired lung function, it is 

essential to design formulations that are suitable to be used with low-resistance device. These 

devices minimize the impact of airflow on aerosolization, deagglomeration and lung deposition 

[173,186].  

 

As discussed previously, although the deposition of high doses of cytotoxic drug is a promising 

strategy in terms of efficacy, special concerns regarding pulmonary tolerance and the fate of 

deposited particles should be considered, as represented in Figure 23. The development of 

controlled-drug-release formulations with lung retention properties is the most promising 

strategy to overcome these limitations. Indeed, this type of formulation is suitable as they can 
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flatten the Cmax of the active fraction in the lungs and avert pulmonary toxicity. Moreover, as 

the cytotoxic drug is released gradually from the controlled-release particles, the AUC in the 

lungs is increased, leading to an increased lung/tumour exposure to the cytotoxic drug. In 

addition, the decreased Cmax in the lungs will be correlated to a decreased Cmax in plasma and 

to an improvement of the systemic tolerance. Moreover these particles can also escape the fast 

elimination of the cytotoxic drug from the lungs, leading to a better systemic tolerance and to 

an increased lung/tumour ratio [186,191].  

 

 
Figure 23: Immediate- vs. controlled-release DPI formulations and their related pulmonary and systemic profiles. 
On the one hand, following the administration of an immediate-release formulation, the delivered dose is 
immediately dissolved leading to a high Cmax from the active fraction in the lungs and in plasma. This can impair 
both pulmonary and systemic tolerance. On the other hand, the development of a controlled-release formulation 
flattens the Cmax of the active fraction resulting from a progressive release of the drug from the particles. This 
improves both pulmonary and renal tolerance. It should be mentioned that following the administration of the 
controlled-release formulation, the measured Cmax in the lungs would include the total drug delivered from both 
the active and the unreleased fractions. This figure was created from information retrieved from the following 
references [186,191]. 

 

To decrease the clearance mechanisms of non-solubilized particles, developing particles with 

dae between 1.8 and 2.8 𝜇m (to avoid mucociliary clearance) and with stealth properties using 

excipients with polyethylene glycol (PEG) (to avoid AM clearance) is a promising strategy 

[173]. Other strategies, such as muco-adhesion and modification of the particle size or shape, 

can also be considered [173]. However, considering the objectives of the thesis, the formulation 

strategies as well as the different types of controlled-release particles were not discussed in 

detail. Only the most promising cytotoxic drug-based formulations are presented. Indeed, 
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different particulate engineering techniques have led to the development of formulations in the 

nano-range such as liposomes (9-nitrocamptothecin, paclitaxel), micelles (paclitaxel), human 

serum albumin nanoparticles (doxorubicin), polystyrene nanoparticles (losartan, telmisartan), 

solid-lipid nanoparticles (paclitaxel), nanostructured lipid carriers (celecoxib), hybrid lipid-

polymer nanoparticles (5-fluorouracil, paclitaxel), lipid nanocapsules (paclitaxel), inorganic 

nanocarriers and others [188,191–202]. These formulations have interesting advantages in 

terms of passive and active targeting of tumour tissues [186]. Cisplatin-based PEGylated solid-

lipid microparticles (SLM) have been developed with this aim and have avoided lung clearance, 

while maintaining high concentration in the lungs over 8h with encouraging preliminary 

pulmonary tolerance and efficacy results, as reported by Levet et al., [187,203]. 
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Worldwide, the numbers of lung-cancer new cases and deaths are increasing [11]. There is an 

urgent need to increase treatment effectiveness by developing new drugs or combinations of 

drugs or by repurposing current therapies as the 5-year relative survival remains low at 21.7% 

(USA, 2011-2017) [11]. To treat NSCLC and SCLC, conventional platinum-based 

chemotherapy remains the backbone of care as it is used at nearly all stages. Indeed, cisplatin 

or carboplatin are often combined either with paclitaxel, gemcitabine or pemetrexed for the 

treatment of NSCLC, or with etoposide for the treatment of SCLC [15,42,65]. These platinum-

based therapies present a dose-dependent efficacy as a significant correlation has been observed 

between the tumour platinum concentration and the treatment effectiveness in terms of tumour-

size reduction, survival and recurrence of the disease for NSCLC patients [204].  

 

Although these systemic chemotherapy treatments are effective, they remain highly toxic as 

they do not discriminate between healthy tissues and tumours. Indeed, cisplatin, one of the most 

effective cytotoxic drugs, is highly nephrotoxic (DLT) and induces various other toxicities (e.g. 

ototoxicity, myelosuppression), requiring well-spaced cycles between its administrations. 

Heavy hydration protocols are prescribed to avoid its accumulation in proximal tubules. 

Moreover, other severe toxicities such as myelosuppression, neurotoxicity or gastrointestinal 

toxicity are increased when combined to another cytotoxic drug (i.e. platinum-based doublets), 

leading to delay of treatment cycles and to dose reductions. These adaptations are made to help 

the patient recover from the toxicities induced by chemotherapy. However, they are also 

responsible for either not exposing or reduced exposure of the tumour to cytotoxic drugs, which 

could limit their potential.  

 

Considering the advantages of the pulmonary route, delivering cisplatin directly into the lungs 

of lung cancer patients is an interesting modality (i.e. loco-regional treatment) for combination 

to IV systemic treatments. Indeed, this would allow a high dose to deposit directly in the lungs 

(i.e. the tumour site), improve the therapeutic ratio and potentialize its efficacy. In addition, it 

has been reported that the pulmonary delivery of cytotoxic drugs allows them to reach the 

lymphatic circulation and therefore access lymphatic tissue [176], which could increase the 

treatment efficacy.  

 

The use of the pulmonary route to deliver cisplatin has been investigated in clinical trials against 

NSCLC, SCLC and osteosarcoma with lung metastases and shown the limitations of the use of 

nebulizers [177,178]. Consequently, an alternative to these devices is the use of small, compact 
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devices such as single-dose DPIs as cytotoxic drugs must be delivered in the milligram range 

[178]. Indeed, these devices offer the possibility to deliver high drug doses in a short period of 

time using portable devices able to trigger the formulation aerosolization following the patient’s 

inspiratory air flow, thus limiting environmental contamination concerns. In addition, as they 

can be used as disposable devices, they do not require cleaning procedures, as required for 

nebulizers.  

 

Considering the clearance mechanisms in the lungs, the cisplatin-based DPI should be 

developed to have a controlled drug release and long-lasting properties. The controlled-release 

formulation is selected to avoid direct pharmacological action and absorption of the dissolved 

drug. This leads to lower Cmax peaks in lungs and plasma, thus preventing toxicities and 

increasing the tumour exposure. The long-lasting properties are developed to avoid the drug 

particles being recognized by AM and therefore eliminated. 

 

Regarding all these parameters, Levet et al., developed a promising controlled-release cisplatin-

based DPI formulation with an interesting lung deposition profile in vitro and with controlled-

release properties in vivo using PEGylated SLM [187,205]. This formulation allowed (i) the 

maximum tolerated dose (MTD) to be increased and (ii) its efficacy to be improved when 

administered to M109-HiFR carcinoma model-grafted mice (p < 0.01, log-rank test, 

respectively) in comparison with an immediate-release formulation. However, its efficacy was 

lower than the efficacy obtained with cisplatin delivered by IV at 1 mg/kg in comparison with 

the untreated group (p < 0.01 and p < 0.001, log-rank test, respectively). The hypothesis made 

after this study was that the high metastatic rate of the model led the mice treated with cisplatin 

inhaled formulation to die from secondary metastases and the mice treated with IV cisplatin 

solution (CIS-IV) to die from pulmonary metastases. Consequently, it seemed interesting to 

investigate the combination of both of these routes of administration to intensify cisplatin 

efficacy.  

 

From a clinical perspective, our strategy would be to deliver cisplatin using the pulmonary route 

during the off-cycles encountered with conventional systemic chemotherapy. Indeed, the 

addition of localized delivery to the systemic route could allow a therapeutic intensification due 

to a loco-regional diffusion of the drug close to the tumour, while fighting invasive and diffuse 

cancerous cells by systemic chemotherapy [173,206,207]. Indeed, Zarogoulidis et al. 

demonstrated in phase I/II clinical trials on NSCLC patients with tumours of 3-5 cm that there 
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was no significant difference between the IV control group (i.e. 3/3 carboplatin and docetaxel) 

and the locally treated group (3/3 carboplatin by inhalation and IV docetaxel). In contrast, they 

reported a significant increase in survival for the combined group (i.e. 1/3 of carboplatin dose 

by the pulmonary route and 2/3 of carboplatin by the IV route with docetaxel on day 1) when 

compared to the IV control group [79]. This can certainly be related to a longer exposure of the 

tumour site, lymph nodes and systemic circulation to a therapeutic carboplatin concentration 

when compared to the control group, as observed with the reported PK data [79]. Moreover, a 

significant difference in terms of tolerance was reported between these groups and demonstrates 

the need to investigate the tolerance. Indeed, this promising strategy can only be successful if 

pulmonary and renal tolerance are both preserved. 

 

Considering these statements, the main objectives of this work were: 

(i) the optimization of a cisplatin-based DPI formulation and the evaluation of its 

in vitro (optimal lung deposition adapted for lung cancer patients) and in vivo 

(biodistribution and tumour retention) properties  

(ii) the selection of the most appropriate combinations with cisplatin-based IV 

chemotherapy based on pulmonary and tolerance evaluation 

(iii) the evaluation of the added-value of the selected combination on an aggressive 

lung carcinoma model 

(iv) the investigation of the pulmonary, renal and haematological tolerance once 

combined with carboplatin-based IV chemotherapy 

 

To do so, the main objectives of this research work are divided into four main parts. As 

aforementioned, the first objective was to optimize the controlled-release DPI formulation with 

long-lasting properties, with generally recognized as safe (GRAS) and pharmaceutical 

excipients, using scalable and reproducible processes. Moreover considering the similar 

efficacy obtained with CIS-IV on grafted mice, it was interesting to increase the burst effect to 

improve the efficacy outcomes while maintaining a good local tolerance. Therefore, this 

formulation was expected to (i) have an interesting deposition profile in vitro, (ii) be able to 

release cisplatin continuously in vitro but with a higher burst effect than before and (iii) 

maintain good stability over time. Moreover, this controlled release would have to be 

demonstrated in vivo with a PK advantage in terms of lung targeting, in comparison to the IV 

route.  
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The second part consisted of the selection of the best cisplatin-based DPI regimen to be 

combined to the conventional IV chemotherapy treatment. This selection should consider both 

their efficacy (i.e. platinum concentration inside the tumour, caspase-3 immunostaining, tumour 

size and survival) and their tolerance (i.e. platinum accumulation in tumour-free organs, 

histology of the tumour-free lungs). These evaluations were crucial to select the regimen with 

the highest efficacy and the lowest accumulation in tumour-free lungs, kidneys and blood.  

 

The third part aimed to (i) investigate the in vivo pulmonary and renal tolerance following the 

addition of the selected cisplatin-based DPI regimen to CIS-IV, (ii) optimize the delay between 

the administration of the selected cisplatin-based DPI monotherapy regimen and CIS-IV, and 

(iii) adapt the administered doses of the locoregional and the systemic therapies. This was done 

to select the regimen with the highest cumulative dose (i.e. highest efficacy) while limiting 

pulmonary and renal toxicities. The efficacy of the combination regimen was therefore 

evaluated on an orthotopically M109-HiFR-Luc2 lung carcinoma murine model.  

 

Last but not least, the fourth part consisted of the evaluation of pulmonary, renal and 

haematological tolerance following the co-administration of the cisplatin-based DPI 

monotherapy with another conventional platinum-based doublet (i.e. carboplatin-paclitaxel). 

Indeed, considering that carboplatin has a better toxicity profile than cisplatin in terms of 

nephrotoxicity, the combination of the IV doublet with the cisplatin-based DPI formulation was 

hypothesized to be less harmful in terms of renal injury and to necessitate fewer adjustments. 

This would therefore potentially increase the treatment efficacy. Moreover, as 

myelosuppression is a carboplatin and paclitaxel DLT and as platinum drugs are also able to 

induce pulmonary hypersensitive reactions, it was crucial to consider the whole IV doublet (i.e. 

not carboplatin alone) for the tolerance evaluation. This also aimed to be closer to clinical 

practice as the use of a doublet is the backbone of conventional chemotherapy.  
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Part I: Optimization of cisplatin-based DPI formulation 
with controlled-release and lung-retention properties 

 
 
 
 
 

Parts of these results are published in 

the European Journal of Pharmaceutics and Biopharmaceutics, 

in the conference proceedings of Drug Delivery in The Lungs 2018 (DDL-2018) and 

in the conference proceedings of Respiratory Drug Delivery 2020 (RDD-2020) 

 
 
 
 
 

 
Figure 24:Graphical abstract of the first experimental part. 
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 Introduction and aims 
The first part of this work consisted of optimizing the cisplatin-based DPI formulation 

developed by Levet et al. Indeed, they have developed a cisplatin-based DPI formulation 

(referred as CIS-DPI-TS in this work) with controlled-release properties and a high FPF in vitro 

correlated with interesting lung retention in vivo [187,203]. This improved the global tolerance 

in vivo as the MTD increased from 0.5 mg/kg for an immediate-release cisplatin DPI to 1 mg/kg 

for the CIS-DPI-TS, leading to promising efficacy outcomes. Indeed, CIS-DPI-TS administered 

using the endotracheal (ET) route three times a week for 2 weeks at its MTD (i.e. 1 mg/kg 

cisplatin) in the M109-HiFR lung carcinoma orthotopic mouse model showed a significantly 

higher survival rate in comparison to the untreated mice (p < 0.01, log rank test). This was not 

the case with cisplatin in microparticles without controlled-release and lung-retention 

properties administered at its MTD (i.e. 0.5 mg/kg), showing the limit of an immediate-release 

formulation due to its DLT [205]. Moreover, this formulation, at 1 mg/kg, showed a level of 

significance lower than obtained with CIS-IV at the same dose and using the same regimen (p 

< 0.01, log rank test) demonstrating the limit of a loco-regional treatment administered alone. 

However, it should be mentioned that these treatments were both administered three times per 

week over 2 weeks, and that this scheme of administration is quite far from clinical-practice 

reality for IV chemotherapy. Nonetheless, this result showed the importance of modulating the 

cisplatin release from microparticles to find the optimal balance between local tolerance and 

efficacy.  

 

Considering Levet et al.’s results, CIS-DPI-TS was chosen to be the basis of this research work. 

Indeed, a preliminary section aimed to produce and characterize CIS-DPI-TS. This was done 

to ensure the correct handling of the production and characterization techniques and to evaluate 

the reproducibility of the process. Moreover, several experimental aspects were investigated 

such as (i) the selection of the most suitable single-dose DPI in terms of particle dispersion 

performance in order to be used as a disposable device, (ii) the evaluation of the efficacy of 

CIS-DPI-TS using a regimen closer to clinical practice and (iii) the initiation of in vitro-in vivo 

correlations using GastroPlusTM.  

 

New challenges were worth considering for the development of a new cisplatin-based DPI. 

First, considering the aforementioned efficacy results, this new formulation should give a 

higher burst effect than CIS-DPI-TS while maintaining a similar controlled release over time. 
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This is crucial to improve its efficacy while maintaining good pulmonary and renal tolerance. 

Second, the manufacturing process should be optimized to ease the scale-up step and should 

use only GRAS and commercially available pharmaceutical grade excipients. This is important 

to avoid the necessity to change excipients and provide for longer development/toxicological 

studies during the approval process. Third, the stability of this formulation should be clearly 

established to avoid any differences in terms of toxicity/efficacy during storage. Fourth, the 

repeatability of the production process as well as the preservation of the aerodynamic properties 

should be demonstrated.  

 

Finally, once these characteristics had been demonstrated, it was mandatory to verify whether 

the aim of developing a formulation with a higher burst effect was achieved in vivo. This was 

also done to characterize the controlled release of cisplatin in the lungs, and its exposure in 

kidneys and blood. To verify these key properties, a PK study had to be conducted on healthy 

mice.  

 

 Materials and methods  
2.1.  Materials 

Cisplatin was purchased from Umicore (Brussels, Belgium), tristearin (TS) from Tokyo 

Chemical Company (Tokyo, Japan), tocopherol polyethylene glycol 1000 succinate (TPGS) 

from Sigma-Aldrich (St. Louis, USA). Hydrogenated castor-oil (HCO) Kolliwax and 

Poloxamer 407 were purchased from BASF (Ludwigshafen, Germany) and DPCC was 

provided by Lipoid (Steinhausen, Switzerland). Chloroform and methanol were provided by 

VWR Chemicals (Leuven, Belgium) and dimethylformamide, Suprapur® nitric acid, 

isopropanol (IPA), ethanol, mannitol, NaCl and L-leucine were obtained from Merck Millipore 

(Darmstadt, Germany). M109-HiFR cells were purchased from ATCC (Maryland, USA). 

Folate-free Roswell Park Memorial Institute medium (RPMI), foetal bovine serum (FBS), 

penicillin-streptomycin solution, gentamycin solution, phosphate buffer saline (PBS) and 

trypsin-EDTA solution were purchased from Life Technologies (Merelbeke, Belgium). 

Matrigel® matrix was purchased from Corning (Lasne, Belgium). Ultrapure water was obtained 

from a Pure-Lab Ultra® purification system (Elgan Lane End, UK). All solvents and chemicals 

were analytical grade.  
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2.2.  Safety procedures 
Cisplatin manipulation included the preparation of high-loaded suspensions of up to 5% w/v 

and the production and characterisation of DPIs. The handling of such a cytotoxic drug 

necessitated heavy infrastructure to avoid early and delayed toxicities for humans and 

environmental contamination. These experiments were conducted in a negative-pressure room 

equipped with flow cabinets (Protec I and Protec II, ADS Laminaire, Paris, France) with air 

circulating through high-efficiency particulate absorbing (HEPA) filters before its elimination 

outside the building. In addition, the manipulators had to use powder-free latex gloves that were 

immediately in contact with their skin, above which a second pair of powder-free latex gloves 

were used and changed, at the latest, each hour. A Tyvek® protective gown (DuPont, Mechelen, 

Belgium) was used only inside the dedicated room and often changed. In addition, an FFP3 

respirator mask (3M, Cergy Pontoise, France) was dedicated to this manipulation, as described 

by Wauthoz et al. [189] and following the practice guidelines [208].  

 

2.3.  Preliminary studies on CIS-DPI-TS 
2.3.1. Production of CIS-DPI-TS 

The cisplatin-based DPI formulation using TS 49.5% w/v and TPGS 0.5% w/v (CIS-DPI-TS) 

was produced as broadly described by Levet et al. [187]. Cisplatin was dispersed in IPA (5% 

w/v) and size-reduced using high speed homogenization with an X620 motor and a T10 

dispersing shaft (Ingenieurbüro CAT, M. Zipperer GmbH, Staufen, Germany) at 24 000 rpm 

for 10 minutes. The suspension was then transferred to an Emulsifex-C5 high-pressure 

homogenizer (Avestin Inc, Ottawa, Canada) for a further size- reduction step using high-

pressure homogenization (HPH) following three cycles: 10 cycles at 5 000 psi, 10 cycles at 

10 000 psi and 20 cycles at 20 000 psi. The temperature of the suspension was maintained 

between 5 and 10°C, to avoid massive solvent evaporation, using a heat exchanger that 

maintained the circulating medium (propylene-glycol/water 1:1 v/v) at -15°C, using an F32-

MA cooling circulator (Julabo GmbH, Seelbach, Germany).  

The excipients (TS, TPGS) were solubilized in pre-heated IPA (5% w/v, 65°C) and added to 

the size-reduced cisplatin suspension to achieve a final concentration of 2% w/v. This 

suspension was maintained under stirring and then spray dried using a B-290 Mini Spray Dryer 

(Büchi Labortechnik AG, Flawil, Switzerland) equipped with a B-296 dehumidifier (Büchi 

Labortechnik AG, Flawil, Switzerland) to maintain RH at 50%. This was conducted using the 
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following parameters: feed rate, 3.0 g/min; inlet temperature, 70°C (corresponding to an outlet 

temperature of 38-42°C); 0.7 mm nozzle; compressed air, 800 L/min, and drying air flow, 

35m3/h. The collected mass was divided by the theoretical mass composition to calculate the 

yield of the recovered powder. The DPI formulation was stored in a desiccator at ambient 

temperature until further analysis.  

 

2.3.2. In vitro characterization of CIS-DPI-TS 

2.3.2.1. Platinum content of in vitro samples 

The platinum content was quantified by electrothermal atomic absorption spectrometry 

(ETAAS) using a SpectrAA spectrometer equipped with a Zeeman correction and a GTA-96 

graphite tube atomizer (Varian, Mulgrave, Australia). The analyses (samples of 20 𝜇L) were 

performed in adapted graphite tubes (Spectrotech, Tubize, Belgium) with a platinum hollow 

cathode lamp (Photron Pty Ltd., Narre Warren, Australia) at a wavelength of 265.9 nm and at 

7 mA, with argon (Air Liquide, Liège, Belgium) used as a purge gas at a flow rate of 3.0 L/min. 

This was conducted following a specific temperature programme (Table 10), as validated and 

described by Levet et al. [187].  

 
Table 10: Furnace temperature programme for platinum content, as described by Levet et al., 2016 [187]. 

 

 

To evaluate the cisplatin content in the DPI, 10.0 mg of CIS-DPI-TS was diluted in 10.0 mL of 

dimethylformamide, ultrasonicated for 1 hour and diluted 2 500-fold with 0.1% v/v Suprapur® 

HNO3 (n=3). The platinum quantification was performed on the samples collected during the 

dissolution test or following the collection of the powder during aerodynamic performance 

testing. Afterwards, the platinum concentration was converted to cisplatin. This technique was 

used routinely as platinum nuclear magnetic resonance spectroscopy has demonstrated no 

degradation of cisplatin during the production process [187], and as the apparatus was more 

easily accessible. Data are presented as means ± standard deviation (SD) (n=3). 

Steps Temperature (°C) Ramp (s) Gas flow (L/min)
1 85 5.0 3.0

2 Drying 95 40.0 3.0

3 150 10.0 3.0
4 800 5.0 3.0

5 Charring 800 1.0 3.0
6 800 2.0 0.0

7
Atomization

2700 1.0 0.0

8 2700 4.0 0.0
9 Cleaning 2700 1.0 3.0
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2.3.2.2. Particle size distribution 

Evaluation of the geometric PSD of the size-reduced cisplatin suspension and from DPI 

particles was operated using a Mastersizer® 3000 laser diffractometer (Malvern Instruments 

Ltd., Worcestershire, UK) connected to a Hydro MV dispenser equipped with a 40 W ultrasonic 

probe (Malvern Instruments Ltd., Worcestershire, UK). As this technique measures 

individualized particles, these must be in suspension in a solvent where they are undissolved. 

Consequently, cisplatin size-reduced microparticles were suspended in cisplatin-saturated IPA 

and CIS-DPI-TS was suspended in cisplatin-saturated solution (0.1% w/v Poloxamer 407 and 

NaCl 0.9% w/v), as optimized by Levet et al. [187]. The agitation was set at 2 900 or 1 800 

rpm according to whether this was measured in IPA or saline, respectively, with a refractive 

index set at 1.6 and an absorption coefficient at 0.1 using 100% of ultrasonic intensity for 10 s 

or 1 min for IPA (refractive index 1.377) or saline (refractive index 1.33), respectively. The 

percentage of particles under 5 𝜇m (% < 5 𝜇m), the mass median diameter dv(50), the volume 

mean diameter D[4,3], the dv(10) and dv(90), corresponding to 10% and 90% of particles, 

respectively, with a diameter under the given size, characterized the geometric PSD. Data are 

presented as means ± SD (n=3). 

 

2.3.2.3. Residual solvent content 

The evaluation of the residual solvent was assessed on CIS-DPI-TS using thermogravimetric 

analysis operated by a Q500 thermogravimetric analyser (TA Instruments, New Castle, USA) 

and Universal Analysis 2000 software (TA Instruments, New Castle, USA). The analysis was 

conducted on weighed samples of about 10 mg (n=3), in a range 25-300°C, with a ramp of 

10°C/min, and on weight loss between 25°C and 125°C. Data are presented as means ± SD 

(n=3). 

 

2.3.2.4. Thermal properties 

The thermal properties of CIS-DPI-TS were determined using differential scanning calorimetry 

(DSC), following the use of a Q3000 differential scanning calorimeter (TA Instruments, New 

Castle, USA) equipped with an RCS90 cooling system (TA Instruments, New Castle, USA). 

Analysis was carried out on samples of 5.0 mg of CIS-DPI-TS in Tzero aluminium pans, closed 

using Tzero hermetic lids (TA Instruments, New Castle, USA). The process followed a heating 

cycle from -10°C to 180°C, then a cooling cycle from 180°C to -10°C and finally a second 

heating cycle from -10°C to 180°C. This was conducted with nitrogen as blanket gas and an 

empty pan as a reference, as described previously [187].   
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2.3.2.5. Aerodynamic behaviour 

The aerodynamic performance of CIS-DPI-TS was evaluated according to European 

Pharmacopeia 10, section 2.9.18 for DPIs. The APSD from a low-resistance RS.01 device (RPC 

Plastiape, Osnago, Italy) containing a size 3 HPMC capsule (Vcaps, Capsugel-Lonza, Colmar, 

France) (Figure 19) hand-filled with 20.0 ± 0.5 mg powder was determined using a multistage 

liquid impactor (MsLI, Copley Scientific, Nottingham, UK). The evaluation was also 

conducted from three other devices: a commercial high-resistance device (n=3) and two 

different prototypes at high (prototype 1) (n=1) and medium (prototype 2) resistance (n=1) in 

which the same powder mass was deposited inside each device directly as these devices did not 

require the use of capsules. This was done to select the device best adapted to CIS-DPI-TS. 

A pressure drop of 4 kPa in the device was reached with an aspiration flow rate of 100 L/min 

for the RS.01, 39 L/min for the commercial high-resistance device, 36 L/min for the prototype 

1 high-resistance device and 56 L/min for the prototype 2 medium-resistance device. 

Considering an inhaled air volume of 4 L, these flow rates were applied for 2.4 s, 6.2 s, 6.7 s 

and 4.3 s, respectively. The collection of cisplatin particles was performed by means of 

dimethylformamide and the platinum content of the different collection samples was 

determined by the validated ETAAS method, as described previously [187].  

The collected cisplatin masses were then plotted in Copley Inhaler Testing Data Analysis 

Software 1 to obtain the FPD and FPF_n as well as the APSD parameters including the MMAD 

and the GSD. Data are presented as means of ± SD (n=3). 

 

2.3.2.6. Dissolution release profile 

To evaluate the cisplatin release from CIS-DPI-TS particles that were optimally deposited in 

the lungs (< 5	𝜇m), it was mandatory to first select the particles with a dae < 5 𝜇m, then evaluate 

their release in simulated lung surfactant. This was performed following a technique called 

“paddle-over disk” from the US Pharmacopeia (USP), as described by Levet et al. (Figure 25) 

[187].  

To do so, the respirable fraction of CIS-DPI-TS was selected using an FSI (Copley Scientific, 

Nottingham, UK). About 3 mg of cisplatin were loaded into a size 3 HPMC capsule and 

collected at a flow rate of 100 L/min for 2.4 s, using the RS.01. A hydrophilic polycarbonate 

membrane with 0.4 𝜇m pore size (Isopore®, Merck Millipore, Darmstadt, Germany) covered 

the collected powder (Figure 25). The cisplatin dissolution profile was then evaluated in a 

paddle dissolution apparatus (Erweka DT6, ERWEKA GmbH, Heusenstamm, Hesse, 

Germany) filled with 400 mL of modified simulated lung fluid (mSLF, [209,210]), modified to 
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be as closest as possible to lung surfactant. To prepare the saline part of mSLF, the chemicals 

were added following the list described by Marques et al. [210].  

 

 
Figure 25: Schematic representation of the dissolution assembly used for the dissolution test, Levet et al., 2016 
[187]. PTFE stands for polyfluorotetraethylene. 

 

In parallel, DPPC suspension was prepared as follows: 200 mg of DPPC was weighed into a 

round-bottom flask and dissolved in 40 mL of a mixture of chloroform and methanol (1:1), after 

which the solvent was evaporated using a rotary evaporator [210]. The dry film was rehydrated 

with 200 mL Milli-Q water at 55°C and agitated for 2h, then ultrasonicated for 1h. The 

suspension was kept at 4°C (for maximum 48h) and added to the saline part immediately before 

use [210].   

 

Dissolution testing was performed in accordance with sink conditions at 37 ± 1°C, pH 7.35 ± 

0.05, with a paddle rotating speed of 50 ± 2 rpm and the paddles placed at 25 ± 2 mm between 

the blade and the centre of the dose collector assembly. Volumes of 2.0 mL were sampled at 

pre-established times between 2 min and 24h, filtered on 0.22 𝜇m pore-size cellulose acetate 

syringe filters (VWR, Leuven, Belgium) and analysed for their platinum content by the 

validated ETAAS method [187]. These samples were immediately replaced with 2.0 mL of 

mSLF. At the end of the dissolution test, the dose collector assembly was opened into the 

dissolution vessel and incubated for an additional hour to determine the 100% cisplatin 

dissolution value. Data are presented as the mean percentages of dissolved cisplatin vs. time 

(means ± SD, n=3).  

To compare our dissolution profile to the one generated by Levet et al., the difference (f1) and 

the similarity (f2) factors were used as recommended by the FDA Guidelines for Industry. 

Dissolution profiles were considered similar in the case of f1 < 15 (close to 0) and f2 > 50 (close 

to 100).  
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2.3.3. In vivo efficacy study of CIS-DPI-TS 

2.3.3.1. Mouse strains and housing conditions 

Female 6-week-old BALB/c mice (for the M109-HiFR-lung carcinoma model) (16-20g) were 

purchased from Janvier Labs (Le Genest-Saint-Isle, France) and Charles River (Écully, France) 

and kept under conventional housing conditions (12h/12h night and day cycles, 22 ± 2°C, 55 ± 

10% RH) and were given dry food and water ad libitum. Once entered in the studies, mice were 

weighed three times a week and were euthanized if their weight loss exceeded 20% when 

compared to the first experiment day, or 15% when compared to the last weighing. All 

experiments were performed in accordance with EU Directive 2010/63/EU for animal 

experiments and were approved by the CEBEA (Comité d’Ethique et du Bien-Être Animal) of 

the ULB faculty of medicine under approval number 585N. 

 

2.3.3.2. Intrapulmonary engraftment 

Cell culture and preparation of cell suspension for engraftment  

The M109-HiFR mouse-lung carcinoma cells were cultured, as described previously [211]. 

Briefly, cells were cultured in folate-free RPMI supplemented with 10% (v/v) FBS, 1% (v/v) 

penicillin-streptomycin and 0.02% (v/v) gentamycin in an incubator with 5% CO2, at 37°C. The 

medium was renewed each 2-3 days, as recommended by the ATCC guidelines. The cell 

suspension was prepared in order to target 1.4 million M109-HiFR cells in 20 𝜇L of a 50:50 

(v/v) mixture of folate-free RPMI/Matrigel® and renewed each hour during the intrapulmonary 

engraftment [211]. 

 

Intrapulmonary engraftment 

Mice were anesthetized using ketamine (150 mg/kg)/xylazine (2mg/kg) delivered using the 

intraperitoneal (IP) route, the skin in the upper region was delicately opened and the muscles 

were torn to obtain a clear view of the intercostal area. After which, the cell suspension was 

inoculated between the third and fourth costal bone in the lung parenchyma. The muscle and 

skin were sutured using Ethicon Inc 3-0 silk (Johnson & Johnson, Somerville, USA).  

 

2.3.3.3. Preparation and administration of CIS-DPI-TS and CIS-IV_1.5 

to mice 

CIS-DPI-TS was produced and characterized, as detailed in the previous sections (sections 2.3.1 

and 2.3.2). To deliver a dose of 0.5 mg/kg of CIS-DPI-TS to grafted mice, this formulation was 

first mixed with a dry diluent (spray-dried mannitol-leucine (90:10 w/w)) then administered 
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using a DP-4M Dry Powder InsufflatorTM for a mouse (Penn-Century Inc., USA). To be closer 

to clinical practice, one week was designated as one cycle of treatment and the treatments were 

administered over two cycles. Cisplatin was diluted in saline to reach a final concentration of 

0.15 mg/mL and was administered via IV (CIS-IV) (200 𝜇l by tail vein) at 1.5 mg/kg (CIS-

IV_1.5) the first day of each cycle for two cycles, while CIS-DPI-TS was delivered to grafted 

mice using the ET route three times per cycle (i.e. Mondays, Wednesdays and Fridays). The 

treatment administration was initiated 6 days following the intrapulmonary graft. Both CIS-

DPI-TS (n=15) and CIS-IV_1.5 (n=6) were compared to the untreated group (n=6). The 

treatment preparation and the techniques of administration will be further detailed in sections 

2.4.4.2 and 2.4.4.3. 

 

2.3.4. In silico prediction of pharmacokinetic parameters using GastroPlusTM 

software 

2.3.4.1. In vitro and in vivo data 

The in vivo data considered for the in silico prediction were generated by the PK study done by 

Levet et al. during which an immediate-release cisplatin-based DPI (IR_CIS-DPI) and a 

cisplatin solution were administered to mice at 1.25 mg/kg using the ET or IV routes. IR_CIS-

DPI was prepared as described for CIS-DPI-TS, but without TS (Cisplatin/TPGS: 95:5 (% 

w/w)). The composition, drug content and dissolution profiles are reported in Table 11. 

 
Table 11: Theoretical composition, measured platinum content determined by ETAAS and the in vitro released 
percentages from CIS-DPI-TS. The CIS-DPI-TS was fractionated on an FSI filter (fraction below 5 𝜇m) and 
packaged onto a watch glass covered with a polyfluorotetraethylene (PTFE) and polycarbonate membrane and a 
PTFE mesh screen in simulated lung fluid (400 ml, 37.0 ± 0.2°C, pH 7.35 ± 0.05) under 50 rpm of stirring (mean 
± SD, n=3), from Levet et al., 2016. 

 
 

Platinum quantification and in vitro dissolution profiling were performed using the techniques 

described in the previous sections 2.3.2.1 and 2.3.2.6. Cisplatin administration was performed 

via the IV (CIS-IV_1.25) or ET routes using a cisplatin solution (ET-SOL) or an IR_CIS-DPI 

(ET- IR_CIS-DPI) to CD1 mice. The techniques of administration will be further detailed in 

section 2.4.4.3. 

 

Formulation Theoretical composition
(% w/w)

Platinum content 
(% w/w ± SD, n=9)

Percentage release vs time (% w/w)

5 min 1h 2h

IR-CIS-DPI Cisplatin/TPGS : 95/5 95.6 ± 2.6 % 93.6 ± 8.6 % 97.1 ± 0.6 % 100.0 ± 0.0 %
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2.3.4.2. Converting in vivo data into PK parameters using PKPlusTM 

The in vivo data that illustrate the evolution of the plasma concentration vs. time (Figure 26) 

after CIS-IV_1.25, ET-SOL and ET- IR_CIS-DPI administrations of 1.25 mg/kg of cisplatin 

were loaded into the PKPlusTM module of GastroPlusTM software (Simulation Plus, Lancaster, 

USA). The PKPlusTM was able to convert the in vivo data into PK parameters using non-

compartmental and one-, two- or three-compartment models [212]. It then selected the 

compartmental model that best fitted the in vivo data. These parameters were then considered 

as the observed values derived from the experimental in vivo data and were compared to the 

values simulated by GastroPlusTM software (Simulation Plus, Lancaster, USA). Furthermore, 

the selected IV PK parameters were used for the ET administration of SOL and DPI to describe 

the cisplatin distribution and clearance when it arrives in the bloodstream from the lungs. 

 

 
Figure 26 : Plasma concentrations vs. time profiles of cisplatin after an IV (CIS-IV_1.25), and ET administrations 
of a cisplatin solution (ET-SOL) and IR_CIS-DPI of 1.25 mg/kg of cisplatin in mice, from Levet et al., 2017 [203]. 

 

2.3.4.3. In vivo prediction using GastroPlusTM 

Compound characteristics 

The molecular formula (Cl2H6N2Pt), the MW (300.05 g/mol) and the logD (-2.19 at pH=7) of 

cisplatin were entered manually into the selected compound tab. The dosage form and the initial 

dose were selected depending on the ongoing simulation (IV or pulmonary (PL); solution, 

powder). The initial dose was adapted to the mean mouse bw. The solubility of cisplatin in 

water (2.53 mg/mL) was found in the Merck Index [213]. The default values provided by 

GastroplusTM were used for the mean precipitation time (900 sec), and for the drug-particle 

density value (1.2 g/mL). The diffusion coefficient (0.768 x 105 cm2/s) was estimated by 

GastroPlusTM, relying on the cisplatin molecular formula. The default effective permeability 

provided by GastroPlusTM was used.  
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Loaded files 

To compare the calculated results to the observed ones, the experimental in vivo plasma-

concentration-time profiles were loaded for the CIS-IV_1.25, ET-CIS and ET- IR_CIS-DPI 

formulations. These data were only used as a comparison as the software did not take them into 

account to run the simulation. The experimental values were then automatically plotted 

graphically. Furthermore, the in vitro dissolution profile vs. time was also loaded and used by 

GastroPlusTM to perform the in vivo PK IR_CIS-DPI simulation.  

 

Additional dosage routes module: nasal-pulmonary module 

The nasal-pulmonary module developed by SimulationPlusTM was used for the ET-SOL and 

ET-IR_CIS-DPI. The animal model, called “physiology”, was switched to mice while the 

default lymph volume (1.985 × 10-3 mL) and the total lung volume (0.49987 mL) values were 

kept. Regarding the parameters related to the drug, “the compound” parameters, the lymph 

transit was set to 0 as the default value given by GastroPlusTM.  

The “pulmonary deposition model” describes the percentage deposited in each compartment. It 

was defined for each formulation based on the drug recovery in the lungs published by Levet 

et al. [187].The actual platinum content was quantified in the lungs 2 min after administration 

and compared to the theoretical emitted dose from the device (ET-SOL: 21 ± 9%, ET-IR_CIS-

DPI: 35 ± 22%) [187]. The drug recovery values were entered directly into the bronchiolar and 

alveolar-interstitial compartments (50% each). 

Values for all the characteristics related to the pulmonary module were set up by default. These 

characteristics included the pulmonary permeability (PP), metabolic clearance, systemic 

absorption rate (SAR), binding to mucus or cells, and physiologic characteristics of each 

compartment. To develop a model that best fitted the cisplatin formulations, two pulmonary 

parameters – the PP and the SAR – were optimized for the ET-SOL administration before being 

transposed to the ET-IR_CIS-DPI form. Each of these two pulmonary parameters was 

decreased or increased by a factor of 10 separately (PP: from 10-6 to 106 cm/s, SAR: from 

4.82.10-5 s-1 to 4.82.105 s-1). Then, the PP and the SAR were both changed using the same factor. 

As soon as the PK parameters were reached, the pulmonary parameters were considered as 

optimized, and the simulation results were named “optimized values”.  
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2.4.  Preparation and in vitro evaluation of new cisplatin DPIs 
2.4.1. Preparation of CIS-DPI-33 and CIS-DPI-50 

Cisplatin-based DPI were prepared following an adaptation of the protocol described by Levet 

et al. [187], as detailed in the previous section 2.3.1. Modifications in terms of excipients, 

solvent and processes were performed, and are described hereunder. Briefly, 5% w/v cisplatin 

was suspended in ethanol. The cisplatin was reduced in size by means of, first, high-speed 

homogenization (following the same parameters as in section 2.3.1) then HPH for 40 cycles at 

1 000 bars in a closed configuration (EmulsiFlex-C3, Avestin Inc., Ottawa, Canada), with a 

heat exchanger placed ahead of the homogenizing valve maintained at 15 ± 1°C. Samples of 

the reduced cisplatin were then analysed by means of the laser diffraction method (Malvern 

Mastersizer 3000 with a Hydro MV dispenser, Malvern Panalytical, Worcestershire, UK) 

described previously (section 2.3.2.2). HCO and TPGS were added to the pre-heated (55 ± 5°C) 

cisplatin suspension to obtain a final concentration of (i) 50% w/w cisplatin and 50% w/w 

HCO/TPGS (99:1 w/w) mixture for CIS-DPI-50, and (ii) 33% w/w cisplatin and 67% w/w 

HCO/TPGS (99:1 w/w) mixture for CIS-DPI-33. The cisplatin suspension mixtures were spray 

dried (Mini-Spray Dryer B-290, Büchi Labortechnik AG, Flawil, Switzerland) under the same 

operating parameters as for CIS-DPI-TS (section 2.3.1). The powders were collected from a 

high-performance cyclone separator with a yield of ~ 60% and stored in a desiccator at room 

temperature. A single batch of each formulation was prepared and characterized for its cisplatin 

content (section 2.3.2.1), in vitro FPD, particle shape, and morphology and dissolution-release 

profile (see below). 

 

2.4.2. Characterization of CIS-DPI-33 and CIS-DPI-50 

2.4.2.1. Crystalline state 

The crystalline states of raw HCO and spray-dried HCO and TPGS were assessed by X-ray 

powder diffraction using a D5000 diffractometer (Siemens, Munich, Germany) as described 

previously [187]. This apparatus was equipped with a mounting for Bragg-Brentano 

diffractometer associated to a monochromator and software (Bruker Belgium SA, Brussels, 

Belgium).  

 

2.4.2.2. Particle shape morphology 

The particle shape and morphology were determined using scanning electron microscopy . The 

particles were mounted onto 12-mm double-sided sticky carbon pads, coated with platinum 
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using standard procedures, analysed using a Tecnai FEG ESEM Quanta 200 scanning electron 

microscope (FEI, Hilsboro, USA) and imaged using iTEM software (FEI, Hilsboro, USA).  

 

2.4.2.3. Determination of the fine particle dose and fraction using a fast-

screening impactor 

The FPD, and its expression as an FPF_d and an FPF_n, of CIS-DPI-33 and CIS-DPI-50 were 

determined using an FSI with the low-resistance RS.01 device, selected in the preliminary 

device study. The process used a size 3 HPMC capsule hand-filled with 20.0 ± 0.5 mg powder 

as previously described [187]. Briefly, a pressure drop of 4 kPa in the device was reached with 

an aspiration flow rate of 100 L/min applied for 2.4 s (inhaled air volume of 4 L) and measured 

using a DFM3 flow meter (Copley Scientific, Nottingham, UK). This flow rate was obtained 

with an HCP5 air pump (Copley Scientific, Nottingham, UK) connected to a TPK critical flow 

controller (Copley Scientific, Nottingham, UK). The collection and solubilisation of cisplatin 

particles was performed by means of dimethylformamide, and the platinum content of the 

different collection samples was determined by the validated ETAAS method (section 2.3.2.1). 

 

2.4.2.4. Dissolution release profile 

Dissolution properties of CIS-DPI-50 and CIS-DPI-33 were established by means of the 

dissolution system for dose collection developed by Copley Scientific for DPI release-profile 

studies, with a method adapted from the “paddle over disc” method, as described previously 

(section 2.3.2.6). 

  

2.4.3. Production and characterization of the selected cisplatin-based DPI 

formulation 

A total of three independent batches of CIS-DPI-50 (batch size of ~3g) were produced 

following the procedures described in section 2.4.1. Yields comprised between 55 and 65%. 

The three batches were characterized by means of the methods described previously in terms 

of cisplatin content (ETAAS; section 2.3.2.1), PSD (laser diffraction; section 2.3.2.2), residual 

solvent (thermogravimetric analysis; section 2.3.2.3) and thermal properties (DSC; section 

2.3.2.4). 

 

The aerodynamic performance of CIS-DPI-50 was evaluated according to European 

Pharmacopeia 10, section 2.9.18 for DPIs. The DDU and APSD from an NGI (Copley 

Scientific, Nottingham, UK – Apparatus E) were determined using the low-resistance RS.01 



Experimental part I: Optimization of cisplatin-based DPI formulation 

 109 

device previously selected (containing a size 3 HPMC Vcaps capsule hand filled with 20.0 ± 

0.5 mg powder). This was performed under the same conditions as in section 2.3.2.5. 

The collected cisplatin masses were then plotted using Copley Inhaler Testing Data Analysis 

Software 1 (Copley Scientific, Nottingham, UK) to obtain the FPD and FPF (i.e. FPF_d and 

FPF_n), calculated as a percentage of the nominal dose, and the APSD parameters, including 

the MMAD and the GSD. The mean DDU and the APSD evaluation were both determined 

using 1 capsule/test and repeated on 10 and 3 replicates per batch, respectively. Data are 

presented as the means of three independent batches ± SD. 

 

To evaluate the influence of lower respiratory airflows (i.e. for impaired respiratory function of 

lung cancer patients), the aerodynamic performance of CIS-DPI-50 was characterized using an 

FSI, the low resistance RS.01 device previously selected (containing a size 3 HPMC Vcaps 

capsule hand-filled with 20.0 ± 0.5 mg powder), at three different airflows (100 L/min for 2.4 

s, 60 L/min for 4 s and 40 L/min for 6 s). This was done to evaluate the dependency of the 

aerodynamic performance on the airflow. The deposition in the capsule, device, throat and pre-

separator were analysed as well the aerodynamic parameters (FPF_n, FPF_d and FPD) using 

Copley Inhaler Testing Data Analysis Software 1 (Copley Scientific, Nottingham, UK).  

 

Finally, the stability of CIS-DPI-50 over 6 months (after 1 month, 3 and 6 months) for one 

batch was evaluated under normal conditions (25°C, 60% RH). To do so, CIS-DPI-50 was 

hand-filled into 3 HPMC Vcaps capsules and put with a desiccant into a container. The residual 

solvent content, thermal properties (section 2.3.2.3), geometric PSD and APSD parameters 

(NGI, 100 L/min), were evaluated following the methods described above in this section and 

in section 2.3.2.5. This was compared to the initial parameters (T0) obtained in the week 

following CIS-DPI-50 production at the latest. This study was conducted in collaboration with 

Inhatarget Therapeutics. 

 

2.4.4. In vivo PK experiment using the selected cisplatin-based DPI formulation 

2.4.4.1. Mouse strains and housing conditions 

Female 4-8-week-old CD1 mice (for PK studies) (16-20g) were purchased from Janvier Labs 

(Le Genest-Saint-Isle, France) and Charles River (Écully, France). All experiments were 

approved by the CEBEA of the ULB faculty of medicine under approval number 719N. All 

housing conditions were identical to those described in section 2.3.3.1.  
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2.4.4.2. Preparation of CIS-DPI-50 for in vivo delivery 

CIS-DPI-50 was blended with a previously developed diluent powder for in vivo 

experimentation to deliver a cisplatin inhaled dose with good performance through the ET 

device adapted to mice [203].  

Indeed, Levet et al. have already validated an adapted diluent for CIS-DPI-TS in terms of 

composition and process of production. In addition, they have also optimized the technique of 

blending with CIS-DPI-TS and validated its homogeneity in terms of dose and content [203]. 

Consequently, the production of the vehicle, the blending procedure and the uniformity of drug 

content used routinely will be presented hereunder.  

 

Production of the diluent 

A solution of mannitol (1%, w/v) and L-leucine (0.1% w/v) was prepared in Milli-Q water and 

stirred until full dissolution then spray dried using a B-290 Mini Spray Dryer (Büchi 

Labortechnik AG, Flawil, Switzerland) equipped with a B-296 dehumidifier (Büchi 

Labortechnik AG, Flawil, Switzerland) to maintain RH at 50%. This was conducted using the 

following parameters: feed rate, 3.0 g/min; inlet temperature, 130°C (corresponding to an outlet 

temperature ~56°C); 0.7 mm nozzle; compressed air, 800 L/min; and drying air flow, 35m3/h. 

The collected powder was sieved through a 355 𝜇m stainless steel mesh before blending.  

 

Blending procedure 

CIS-DPI-50 was diluted to deliver ~1.0 mg of powder to mice to target 2% of cisplatin to 

achieve a dose of 1 mg/kg. This was done by blending CIS-DPI-50 and the diluent in a total 

mass of 250 mg using a 2 mL glass vial following the so-called sandwich method. Practically, 

to target 2% of cisplatin in the formulation, an amount of 10 mg of CIS-DPI-50 was added to 

240 mg of diluent. The powders were blended using a Turbula 2C 3D motion mixer (Bachofen 

AG, Uster, Switzerland) at 46.2 rpm for 4h. At the end of this process, the blend was sieved 

twice using a 355 𝜇m stainless steel mesh to deagglomerate the particles.  

 

Uniformity of drug content 

Samples of 5.00 mg of the obtained blend were characterized in terms of cisplatin content 

(section 2.3.2.1) and uniformity (n=10, expressed as a percentage of difference from the mean), 

as recommended by European Pharmacopeia v.10 (contents ranging between 85 and 115% from 

the mean drug content with maximum one drug content within the 75-125% limits of the mean 

drug content). 
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2.4.4.3. Administration of in vivo-evaluated formulations  

The delivery of CIS-DPI-50 blend was performed throughout the ET route. Mice were 

anesthetized using ketamine (150 mg/kg)/xylazine (2mg/kg) delivered using the IP route. Once 

anesthetized, mice were put in an angled board to deliver the CIS-DPI-50 directly into the mice 

trachea using an ET device for dry powders (Dry Powder InsufflatorTM model DP4-M®, Penn-

Century) [214].  

The delivery of cisplatin using the IV route (CIS-IV_1.5) was performed at 1.5 mg/kg through 

the caudal vein, which had been previously pre-heated to vasodilate it. Cisplatin solution was 

prepared in NaCl 0.9% at 0.150 mg/mL immediately before use, kept protected from light and 

renewed each day. Mice were weighed immediately before the administration, and the exact 

volume of CIS-IV solution to target 1.5 mg/kg was adapted for each individual.  

 

2.4.4.4. Pharmacokinetic profiles of CIS-DPI-50 and CIS-IV_1.5 in 

healthy mice 

CIS-DPI-50 blend was administered at 1 mg/kg cisplatin through ET administration. Retro-

orbital blood for plasma (heparinized tubes, centrifuged at 2 000 g for 10 min at 20°C) and 

organs (lungs, liver, kidneys and spleen) was collected at nine timepoints comprised between 1 

min and 48h following the administration of the CIS-DPI-50 blend (n=5-6 mice per timepoint). 

Organs were washed in PBS and stored at -80°C until platinum content analysis.  

 

The PK profiles of cisplatin in the organs and plasma were established and PK curves of 

cisplatin and its adducts were graphed as platinum concentration vs. time curves. PK parameters 

were calculated following a standard non-compartmental analysis and included Cmax, Tmax, and 

AUC. The initial and terminal elimination rate constants keli and kelt were calculated from the 

log regression of platinum concentration vs. time curves between the three first and the three 

last dosing timepoints, respectively. The initial and terminal half-life t1/2i and t1/2t were 

calculated as ln(2)/ keli and ln(2)/ kelt, respectively. The AUC0-∞ was estimated by means of the 

trapezoidal method from 1 min to 48h for all organs and plasma. The targeting advantage (Ta) 

of CIS-DPI-50 was calculated following Equation 3 ([215]) to be compared with CIS-IV_1.25 

and with the Ta obtained with CIS-DPI-TS and IR-CIS-DPI, by Levet et al. [203].  

 

𝑇% =
𝐴𝑈𝐶*./0-*+,-./+-01 	
𝐴𝑈𝐶*./0-*+,-+2_4.60

 

Equation 3: Calculation of the targeting advantage (Ta). 
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To be able to compare the kinetics data obtained with previously published data, PK parameters 

(Cmax, t1/2i and keli) were generated with CIS-IV_1.5 following the same procedure. Sampling 

procedures (see above) were performed at 1-, 10- and 30-min post-administration and Cmax; t1/2i 

and keli were calculated for all organs and plasma (n=5 mice per timepoint).   

 

2.4.4.5. Platinum content for in vivo samples 

The organs were digested in Suprapur® HNO3 for three hours before platinum assay, as 

described previously [203]. The platinum assay in plasma was performed by means of an 

adaptation of a method described previously [203,216]. The limit of detection (LOD) and of 

quantification (LOQ) of the methods are indicated in the corresponding graphs and were 0.075 

and 0.225 ng/mg in lungs and kidneys and 0.025 and 0.075 ng/𝜇L in plasma. These analyses 

were performed using a SpectrAA 220Z atomic absorption spectrometer equipped with a GTA-

96 graphite tube atomizer (Varian, Mulgrave, Australia).  

 

2.5.  Statistical analyses 
All statistical tests were conducted using GraphPad PRISM® (7.0a) software. The Kaplan-Meier 

curve, log-rank test and two-way ANOVA with Tukey-multiple comparison test with an 

analysis of the p value by means of the Holm-Šídák method were used for the survival analysis. 

One-way ANOVA and Bonferroni’s post-testing was used to measure the differences observed 

between flow rates (i.e. 100 L/min, 60 L/min, 40 L/min) in terms of aerodynamic performance. 

Results were considered as statistically significant (*) for p < 0.05, very significant (**) for 

p < 0.01, extremely significant for p < 0.001 (***) and extremely significant for 

p < 0.0001(****). Results are presented as the mean value ± SD, unless otherwise indicated. 

 

 Results and discussion 
3.1.  Preliminary studies on CIS-DPI-TS 

3.1.1. CIS-DPI-TS production and characterization 

CIS-DPI-TS demonstrated similar characteristics to those obtained by Levet et al. [187]. 

Indeed, the cisplatin size after HPH was identical (0.888 ± 0.008 𝜇m vs. 0.89 ± 0.01	𝜇m), with 

less solvent evaporation (i.e. initial suspension concentration of 5% w/v) than reported by Levet 

et al. as the cisplatin content after HPH was 4.61 ± 0.06% vs. 5.3% for Levet et al. (Table 12, 

[187]). Moreover, the cisplatin content, once the cisplatin suspension spray dried, was similar, 

and was close to the theoretical composition (48 ± 2% vs. 49 ± 2% for Levet et al.). Similar 
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results were also observed for the residual solvent content (0.05 ± 0.002% vs. 0.11 ± 0.02% 

for Levet et al. Table 12). The residual solvent content was low in both cases, demonstrating 

that the spray-drying technique was adapted (i) for the solvent evaporation (suggesting low 

local toxicities related to the use of IPA) and (ii) for the elimination of water moisture from the 

powder (good prognosis for long-term stability).  

 
Table 12: Characterization of CIS-DPI-TS in terms of cisplatin particle size and content after HPH, geometric 
PSD, cisplatin content after spray drying, residual solvent content and aerodynamic behaviour using a RS.01 
device (mean ± SD, n=3). These data were compared to Levet et al., 2016 results [187]. 

 

 

In addition, the DSC curves obtained from the spray-dried powder were similar to those 

obtained by Levet et al., with the crystalline state of cisplatin being maintained throughout the 

process and the presence of the stable polymorph 𝛽 for TS. These results are both promising 

for the long-term stability of CIS-DPI-TS [187]. However, although close, the geometric PSD 

was smaller than already published. Indeed, the Dv (50) was 3.55 ± 0.03 𝜇m vs. 4.2	± 0.2 𝜇m 

for Levet et al., and the fraction of particles under < 5	𝜇m was higher in our case (75 ± 2% vs. 

63 ± 3%, Table 12). However, this did not have a major impact on the aerodynamic behaviour 

as the aerodynamic parameters were close, with similar FPF_n (40 ± 2% vs. 37 ± 2%), FPD 

(3.9 ± 0.2 mg vs. 3.7 ± 0.2 mg) and MMAD (2.9 ± 0.1 𝜇m vs. 3.7 ± 0.02 𝜇m), as represented 

in Table 12.  

 

Characterization Generated result Published result by 
Levet et al., 2016

Cisplatin size after HPH (Dv 50, !m) 0.888 ± 0.008 0.89 ± 0.01

Cisplatin content after HPH (%, w/w) 4.61 ± 0.06 5.3 

Geometric particle size distribution after spray-drying
- Dv (10) (!m)
- Dv (50) (!m)
- Dv (90) (!m)
- D [4,3] (!m)
- % <5 !m

2.12 ± 0.02
3.55 ± 0.03
5.6 ± 0.1 

3.70 ± 0.04
75 ± 2

-
4.2 ± 0.2

-
4.4 ± 0.1
63 ± 3

Cisplatin content after spray-drying (%, w/w) 48 ± 2 49 ± 2

Residual solvent content (% w/w) 0.05 ± 0.02 0.11 ± 0.02

Aerodynamic behaviour
- FPF_n (% w/w)
- FPD (mg)
- MMAD (!m)
- GSD (!m)

40 ± 2
3.9 ± 0.2
2.9 ± 0.1
2.1 ± 0.4

37 ± 2
3.7 ± 0.2
2.4 ± 0.2

-
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Cisplatin release from CIS-DPI-TS particles was also assessed and was very similar to that 

described by Levet et al., as illustrated in Figure 27. Indeed, the difference factor f1 was -6.77 

(< 15) and the similarity factor f2 was 87.04 (> 50), which demonstrated statistical similarity 

between these two profiles. Cisplatin was released from CIS-DPI-TS particles gradually, which 

demonstrated its controlled-release properties (31±10%, 44±10% and 55±13% within 1h, 6h 

and 24h, respectively).  

 

 
Figure 27: Dissolution-release profile of CIS-DPI-TS (mean ± SD, n=3), determined following its impaction on 
an FSI filter using the RS.01 device (100L/min, 2.4 s). These data were compared to Levet et al., 2016 results 
[187]. 

 

3.1.2. Selection of the most suitable single-dose device 

The aim of this part was also to select a single-dose device characterized by the best 

aerodynamic performance. These devices were also chosen because they are inexpensive, 

simple to use, convenient, portable and adapted for single use for DPI formulations of up to 40-

50 mg. All these points are needed for the development of inhaled anti-cancer drugs, where an 

efficient and disposable DPI inhaler is required to limit environmental exposure [173]. 

 

It should be mentioned that the quantification of deposition in the capsule was included in the 

device fraction in Figure 28. This is because none of the devices, except RS.01, required the 

use of a capsule. Interestingly, the cisplatin mass retrieved in the capsule for RS.01 was low, at 

1.1 ± 0.3%. The deposition patterns and the aerodynamic parameters showed a more 

advantageous profile for RS.01 in comparison to the three other devices (Figure 28). Indeed, 

the deposition in the device may explain these differences, as 5 ± 2% was retrieved for RS.01, 

while this was 5- to 6-fold higher for the other devices (32.5 ± 0.7% for the commercial high-

resistance device, 25% for the prototype 1 high-resistance device and 33% for the prototype 2 

medium-resistance device).  

0.5 1 2 4 6 24
0

20

40

60

80

100

Time (hours)

%
 d

is
so

lv
ed

 c
is

pl
at

in

Dissolution release profile

Generated result

Published result by Levet et al.



Experimental part I: Optimization of cisplatin-based DPI formulation 

 115 

 
Figure 28: Deposition patterns throughout the MsLI and FPF_d as the fraction of the nominal dose of the CIS-
DPI-TS. This was conducted on 20 mg powder mass using an HPMC capsule n°3 for RS.01 (mean ± SD, n=3), or 
directly in the device for the commercial high-resistance device, the prototype 1 high-resistance device and the 
prototype 2 medium-resistance device (mean, n=1). 

 

Moreover, except for stage 4 (RS.01: 21.8 ± 0.7%, commercial high-resistance device: 10.1 ± 

0.8, the prototype 1 high-resistance device: 14%, the prototype 2 medium-resistance device: 

16%) for which relatively higher disparities in terms of deposition between the devices were 

observed, all other stages (stages 1, 2, 3 and filter) were characterized by similar deposition 

fractions. 

 

These differences directly impacted the aerodynamic parameters. Consequently, the FPF_d 

observed for RS.01 (40.6 ± 0.5%) was higher than for the other devices (commercial high-

resistance device: 25 ± 2%, prototype 1 high-resistance device: 25.6% and prototype 2 

medium-resistance device: 27.3%, Table 13). This was related to a similar trend for the FPD 

(RS.01: 3.77 ± 0.04 mg, commercial high-resistance device: 1.8 ± 0.1 mg, prototype 1 high-

resistance device: 1.73 mg, prototype 2 medium-resistance device: 2.17 mg, Table 13). These 

trends all seemed to be related to flow rate intensity. The higher the flow rate was, the higher 

the FPF_d and FPD and the lower the MMAD and GSD. This observation was directly related 

to the device resistance. Indeed, as mentioned previously, a device resistance should be high 

enough to store the energy coming from the patient inspiratory flow and low enough that it can 

be used by patients with altered pulmonary function. It has been reported that the narrower the 

internal diameter of the device was, the higher the turbulence, which led to more efficient 

powder fluidization and to a higher FPF [217]. Indeed, this observation could explain the 

differences observed between the prototype 1 high-resistance device and the prototype 2 
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medium-resistance device as these devices had the same geometry but different internal 

diameters.  

 
Table 13: Aerodynamic performances of CIS-DPI-TS using the different selected devices, RS.01, commercial 
high-resistance device (mean ± SD, n=3), prototype 1 high-resistance device and prototype 2 medium-resistance 
device (mean, n=1), at the appropriate flow according to their resistance. 

 

 

Therefore, it seems clear that RS.01 was characterized by the lowest resistance for the same 

pressure (4 kPa) applied on all devices, RS.01 had the highest air flow rate, followed by 

prototype 2 (medium-resistance device), prototype 1 (high-resistance device) and finally by the 

commercial high-resistance device. Considering that lung cancer patients (especially those in 

advanced stages) often have impaired lung function with limited inspiratory capacity, it is 

highly probable that they will not be able to achieve high air flows (as with the RS.01 device) 

using high-resistance devices. Therefore, this would highly impact the deposition in the deeper 

lung.  

 
3.1.3. Evaluation of the efficacy of CIS-DPI-TS on the M109-HiFR lung 

carcinoma model 

Considering the efficacy results obtained with CIS-DPI-TS on the M109-HiFR lung carcinoma 

model and the scheme of administration selected by Levet et al. [205], as well as our aim to 

propose CIS-DPI-50 as a combination with IV chemotherapy, it was interesting to investigate 

the efficacy of CIS-DPI-TS using a regimen closer to clinical practice.  

The scheme of administration evaluated so far had been 3 administrations of CIS-IV or CIS-

DPI-TS over 2 weeks [205]. However, as our aim is to deliver a cisplatin-based DPI during the 

off-cycles encountered with CIS-IV, it was interesting to designate each treatment week as a 

cycle. Therefore, at the beginning of each cycle, a single CIS-IV administration was performed, 

while 3 administrations of CIS-DPI-TS per cycle (corresponding to treatment administrations 

during off-cycles) were delivered to M109-HiFR grafted mice. 

 

Devices RS.01 Commercial high-
resistance device 

Prototype 1 high-
resistance device

Prototype 2 medium-
resistance device

Deposition flow rate (L/min) 100 39 36 56

FPF_n (% w/w) 39.7 ± 0.5 19 ± 1 18.1 22.4

FPD (mg) 3.77 ± 0.04 1.8 ± 0.1 1.73 2.17
MMAD (!m) 2.77 ± 0.08 4.3 ± 0.2 4.77 3.86
GSD (!m) 1.67 ± 0.02 3.0 ± 0.1 1.85 1.81
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Figure 29: Kaplan-Meier survival curves of M109-HiFR lung carcinoma-grafted mice. Mice were left untreated 
(negative control, n=6), were treated with CIS-IV_1.5 (n=6) or with CIS-DPI_TS (n=15). The statistical analyses 
were performed vs. the control groups using a log-rank test (*** for p < 0.001 and * for p < 0.05). No significant 
difference was found between the CIS-DPI-TS and CIS-IV_1.5 (p > 0.05, two-way ANOVA with Tukey-multiple 
comparison test). 

 

The treatment efficacy was investigated by evaluating the median survivals. Both CIS-DPI-TS 

at 0.5 mg/kg used once a cycle for two consecutive cycles and CIS-IV_1.5 administered three 

times a cycle for two consecutive cycles on D6 post-tumour graft showed an anti-tumour 

response in comparison with untreated mice (Figure 29). Indeed, both treatments significantly 

prolonged survival in comparison to the negative control group (p < 0.05 and p < 0.001, 

respectively). However, for the same cumulative dose, no significant difference in terms of 

survival was reported between the mouse groups treated with CIS-DPI-TS or CIS-IV_1.5 (p > 

0.05) (Figure 29). These results confirmed the trends obtained with CIS-DPI-TS and CIS-IV_1 

and reported by Levet et al. [205].  

Considering the similarity in terms of survival between the mice treated with a controlled-

release CIS-DPI-TS formulation from which cisplatin was released (i.e. the active fraction) 

continuously and with CIS-IV_1.5 from which the fraction retrieved in the lungs is 100% active 

fraction, the modulation of cisplatin release from a cisplatin-based DPI would be promising. 

Indeed, an increased burst effect (i.e. a higher cisplatin active fraction) would permit the tumour 

to be attacked directly and a high tumour exposure to be maintained as cisplatin is released 

continuously. Therefore, one aim to optimize the formulation was to increase its burst effect to 

have an impact on the PK relevant parameters in vivo while maintaining the controlled-release 

and lung-retention properties to keep a sufficient lung- Ta in comparison to IV administration.  

As the pulmonary PK as well as the achievement of effective cisplatin concentrations in the 

lungs have an impact on the tumour exposure and therefore on the efficacy of the treatments, it 

was interesting to evaluate the effect of modifying the release in vitro on the PK parameters. 
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This was done using a predictive model (i.e. GastroPlusTM software) and by modifying the 

composition of the formulations.  

 

3.1.4.  In silico prediction of pharmacokinetic parameters using GastroPlusTM 

software 

Developing an in vitro-in vivo correlation using an in silico tool is one of the most promising 

strategies for developing high-quality products as quickly as possible, while trying to limit the 

number of in vivo experiments [218]. The GastroPlusTM software helps to adapt the drug 

formulation by predicting its likely in vivo behaviour in the human body using in vitro data 

only. GastroPlusTM has an Additional Dosage Routes Module (ADRMTM) that has a nasal-

pulmonary module that can simulate solution and powder distribution after pulmonary 

administration. Therefore, the aim of this part was to predict cisplatin PK parameters 

considering only in vitro data, using ADRMTM. This simulation could help to develop more 

quickly a more advanced cisplatin formulation presenting a suitable PK profile more efficiently. 

To do so, the first part consisted of developing an in silico model that best fitted the IR-CIS-

DPI. Once this model was optimized for an immediate-release form (i.e. IR-CIS-DPI), we 

attempted to adapt it to controlled-release forms such as CIS-DPI-TS. 

 

The first step was to assess an IV model to check whether the simulation results matched the 

experimental data. As shown in Figure 30.A, the default values for CIS-IV_1.25 matched the 

in vivo experimental plotted values. Furthermore, the AUC were similar for both default and 

observed values (5.42 𝜇g.h/mL vs. 6.31 𝜇g.h/mL), meaning that the curves were alike. 

However, the Tmax was slightly different (0.08h vs. 0.00h) for the calculated values (Figure 

30.D). This 5-minute shift was explained by the fact that this timing corresponded to the time 

required to take the samples from the mice during the in vivo experiment. This can also explain 

why the Cmax was slightly higher for the default values than for the observed ones (1.20 𝜇g/mL 

vs. 0.87 𝜇g/mL). Considering the SD described by Levet et al. [203], the simulated Cmax was in 

the observed range (0.87 ± 0.042 𝜇g/mL). The similarity between the curves illustrated by the 

similar PK parameters between the observed and default acquisition showed that our model was 

supported by the software and that the pulmonary simulation could be conducted. 

To simplify the process, the pulmonary simulation was first assessed with a cisplatin solution 

and only afterwards with the IR-CIS-DPI, which was administered using the ET route as 

explained previously. In the case of cisplatin solution, the software did not start by considering 

the drug dissolution from the powder, but started with its systemic distribution, once deposited 
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in the lungs. The default values illustrated in Figure 30.B, C, D showed that the observed Cmax 

was not reached by the default simulation for ET administration of a cisplatin solution or for 

IR-CIS-DPI (ET-SOL: 0.03 𝜇g/mL vs. 0.17 𝜇g/mL and ET- IR_CIS-DPI: 0.05 𝜇g/mL vs. 0.13 

𝜇g/mL). Moreover, a longer Tmax was noticed for both formulations (ET-SOL: 0.50h vs. 1.70h 

and ET- IR_CIS-DPI: 0.50h vs. 1.60h). Nevertheless, it seemed clear that from 8h, the curves 

met the 24h and 48h experimental data for both pulmonary formulations. This showed that 

GastroPlusTM was able to manage the clearance from the blood compartment, but the 

permeability from the lungs to plasma was underestimated when the default pulmonary 

parameters were selected. This underestimation led to a longer time to reach the blood 

compartment, which explained why the observed Cmax and the Tmax were both different from 

the default values. 

 

 
Figure 30: Plasma concentrations vs. time profiles simulated by GastroPlusTM using default (blue) and optimized 
(red) parameters after IV (A) and ET administrations of a cisplatin solution (B) and ET-IR_CIS-DPI (C) compared 
to the in vivo data (grey dots). The table (D) summarizes the PK parameters values. 

 

The optimization of the pulmonary parameters was previously reported by Salar-Behzadi et al. 

with their study on inhaled budesonide using GastroPlusTM [219]. They reported that better 

results were obtained when the pulmonary parameters were adapted to a specific drug. During 

this study, it was noticed that if only one parameter (PP or SAR) was changed, the result 

remained the same. This meant that the Cmax, Tmax, and AUC were not affected (data not shown). 

This can be explained by the fact that even if a drug can easily cross the pulmonary membrane 

(characterized by a high PP), it can reach the bloodstream only if the SAR is high enough. 

Consequently, both pulmonary parameters were changed. Therefore to reach the PK 

parameters, the PP value was 10-fold higher (optimized value: 10-5 cm/s vs. default value: 10-6 
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cm/s) and the SAR value 100-fold higher (optimized value: 10-3 s-1 vs. default value: 10-5 s-1) 

(Table 14). This result was not surprising because cisplatin is a small drug (MW: 300.05 g/mol) 

compared to others. Its neutral-charge form makes the diffusion across the lipid membranes 

easier [220]. The drug molecule is reported to use a passive diffusion pathway as well as an 

active transport mediated by numbers of transporters, mainly OCT1 and OCT2 and CTR1, 

ATP7A and ATP7B, and multidrug and toxin-extrusion protein 1 (MATE1), as discussed in 

the introductory part of this work (Figure 8) [84]. As a complement, the PP could be verified 

using in vitro tests on Calu-3 cells. 

 
Table 14: PP and SAR values used for the default and optimized simulation. 

 
 

As soon as the PP and SAR were higher, the Cmax was higher and the Tmax was lower. These 

results showed that a larger amount of cisplatin reached the bloodstream faster from the lungs. 

The optimized curves illustrated in Figure 30.B, C after ET administration of a SOL and DPI 

showed a much better fit to the experimental data than the default curves. This was also 

confirmed with the PK parameters: the optimized Cmax was more than 3-fold higher with the 

optimized pulmonary parameters than with the default ones. This led to a better evaluation of 

the Tmax, which was lower than in the default simulation. 

 

Consequently, the optimized PK parameters after ET-SOL administration were closer to the 

observed values than the default ones. Nevertheless, the Cmax and the Tmax were slightly lower 

than the observed value (e.g. 0.11 𝜇g/mL vs. 0.17 𝜇g/mL). On the other hand, the Cmax was 

slightly higher for the ET-IR_CIS-DPI but remains in the observed SD range (0.13 ± 0.05 

𝜇g/mL). The Tmax was also slightly higher during this optimized simulation but was in the same 

range as the Tmax after the ET-SOL administration. Nevertheless, it is important to note that the 

t1/2i in the lungs is low (ET-SOL: 5.0 min and ET-IR_CIS-DPI: 2.6 min). This result 

demonstrated that both IR-CIS-DPI and cisplatin solution were absorbed very quickly, as 

Pulmonary 
compartment

Default values Optimized values 

PP SAR PP SAR

Extra-thoracic 1.38.10-6 4.82.10-5 1.38.10-5 4.82.10-3

Thoracic 7.38.10-6 4.82.10-5 7.38.10-5 4.82.10-3

Bronchiolar 5.57.10-6 4.82.10-5 5.57.10-5 4.82.10-3

Alveolar-interstitial 3.05.10-4 4.82.10-5 3.05.10-2 4.82.10-3
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reported by Levet et al. [203], and that the simulated values were consistent with the in vivo 

data. 

 

GastroPlusTM showed that the Cmax after ET administration of cisplatin solution and IR-CIS-

DPI were close, as reported by Levet et al. [203]. The software also showed that the powder 

gives a slightly higher Tmax than the solution (ET-SOL: 0.10h and ET- IR_CIS-DPI: 0.16h) 

because it took a minimal time to be dissolved before being recovered in the bloodstream. This 

may be something that the GastroPlusTM indicated and that can barely be observed in vivo 

because of the experimental difficulties at the first dosing times, as explained before. It also 

showed that the AUC was higher with the ET-IR_CIS-DPI than with the ET-SOL (1.71 

𝜇g.h/mL vs. 1.05 𝜇g.h/mL), which was also similar to the experimental data. Moreover, 

comparing the optimized pulmonary results (ET-SOL and ET-IR_CIS-DPI) to the IV results, 

there was no doubt that the plasma Cmax was much higher after the administration of CIS-

IV_1.25 than after the administration of ET-SOL or IR-CIS-DPI (1.20 𝜇g/mL vs. 0.11 and 0.17 

𝜇g/mL). This result was because all the dose went directly into the bloodstream when using the 

IV route. It also meant that the Tmax was much lower (0.00h vs. 0.10 or 0.16h) and that the AUC 

was 5- to 3-fold higher (5.42 𝜇g.h/mL vs. 1.05 or 1.71 𝜇g.h/mL), as reported by the 

experimental data. 

 

Once the additional dosage routes module (ADRMTM) was adapted to the solution and the 

immediate-release formulation powder, our aim was to use a model that can support a 

controlled-release form from the powder. However, GastroPlusTM does not include controlled-

release formulations for pulmonary delivery. This means that this software was not able to 

establish in vitro-in vivo correlations for modified-release DPI formulations. To do so for 

controlled-release formulations, it was mandatory to develop at least three formulations with 

different releases and to evaluate their in vitro release and in vivo biodistribution. These data 

should have been entered in the GastroPlusTM software to generate a model so that afterwards 

when the in vitro data of a fourth formulation was encoded, its in vivo data could be predicted 

and compared to the generated in vivo data obtained in mice. If the predicted PK parameters 

had matched the obtained results, an IT tool would have been developed by SimulationPlus 

team to predict in vivo data from controlled-release DPI formulations. Moreover, as (i) 

differentiation between the total cisplatin delivered in the lungs and the actual released cisplatin 

fraction that is retrieved in the bloodstream is impossible, and (ii) it is difficult to mimic the 

lung anatomical specificities in vitro, predicting the in vivo data of a controlled-release 
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formulation would increase the difficulty of establishing these models. Unfortunately, these 

assessments would have taken a lot of time to be assessed and were not further investigated, 

considering the ultimate objectives of this work. Indeed, as we are aiming to evaluate the 

feasibility of combining two routes of administration to intensify the therapeutic response 

against lung cancer, the formulation developed by Levet et al. was optimized by selecting other 

excipients based on their physicochemical properties as well as their ratios. Once the desired in 

vitro release profile was obtained, the formulation was characterized in a PK study in mice. 

 

3.2.  Optimization of the cisplatin-based DPI formulation with controlled 

cisplatin-release and lung-retention properties 
3.2.1. Selection of the cisplatin-based DPI formulation  

The aim of this part was to develop a cisplatin-based DPI containing lipid and PEGylated 

excipients to control the release of cisplatin and presenting lung-retention properties using a 

scalable manufacturing process, biocompatible pharmaceutical-grade excipients and low-

toxicity solvents, corresponding to FDA recommendations [221]. 

As mentioned, cisplatin DPI formulations (CIS-DPI-TS, IR-CIS-DPI) and their manufacturing 

processes for a high cisplatin content and high FPF_n were initially developed and published 

by Levet et al. [187]. CIS-DPI-TS was composed of (i) TS as a highly hydrophobic lipid 

excipient with good aerodynamic properties and effective controlled-release properties and (ii) 

TPGS as a PEGylated excipient to avoid excessively fast elimination of the delivered particles 

by the lungs’ non-absorptive clearance mechanism. TPGS is an amphiphilic molecule that is 

concentrated at the surface of the droplets during the drying process and is therefore retrieved 

at the surface of the particles. The use of TPGS at 0.5% w/w has led to an improved PK profile 

(i.e. longer retention in the lungs, with limited systemic exposure to cisplatin), when compared 

to the same formulation without TPGS [203]. Indeed, the PEG chains of TPGS are hydrophilic, 

and are therefore exposed toward the aqueous media, creating a hydrophilic barrier after their 

solvation, which limits the recognition of CIS-DPI-TS by AM and therefore avoids their 

clearance from the lungs. Indeed, PEGylation is a well-known technique to improve the 

therapeutic ratio of a drug by prolonging its local residence time [222].  

Moreover, CIS-DPI-TS administered at 0.5 mg/kg three times a week for 2 consecutive weeks 

on the M109-HiFR lung carcinoma orthotopic model in mice showed a level of significance 

lower than that obtained with CIS-IV at 1.5 mg/kg (CIS-IV_1.5) once a week for two weeks 

(Figure 29). As mentioned previously (section 3.1.3), this result demonstrated the importance 



Experimental part I: Optimization of cisplatin-based DPI formulation 

 123 

of modulating the cisplatin release from microparticles to boost anti-tumour efficacy while 

maintaining controlled-release and lung-retention properties to expose the tumour continuously 

to cisplatin while maintaining an acceptable tolerance. Therefore, this formulation and the 

manufacturing process were adapted to find this balance.  

 

First, we preferred HCO over TS to slightly increase the hydrophilicity of the particles and 

therefore the cisplatin release rate over time after deposition in the lungs compared to that 

observed with CIS-DPI-TS. HCO is a triglyceride mixture, mainly composed of 

trihydroxystearin, and characterized by a higher melting temperature (85-88°C) than TS 

(74.9°C, [187]). This higher melting temperature allows the production of inhaled formulations 

as dry powder while reducing the risk of obtaining an oily and/or sticky phase that would 

negatively impact the aerodynamic properties of the DPI. Moreover, it is approved by 

authorities as an excipient for other routes of administration such as the oral and topical routes 

[221]. Furthermore, HCO has a higher solubility in alcohols (including ethanol) than TS, which 

has allowed work with a higher concentration of HCO during spray drying (4% w/w total solid 

vs. 2% w/w previously [187]), thus reducing the manufacturing time.   

Following a similar preparation process, the minimum TS content to coat the cisplatin 

microparticles sufficiently to control the cisplatin release was previously reported as 50% w/w 

[187]. It was also reported that a higher cisplatin-to-lipids ratio (i.e., 75:25 w/w) led to a higher 

burst effect with a much lower ability to control cisplatin release over time. A sufficient 

proportion of HCO/TPGS in the cisplatin-based DPI formulations to coat the cisplatin 

microparticles was considered critical to control the cisplatin release. Considering that HCO is 

less hydrophobic than TS, lipid (i.e. HCO/TPGS) proportions of 50% w/w related to cisplatin 

and above in the final powder (i.e. 50% and 67% w/w in CIS-DPI-50 and CIS-DPI-33, 

respectively) were selected. The selected TPGS content was 0.5% w/w. This content allowed 

prolonged retention of TS-based DPI formulations in the lungs after inhalation to be achieved 

[203] and also modulated the encapsulation of cisplatin microcrystals into the lipid matrix 

during spray drying [187]. Moreover, Levet et al. reported that a higher TPGS content (i.e. 5%) 

in TS-based formulations led to no control of the cisplatin release in vitro. This could be 

explained by the decreased hydrophobicity of the lipid coating in the presence of TPGS and the 

possible formation of hydrophilic pores in the lipid coating.  
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Figure 31: Scanning electron microscopy micrographs of uncoated cisplatin particles (A), spray-dried HCO/TPGS 
(99:1) powder (B), CIS-DPI-33 (C) and CIS-DPI-50 (D) (magnification 30 000 x). 

 

The coating of cisplatin particles was confirmed in scanning electron microscopy. The CIS-

DPI-50 and CIS-DPI-33 particles were roughly spherical and homogeneous and looked very 

similar to the spray-dried HCO/TPGS (99:1) powder (Figure 31.B), indicating that the cisplatin 

had been effectively coated by the lipid matrix (Figure 31). Conversely, the scanning electron 

microscopy images of uncoated-cisplatin particles obtained by Levet et al. (Figure 31.A, [187]) 

showed more agglomerated and sticky particles in comparison to those obtained with CIS-DPI-

33 and CIS-DPI-50.   

 

 
Figure 32: FPF_n and FPD of CIS-DPI-33 and CIS-DPI-50. Impaction studies were performed using the FSI (100 
L/min, 2.4 s) on 20 mg of powder hand-filled in an HPMC n°3 capsule in RS.01 inhaler (A). Dissolution profiles 
of an inhalable fraction of CIS-DPI-33 and CIS-DPI-50 (mean ± SD, n=3) selected from stage 3 (aerodynamic 
diameter comprised between 2.18 and 3.42 𝜇m) of an NGI using an RS.01 inhaler (100 L/min, 2.4 s) (B). 

 

The differentiation between CIS-DPI-33 and CIS-DPI-50 was performed by characterizing the 

FPD and FPF using an FSI and on the basis of the in vitro cisplatin release over time in mSLF. 

As illustrated in Figure 32.A, both of these formulations demonstrated similar and adequate 

FPF_d (60 ± 4% for CIS-DPI-50 and 58 ± 6% for CIS-DPI-33) but as predicted, lower FPD for 

CIS-DPI-33 (3.7 ± 0.5 mg, compared to 5.8 ± 0.9 mg for CIS-DPI-50) due to their different 

cisplatin contents (28 ± 5% and 49.5 ± 0.6%, respectively).  
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The dissolution profiles of CIS-DPI-50 and CIS-DPI-33 showed different releases over time 

(Figure 32.B). After one hour, 44 ± 2% cisplatin was released from CIS-DPI-50 whereas the 

release observed with CIS-DPI-33 was limited to 22 ± 1% (Figure 32.B). The cisplatin release 

increased gradually to reach ~50% after 24h from CIS-DPI-50. In contrast, cisplatin release 

from CIS-DPI-33 was highly limited, reaching ~30% within 24h. These results showed that a 

higher proportion of HCO, as in CIS-DPI-33, strongly limited the amount of initially dissolved 

cisplatin and slowed cisplatin release over 24h. This may impair cisplatin total dose release into 

lung fluids from CIS-DPI-33 and therefore its local activity. It should be noted that DPI 

formulations with a lower amount of HCO were not selected in order to avoid a much higher 

cisplatin burst release, which might lead to lower local tolerance. About 80% cisplatin 

dissolution in 15 min was observed with uncoated cisplatin powder obtained by spray drying 

the cisplatin particles obtained after the HPH process (Figure 32.B).  

 

Consequently, the results were in favour of CIS-DPI-50 better balancing a burst drug release 

that is high enough to ensure rapid local activity with a controlled release able to attack the 

tumour sustainably with limited local toxicity. The release profile observed with CIS-DPI-50 

showed a higher burst effect than that obtained from CIS-DPI-TS. Indeed, ~ 44% of cisplatin 

was released in 1h from CIS-DPI-50 vs. ~ 29% from CIS-DPI-TS (Figure 32.B and Figure 

27 [187]). This represented up to 15% of the cisplatin release difference between CIS-DPI-50 

and CIS-DPI-TS in 1h. It was only until 6h later that ~ 44% of cisplatin was released from CIS-

DPI-TS. The profiles were quite similar after 24h, as 50% of cisplatin was released from CIS-

DPI-50 vs. 55% for CIS-DPI-TS, demonstrating the sustained-release property of both 

formulations. In addition, CIS-DPI-50 was preferred over CIS-DPI-33 as it would deliver a 

higher FPD than CIS-DPI-33 from the same mass of powder delivered. Consequently, CIS-

DPI-50 was selected to continue the in vivo investigation, as our aim of developing a higher-

burst-effect formulation was reached.  

 

It should be noted that there are no pharmacopeia methods or guidelines describing in vitro 

dissolution tests of inhaled products. The main issue with these tests is the difficulty of 

reproducing in vitro the physiological conditions that the aerosol faces once it deposits and 

disperses in lung fluids. Many methods have been reported with many drawbacks, including 

difficult handling of the powder, leading to poor reproducibility and targeting [223,224]. In the 

case of cisplatin-based DPI, this has been accentuated by particle agglomeration related to the 

highly lipophilic character of HCO, as noticed when the dissolution cup assembly was opened 
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at the end of the dissolution test to determine the total amount of cisplatin introduced (i.e. 100% 

release) into the medium. 

 

Therefore, the in vitro dissolution profiles for inhaled products must be interpreted with caution 

as they are used to compare different release patterns from formulations containing the same 

active ingredient. Dissolution tests for inhaled products are inadequate methods to investigate 

the release once deposited in the lungs. This is due to poor in vitro-in vivo correlation, and the 

difficulty in building these correlations using simulation software (e.g. GastroPlusTM) [224]. 

Further development regarding the methodologies used and the composition of medium are 

thus highly awaited to try to solve these drawbacks.   

 

3.2.2. Characterization of the selected cisplatin-based DPI formulation 

The cisplatin mean content of CIS-DPI-50 was 49.2 ± 0.3% w/w and was highly reproducible 

from batch to batch, with low SD and relative standard deviation (RSD%) observed: 49.5 ± 

0.6% (1%); 51 ± 2% (3%); 47.2 ± 0.6% (Table 15). 

 

One of the most crucial parameters for DPI development is the particle size as it is directly 

correlated to the aerodynamic diameter, which dictates the deposition section in the respiratory 

tract [169]. The geometric PSD was compatible with a deep lung deposition as the proportion 

of the particle size under 5 𝜇m was 97 ± 4%, the Dv (50) was 1.9 ± 0.2 𝜇m and the Dv 90 was 

4 ± 1 𝜇m (Table 15). 

 

The delivered cisplatin dose for the three independent batches was 8.1 ± 0.4 mg cisplatin and 

corresponded to 82 ± 2% of the nominal dose, which indicated good aerosolization of the 

powder with limited powder retention in the device and the capsule. The delivered dose was 

considered as highly repeatable from batch to batch, as indicated by the low RSD% observed 

(5%, Table 15). Moreover, the DDU was very good (96-104%), with RSD% < 3% for each 

batch on 10 replicates, and corresponded to the European Pharmacopeia recommendations, i.e. 

all 10 doses comprised between 65 and 135% and 9 out of 10 doses comprised between 75 and 

125% of the mean delivered dose for each batch.  
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Table 15: In vitro evaluation of CIS-DPI-50 in terms of platinum concentration (ETAAS), residual solvent 
(thermogravimetric analysis), geometric PSD (laser diffraction), delivered dose and uniformity (100 L/min, 2.4 s), 
and aerodynamic performance (NGI at 100 L/min, 2.4 s) through the RS.01 inhaler (10 mg cisplatin per capsule). 
The data are presented as the mean values of three independent batches analysed in 3 or 10 (for DDU) replicates ± 
SD. 

 
 

It is commonly considered that particles must have an aerodynamic diameter ranging between 

1 and 5 𝜇m to deposit optimally in the lower respiratory tract [169]. This diameter is far more 

crucial in the development of anticancer drugs as it increases their potential to be deposited 

broadly in the sections from the bronchioles to the alveolar sacs (i.e. generations 4 to 23). Such 

deposition avoids two main potential limitations in the treatment. First, particle deposition in 

the upper airways (i.e. generations 0 to 3, aerodynamic diameter > 5 𝜇m), such as the mouth, 

throat, trachea, or bronchi of the lower respiratory tract, which can lead to local toxicities 

without therapeutic action. Second, exhalation of the cytotoxic aerosol (if it presents an 

aerodynamic diameter between 0.1 and 1 𝜇m), which can induce environmental contamination 

[173,186].  

Formulation CIS-DPI-50

Theoretical composition of CIS-DPI-50

(% w/w)

Component Proportion

Cisplatin 50.0

COH 49.5

TPGS 0.5

Cisplatin content

(% w/w, mean ± SD, n=3)
49.2 ± 0.6

Residual solvent content

(% w/w, mean ± SD, n=3)
0.15 ± 0.09

Geometric particle size distribution

(mean ± SD, n=3)

% < 5 !m 97 ± 4

Dv (10) (!m) 1.2 ± 0.1

Dv (50) (!m) 1.9 ± 0.2

Dv (90) (!m) 4 ± 1

Dv[4;3] (!m) 2.2 ± 0.5

Delivered dose (mg)

(mean ± SD, n=3 batches analysed in ten replicates)
8.1 ± 0.4

Delivered dose uniformity 

(min and max % of the mean delivered dose, 

10 assays per batches)

96-104%

Aerodynamic performance

NGI, 100 L/min

(mean ± SEM, n=3)

FPF_d (%) 74.4 ± 0.3

FPF_n (%) 53 ± 2

FPD (mg) 5.3 ± 0.2

MMAD (µm) 2.2 ± 0.2

GSD (µm) 1.85 ± 0.03
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Figure 33: Deposition profiles of the CIS-DPI-50 formulation in an NGI using a RS.01 inhaler (10 mg cisplatin 
per capsule, 100 L/min, 2.4 s, 1 capsule per test). The cut-off diameters at 100 L/min were 6.12, 3.42, 2.18, 1.31, 
0.72, 0.40, 0.24 and 0.07 𝜇m for stages 1, 2, 3, 4, 5, 6, 7 and the micro-orifice collector (MOC), respectively. The 
data are presented as the mean ± SD of the three batches (dots) analysed in triplicate. 

 

The APSD was in line with these recommendations and described a polydisperse aerosol as 

CIS-DPI-50 was retrieved at nearly all stages (i.e. from 0.07 to 10 𝜇m, from the MOC to the 

pre-separator stage). This broad deposition was confirmed by the GSD obtained, i.e. 1.85 ± 

0.03 𝜇m, as it was higher than 1.22 𝜇m (the commonly accepted threshold for considering the 

aerosol as monodisperse [225]). However, a much higher proportion (i.e. 37 ± 6%) of the 

particles was comprised in stages 2 and 4, i.e. within a range of 1 and 5 𝜇m (Figure 33). In 

contrast, the cumulative cisplatin doses collected from the induction port (i.e. the throat), the 

pre-separator and stage 1 were relatively low, i.e. about 16%.  

Two main types of adverse reaction might be related to the fraction deposited in the oropharynx. 

First, this fraction, as part of the fraction deposited in the upper airways, might induce local 

adverse reactions such as coughing. These local reactions are expected to be immediate, i.e., 

within 15 min following the administration. Although any occurrence will be investigated in 

clinical trials, mainly in the first in-humans study, potential local adverse reactions are expected 

to be limited because (i) the fraction deposited in the upper airways is expected to be limited, 

less than 20% of the nominal dose, according to the APSD evaluation, and (ii) this limited 

fraction is expected to be cleared rapidly due to clearance mechanisms, e.g., coughing, sneezing 

or swallowing, as described in the literature for inhaled drug particles [226]. Moreover, patients 

will be advised to rinse their mouth, which will help to reduce this fraction. Secondly, any of 

the remaining oropharyngeal dose that is subsequently swallowed could potentially be absorbed 

via the digestive tract, leading to systemic adverse reactions. However, these systemic adverse 

reactions are expected to be low as (i) the cisplatin dose administered to patients will be very 
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low compared to the usual IV doses and (ii) oral bioavailability of cisplatin is limited, i.e., 

below 0.4 [227]. 

 

The MMAD was 2.2 ± 0.2 𝜇m and therefore in the desired range for an anticipated good 

deposition in the lower airways (< 5 𝜇m) [228]. This good aerodynamic performance led to 

high FPD (5.3 ± 0.2 mg) and FPF values (FPF_d and FPF_n of 53 ± 2% and 74.4 ± 0.3%, 

respectively) (Table 15). In the case of nebulizers (i.e. the only device studied so far in clinical 

inhaled chemotherapy), it was estimated that 10-15% of the inhaled dose was deposited in the 

deep lungs in a phase I study with the same drug candidate [178]. The authors reported that 

despite three sessions of administration of about 20 minutes each per day for up to 3 days per 

week for 2 weeks, the highest delivered dose per cycle was 60 mg/m2 and the DLT was not 

reached [178]. This demonstrated the difficulty of delivering the adequate cisplatin dose using 

nebulizers [178]. 

Regarding the aerodynamic performance of CIS-DPI-50, it was concluded that the RS.01 

device was suitable for this formulation. Indeed, it confirmed the previous results obtained with 

CIS-DPI-TS, as it assured a good aerosolization and dispersion and should allow good 

deposition in the lungs. The selected RS.01 inhaler was a low-resistance version that allowed 

the highest deposition at the selected flow rate to be achieved and therefore demonstrated the 

best aerodynamic performance. It is most important to evaluate the dependency of this device 

on airflow. Indeed, this is all highly important as lung cancer patients might have impaired lung 

function due to the presence of the tumours, a tobacco-smoking history or COPD [186].  

 

The aerodynamic performance of CIS-DPI-50 using different flow rates (100 L/min, 60 L/min 

and 40 L/min) was evaluated to investigate its influence on the deposition patterns (Figure 34). 

As expected, the higher the flow rate was (i.e. patient inspiratory flow), the lower the deposition 

in the capsule, device, throat and pre-separator and the higher the FPF (Figure 34). 

This was correlated with a better aerosolization and deagglomeration of the powder in the case 

of the highest flow rates. Indeed, the aerodynamic performance significantly decreased with a 

flow rate of 60 L/min (instead of 100 L/min) (Figure 34). This was observed from a significant 

decrease of 0.8 mg in the FPD (p < 0.05) and 4.5% in the FPF_d (p < 0.05), and was related to 

a significant increase in the proportion of the mass recovered in the device (p < 0.0001) and in 

the throat (p < 0.0001), with no difference in the capsule (p > 0.05) or in the pre-separator (p 

> 0.05) (Figure 34). 
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Figure 34: Deposition profiles of the CIS-DPI-50 formulation in an FSI using a low resistance RS.01 inhaler filled 
with 10 mg cisplatin per capsule at 40 L/min (6 s), 60 L/min (4 s) and 100 L/min (2.4 s). The data are presented 
as the mean ± SD of one batch analysed in triplicate. The statistical analyses were performed vs. 100L/min using 
one-way ANOVA and Bonferroni’s post-test (**** for p < 0.0001, *** for p < 0.001,** for p < 0.01 and * for p 
< 0.05). 

 

As expected, the aerodynamic performance was more strongly impacted when the flow rate 

was lowered from 100 L/min to 40 L/min as a significant decrease of 2.1 mg in the FPD (p < 

0.0001), and of 12% in the FPF_d (p < 0.0001) was reported. This was related to a significant 

increase in the proportion of the mass recovered in the capsule (p < 0.01), in the device (p < 

0.0001), in the throat (p < 0.0001) and in the pre-separator (p < 0.01) (Figure 34). 

According to these results, although a 40%-fold lower inspiratory flow rate (i.e. 60 L/min) was 

not able to impair the powder from leaving the capsule, a 60%-fold lower inspiratory flow rate 

(i.e. 40 L/min) was. This was demonstrated by a significant difference (p < 0.05) between these 

two flow rates (i.e. 60 L/min and 40 L/min) in the masses recovered in the capsule. However, 

the ability to leave the device was impacted, which was demonstrated by a significantly lower 

delivered dose (60 L/min vs. 100 L/min: p < 0.01, and 40 L/min vs. 100 L/min: p < 0.0001), 

leading to impaired aerosolization at both lower flow rates. In addition, the powder de-

agglomeration/dispersion at both lowered flow rates was also affected as a significantly higher 

mass was recovered in the throat and pre-separator, leading to lower FPD and FPF_n, as 

represented in Figure 34. Moreover, the differences between 60 L/min and 40 L/min in terms 

of delivered dose (p < 0.05), FPD (p < 0.001) and FPF_d (p < 0.0001) were also significant, 

confirming the device dependency on the flow rate. 

 

However, it should be mentioned that the overall aerodynamic performance was very good 

regardless of the flow rate. Indeed, the FPF_d ranged between 74 ± 1%, for a deposition flow 

rate of 40 L/min, to 81.5 ± 0.1% for 60 L/min and 86 ± 1% for 100 L/min and corresponded to 

an FPD of 4.2 ± 0.1 mg, 5.5 ± 0.3 mg and 6.3 ± 0.2 mg, respectively (Figure 34). It should be 

Flow rate (L/min) 40 60 100

FPF_d (% w/w) 74 ± 1 81.5 ± 0.1 86 ± 1

FPD (mg) 4.2 ± 0.1 5.5 ± 0.3 6.3 ± 0.2
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mentioned that even severe COPD patients, with a significantly affected lung function, mostly 

have a peak inhalation flow (i.e. maximum flow reached during inspiration) ranging between 

60 and 89 L/min using such low-resistance devices [229,230]. This tended to show that it is 

probable that lung cancer patients, with past or concomitant COPD, would have a peak 

inhalation flow in the same range as severe COPD patients, with a lower probability of reaching 

inspiratory flows down to 40 L/min. However even if this was the case, both the delivered dose 

and the FPD/FPF_d would show good aerodynamic performance.  

 

One interesting criteria is that the RS.01 device is activated and controlled by the patient 

inspiratory flow, and the drug retrieved in the air seems to be negligible (i.e., 0.2% exhaled 

after the inhalation of a tobramycin based DPI by healthy volunteers [190]). This would 

counteract the limitation observed with nebulizers during the previous clinical studies.   

 

3.2.3. Evaluation of the stability of CIS-DPI-50 

The preliminary investigation of the stability of CIS-DPI-50 was promising. Indeed, the loss on 

drying was limited (< 0.2% w/w, Table 15) and corresponded to the total residual content of 

ethanol and water. This was aligned with the European Pharmacopeia recommendations, as the 

use of ethanol as a class III solvent can be used with no justification but should not exceed a 

threshold of 0.5% w/w. Moreover, this result was also a good prognostic for the long-term 

stability of the product during storage as stability could be impaired by a high residual solvent 

content.  

 

 
Figure 35: X-ray diffractogram obtained from the spray-dried HCO and TPGS powder (red curve) and raw HCO 
obtained from the manufacturer (black curve). 

 

Another indicator of potential good long-term stability was that the more stable polymorph of 

HCO (β-form) was preserved during spray drying as it was similar to that of the initial raw 

material, thus providing reassurance of its physicochemical stability during storage, as 
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illustrated in the X-ray diffractogram in Figure 35. Indeed, these results were confirmed by the 

thermal analysis as the HCO DSC pattern was similar to that observed for CIS-DPI-50 (Figure 

36).  

The slight difference in terms of peak intensity and surface could be attributed to the amount 

of HCO in CIS-DPI-50 (49.5% vs. 100%). These DSC curves showed that the two endothermic 

peaks observed during the first heating cycle (blue curve from HCO at 78.7°C and red curve 

from CIS-DPI-50 at 85.8°C) indicated the melting of the 𝛽-form of the main component of 

HCO (i.e. trihydroxytristearin). During the cooling cycle, the 𝛽-form recrystallized to the 𝛼-

form (green curve from HCO at 66.2°C and yellow curve from CIS-DPI-50 at 52.3°). Finally, 

the three peaks (i.e. burgundy curve from HCO and black curve from CIS-DPI-50) observed 

during the last cycle showed the melting of the 𝛼-form (58°C) and the 𝛽-form (Figure 36). 

These results were similar to those reported by Levet et al. for CIS-DPI-TS [187]. However, 

even if these results were encouraging for the long-term stability of CIS-DPI-50, it was essential 

to investigate the stability according to ICH guidelines [231].  

 

 
Figure 36: Thermal behaviour of HCO and CIS-DPI-50 from DSC analysis. The blue and red curves correspond 
to the first heating cycle for HCO and CIS-DPI-50, respectively. The green and yellow curves correspond to the 
cooling cycle for HCO and CIS-DPI-50, respectively. Finally, the burgundy and black curves correspond to the 
second heating cycle for HCO and CIS-DPI-50, respectively. 

 

Therefore, the stability of CIS-DPI-50 was evaluated under normal storage conditions (25°C, 

60% RH) over 6 months and demonstrated no modification of the physicochemical and 

aerodynamic characteristics between T0 and 6 months (Figure 37). Indeed, similar residual 
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solvent content (T0: 0.05 ± 0.05% vs. 0.02 ± 0.03%, after 6 months) was observed, 

demonstrating the low hygroscopicity of the powder. In addition, thermal properties 

demonstrated that the β-form of HCO as well as the crystalline state of cisplatin were 

maintained during the 6 months of storage (Figure 38). Moreover, the geometric PSD (Dv (50) 

of 1.99 ± 0.06 𝜇m at T0 vs. 1.89 ± 0.09 𝜇m, after 6 months) and APSD (FPF_d of 81.0 ± 0.6% 

at T0 vs. 81 ± 2% after 6 months) were similar, as were the NGI deposition patterns reported 

over 6 months, as illustrated in Figure 37.B. 

 

 
Figure 37: Characterization of CIS-DPI-50 in terms of residual solvent content, geometric PSD and APSD 
parameters (A) immediately after its production (T0), and after 1, 3 and 6 months of storage at 25°C, 60% RH). 
The NGI deposition profiles of the CIS-DPI-50 formulation using a RS.01 inhaler (10 mg cisplatin per capsule, 
100 L/min, 2.4 s) were evaluated at the same timings. The data are presented as the mean ± SD. 

 

 
Figure 38: Thermal behaviour of CIS-DPI-50 at T0 (A), 1 month (B), 3 (C) and 6 months (D) of storage at 25°C 
and 60% RH. The burgundy curve corresponds to the first heating cycle, the green curve corresponds to the cooling 
cycle and the blue curve to the second heating cycle.  
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3.2.4. Biodistribution and pharmacokinetic profiles after cisplatin 

administration to healthy mice 

As detailed in the general introduction, lungs present anatomical specificities (i.e. a huge 

deposition surface and rapid drug absorption) that are difficult to mimic in vitro. Moreover, the 

non-absorptive clearance mechanisms such as the mucociliary escalator and AM uptake 

defining the potential lung-retention properties of the formulation are not taken into account 

during in vitro dissolution experiments. It was therefore essential to investigate the fate of CIS-

DPI-50 in vivo.  

The in vivo PK profiles of cisplatin (followed by the quantification of platinum) from the 

selected formulation were established in healthy mice. This study was crucial to verify whether 

the increased burst effect observed in vitro was kept in vivo while still maintaining controlled 

drug release. This was subsequently useful to evaluate the exposure of lung and plasma as well 

as kidney to determine the combination regimen of repeated CIS-DPI-50 administrations with 

CIS-IV-based treatment that offered the best compromise between enough lung (and therefore 

tumour) exposure to cisplatin and minimising the related potential local and systemic toxicities.  

 

 
Figure 39: PK study of CIS-DPI-50 and CIS-IV_1.5 (1 and 1.5 mg/kg, respectively) in healthy mice. Platinum 
concentration was evaluated in the lungs (A), plasma (B) and kidneys (C). Total AUC for different organs of CIS-
DPI-50 (D). All results are expressed as means ± standard error of the mean (SEM) (n=5-6 per timepoint). 

 

The PK curve of platinum lung concentrations obtained over time after the administration of 

CIS-DPI-50 at 1.0 mg/kg cisplatin and CIS-IV_1.5 at 1.5 mg/kg cisplatin, are represented in 
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Figure 39. As the bioanalytic method was not selective to cisplatin but to platinum (as 

commonly referred to in clinical trials for platinum salts including cisplatin [177,178]), lung 

platinum concentrations measured over time with CIS-DPI-50 and CIS-IV_1.5 consisted of 

unbound (i.e. dissolved) active cisplatin, inactive platinum adducts and bound cisplatin as 

particles not yet dissolved in lung fluids. The PK profile of CIS-IV_1.5 is known and has been 

investigated in depth and reported in healthy mice by Levet et al. [203]. However, the protocol 

slightly differed from this study (e.g. timepoints, cisplatin dose, blood sampling). The exposure 

to platinum following CIS-IV_1.5 at 1.5 mg/kg cisplatin (the MTD determined by Levet et al. 

[205]) following the protocol of the present study was therefore investigated. Only the three 

first timepoints were evaluated, i.e., 1 min, 10 min, and 30 min, which allowed us to determine 

the Cmax, keli, and t1/2i. 

 

As anticipated, platinum Cmax in the lungs was obtained immediately following the 

administration of CIS-DPI-50 and CIS-IV_1.5, at the first timepoint (i.e. 1 min), which 

corresponded to the time required to euthanize the mice and collect the lungs. The Cmax in the 

lungs for CIS-DPI-50 was 19 ± 2 ng/mg, corresponding to 26 ± 3% cisplatin recovered from 

the actual delivered dose (Table 16). 

 
Table 16: PK parameters of PK study of CIS-DPI-50 and CIS-IV_1.5 (1 and 1.5 mg/kg, respectively) in healthy 
mice. These parameters were determined on the PK curves obtained in Figure 39. All results are expressed as 
means ± SEM (n=5-6 per timepoint). Ta is expressed as the ratio of the platinum AUC in the lungs from CIS-DPI-
50 to the AUC from CIS-IV_1.25 (i.e. 558 ng.min.mg-1, as determined by Levet et al.[203]). 

 
 

The Cmax of CIS-IV_1.5 in the lungs (i.e. 5 ± 1 ng/mg, Figure 39) was nearly four-fold lower 

than for CIS-DPI-50, despite the higher cisplatin dose delivered (i.e. 1 vs. 1.5 mg/kg, 

respectively). The platinum concentration in the lungs first decreased from 19 ± 2 ng/mg to 6 

± 2 ng/mg 30 min after the administration of CIS-DPI-50, with a keli and t1/2i of 0.036 min-1 and 

19 min, whereas following CIS-IV_1.5 administration, keli and t1/2i were 0.023 min-1 and 30 

Pharmacokinetics
CIS-DPI-50 CIS-IV_1.5

Lungs Plasma Kidneys Lungs Plasma Kidneys

Cmax (ng/mg – ng/!L) 19 ± 2 0.7 ± 0.6 2.8 ± 0.6 2.6 ± 0.8 5 ± 1 3.1 ± 0.2

Tmax (min) 1 1 30 1 1 30

AUC0-∞ (ng.min.mg-1 - ng.min. !L-1) 4611 ± 932 95 ± 30 1952 ± 510 - - -

Kel
i (min-1) 0.036 0.023 0.066 0.03

t1/2
i (min) 19 30 10 23

Kel
t (h-1) 0.00029

t1/2
t (h) 39
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min. Levet et al. reported a more rapid elimination from the lungs, with a keli and t1/2i of 0.26 

min-1 and 2.6 min following the administration of cisplatin microparticles without lipid 

excipients [203]. The initial clearance profile could be related to the clearance of the released 

cisplatin from the lungs, mainly by absorption to the systemic compartment. This is because 

cisplatin is a small molecule, which could facilitate its diffusion though the lung epithelium 

once released from microparticles in lung fluids as observed previously with ET delivery of 

ET-SOL and ET-IR_CIS-DPI [203]. Therefore, the retention time of cisplatin in the lungs 

consecutive to a single CIS-DPI-50 administration was estimated to be around 2.2h (seven 

times the t1/2i). This retention time was more than 7-fold higher than for cisplatin microparticles 

without lipid excipients (18.2 min) [203]. These parameters clearly indicated a delay in the lung 

clearance of cisplatin due to the presence of the lipid matrix and the PEGylated excipient 

(TPGS). The clearance PK (Keli: 0.036 min-1 and t1/2i: 19 min) showed a 3-fold higher clearance 

of CIS-DPI-50 than for CIS-DPI-TS (Keli: 0.012 min-1 and t1/2i: 59.9 min [203]).  

 

Between 2 and 8h, the platinum concentrations in the lungs remained constant around 2 ng/mg, 

i.e. 2-fold higher than the lung Cmax of CIS-IV_1.5. These concentrations then continued to 

decrease to 0.94 ± 0.4 ng/mg after 48h (kelt and t1/2t of 0.00029 h-1 and 39h, Table 16). This 

terminal clearance profile could be attributed more to the clearance of platinum adducts from 

the tissue [203], which can remain for months following administrations [232]. The AUC0-∞ in 

the lungs was 4 611 ± 932 ng.min.mg-1, which also demonstrated the prolonged retention of 

CIS-DPI-50 within the lungs (AUC0-∞ of 1 462 ng.min.mg-1 for IR-CIS-DPI [203]). As 

anticipated, the use of HCO instead of TS decreased the lung AUC (AUC0-∞ of 6 072 

ng.min.mg-1 for CIS-DPI-TS [203]), tending to indicate a more rapid release profile (and thus 

a shorter lung retention) of cisplatin with an HCO-based DPI. Consequently, a lower Ta was 

observed for CIS-DPI-50 in comparison to CIS-DPI-TS (8.3 vs. 10.9 [203]). However, CIS-

DPI-50 Ta was still higher in comparison to the IR-CIS-DPI (i.e. Ta of 2.6 [203]) or to CIS-

IV_1.25 (i.e. Ta of 1 [203]), confirming the controlled-release and lung-targeting properties of 

CIS-DPI-50. Consequently, these results (Kel, t1/2, AUC and Ta) confirmed the burst effect 

observed in vitro. Therefore our objective of developing a formulation with a higher burst effect 

was achieved.   

 

As expected, the Cmax in plasma following CIS-DPI-50 administration was more than 6-fold 

lower than for CIS-IV_1.5 (0.7 ± 0.6 vs. 5 ± 1 ng/𝜇L, respectively, Table 16). Overall, these 

data confirmed the advantage of CIS-DPI-50 in terms of targeting the lungs compared to CIS-
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IV, with a 7-fold increase and decrease in the Cmax in lungs and in plasma, respectively. As 

expected, total exposure of untargeted organs to platinum after CIS-DPI-50 delivery was 

limited compared to the lungs, with lower AUC0-∞ values (Figure 39.D). These values 

demonstrated the PK advantage of CIS-DPI-50, compared to CIS-IV [203], for a lung-targeting 

therapeutic approach.  

 

Interestingly, the results observed on renal exposure (renal Cmax: 2.8 ± 0.6 ng/mg, renal AUC0-

∞: 1 952 ± 510 ng.min.mg-1, Figure 39.D) were higher than those previously reported with CIS-

DPI-TS (renal Cmax: 1.1 ± 0.6 ng/mg, renal AUC0-∞: 1 568 ± 788 ng.min.mg-1[203]). Both the 

renal Cmax and AUC0-∞ values were higher than with ET-SOL (renal Cmax: 1.1 ± 0.5 ng/mg, 

renal AUC0-∞: 709 ± 205 ng.min.mg-1) and ET-IR_CIS-DPI (renal Cmax: 0.6 ± 0.2 ng/mg, renal 

AUC0-∞: 1070 ± 266 ng.min.mg-1[203]). Renal excretion though a non-linear and saturable 

process is the main elimination process for cisplatin and its metabolites [126]. This seems to be 

the most plausible explanation of this renal exposure for inhaled cisplatin-based DPI, with 

prolonged lung retention leading to prolonged renal exposure to cisplatin and derivatives (all 

quantified as platinum here). Although the nephrotoxicity of cisplatin and its metabolites is 

directly related to their concentrations, the presence of platinum in the kidneys after 

administration does not necessarily imply renal toxicity. This is because not all metabolites or 

platinum adducts induce renal impairment [126]. However, renal tolerance should be 

investigated in depth, and will be discussed in the Experimental parts III and IV.  

 

The results observed during the PK study in mice, in terms of lung targeting and reduced 

systemic exposure, were confirmed in a healthy sheep model that was administered CIS-DPI-

50 and CIS-IV_1 at 1 mg/kg [233]. Indeed, a very low systemic exposure to cisplatin with CIS-

DPI-50 compared to CIS-IV_1 was observed, with 10-fold reduced Cmax and AUC0-∞ in the 

plasma at the same dose [233]. The major differences observed between the mice and sheep 

models were: (i) a longer Tmax for sheep in comparison to mice, (ii) a higher AUC0-∞ in the 

sheep plasma and a (iii) quicker elimination (higher Keli and lower t1/2i) from mice than from 

sheep plasma. This longer Tmax (i.e. 10-min and 30-min-shift for ET and IV routes, respectively) 

can be explained by the differences in terms of techniques of administration between species 

(i.e. ET administration following a 10 min ventilation and IV infusion over 30 min for sheep 

vs. immediate ET or IV delivery over a few seconds for mice). Moreover, the differences 

observed between the two models in terms of AUC0-∞ and Tmax can also be attributed to 

physiological differences between species. Indeed, a lower specific metabolic rate is observed 
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for larger animals and an increased blood flow to the liver and kidneys is achieved in smaller 

animals leading to a faster elimination, especially for drugs such cisplatin that are highly cleared 

by the kidneys [234].  

 

 Conclusion 
This study succeeded in optimizing a promising cisplatin-based DPI formulation with 

controlled cisplatin-release and lung-retention properties. The manufacturing of this 

formulation was performed using GRAS excipients by means of a scalable and reproducible 

process. This formulation was characterized by an interesting aerodynamic performance with 

the use of a low-resistance device that offered good aerosolization and potential low 

contamination of the environment by the cytotoxic aerosol. Moreover, these aerodynamic 

performances were maintained even at lower flow rates (i.e. in the case of impaired respiratory 

function of lung cancer patients). Finally, the stability of this formulation over 6 months in 

normal conditions was also confirmed and showed limited modifications over time. As 

expected, a higher burst effect was confirmed in vivo during a PK study in healthy mice, in 

comparison with the previous CIS-DPI-TS. These PK results will therefore be considered for 

the construction of a monotherapy regimen based on repeated administrations of CIS-DPI-50. 
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Figure 40: Graphical abstract of the second experimental part. 
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 Introduction and aims 
In the first experimental part, a cisplatin-based DPI (CIS-DPI-50) was developed using GRAS 

and pharmaceutical-grade excipients following a scalable process. Three batches of this 

formulation were produced and characterized and demonstrated controlled-release properties 

and good aerodynamic performance. These properties were maintained as stable over 6 months 

at normal storage conditions (25°C, 60% RH). In addition, this formulation showed a higher 

burst effect than CIS-DPI-TS while maintaining controlled-release and lung-retention 

properties. This led to a higher lung targeting (i.e. higher Ta) and retention in mice in 

comparison to CIS-IV.  

 

Considering the intent to combine CIS-DPI-50 to conventional IV chemotherapy, it was crucial 

to first select the most promising CIS-DPI-50 monotherapy regimen constructed from repeated 

administrations of CIS-DPI-50. This selection should take into account different factors such 

as (i) the biodistribution in the tumour and in healthy tissues, (ii) the anti-tumour efficacy and 

(iii) the tolerance. Therefore in this Experimental part II, the aim was to assess the 

biodistribution (platinum quantification) in grafted mice after the administration of (i) CIS-DPI-

50 once or (ii) repeatedly following several regimens (different doses and frequency). This was 

coupled with the evaluation of cisplatin activity (i.e. necrosis using histology and apoptosis 

using caspase-3 staining) and the investigation of the lung tissue tolerance (i.e. histology). 

 

Last but not least, the most promising monotherapy regimens were selected to be evaluated 

during an efficacy study in terms of survival, tumour size and proportion of responders.  

 

 Materials and methods 
2.1.  Materials 

Dulbecco’s Modified Eagle’s Medium (DMEM) and formaldehyde (FMA)-buffered pH 6.9 for 

histology were purchased from Sigma-Aldrich (St. Louis, USA) and Lewis lung carcinoma 

cells (LLC1) were provided by ATCC (Maryland, USA). All the reagents used for the 

immunostainings were obtained either from Vector Labs (Peterborough, UK) (caspase-3 and 

CD31) or from Ventana Discovery XTTM (Arizona, USA) (CD3). All other materials used in 

this part are detailed in Experimental part I-section 2.1.  
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2.2.  In vivo studies 
Female 6-week-old BALB/c mice (for the M109-HiFR-Luc2 lung carcinoma model) (16-20g), 

or 8-week-old C57BL/6J (for the LLC1 model) were purchased from Janvier Labs (Le Genest-

Saint-Isle, France) and Charles River (Écully, France). All experiments were approved by the 

CEBEA of the ULB faculty of medicine under approval numbers 585N, 719N, and CMMI-

2017-01. The housing conditions were identical to those described in Experimental part I-

section 2.3.3.1.  

 

2.3.  Development of Lewis lung carcinoma expressing luciferase model 
The development of the Lewis lung carcinoma expressing luciferase (LLC1-Luc) model was 

performed in collaboration with Inhatarget Therapeutics. The LLC1 cell line was provided by 

ATCC and its transfection was performed using pLenti EF1-luc MOI 100 by GiGa Uliège. The 

cells were cultured in DMEM, supplemented with 10% (v/v) FBS, 1% (v/v) penicillin-

streptomycin, and 0.02% (v/v) gentamycin in an incubator with 5% CO2, at 37°C. The medium 

was renewed each 2-3 days, which corresponded to 70-80% of confluence, as recommended by 

the ATCC. In the literature, the implantation of these cells in C57BL/6J mice has already been 

performed using the intrapulmonary engraftment [235,236]. The cell suspension (5.104 cell/mL) 

was implanted following the intrapulmonary graft as described in Experimental part I-section 

2.3.3.2. In vivo tumour growth (primary tumour and metastases) was followed by 

bioluminescence imaging (BLI) of the whole mice performed two times a week (on D3, D6, 

D9, D13). BLI imaging was performed by means of a Photon Imager Optima (Biospace Lab, 

France) that dynamically counted the emitted photons for at least 25 min, with the mice under 

anaesthesia (3.5% and 2% isoflurane for initiation and maintenance, respectively) and after 

subcutaneous administration of 150 mg/kg of D-luciferin (Promega, Leiden, Netherlands) 

[237]. Image analysis was performed with M3Vision software (Biospace Lab), and signal 

intensities were quantified individually for a time lapse of 5 min corresponding to the maximum 

signal intensity plateau. In addition, to visualize the tumour mass, mice were scarified on D6, 

D8, D10, D13 and D20 and images were taken.  

 

2.4.  PK study on LLC1-Luc grafted mice 
LLC1-Luc grafted mice were administered CIS-DPI-50 at 0.5 mg/kg and CIS-IV_2 at 2 mg/kg 

(their MTDs, as will be discussed in Experimental part III-section 3.1) 6 days following the 

intrapulmonary engraftment.  
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The CIS-DPI-50 blend was prepared and administered to mice following the same techniques 

as those described in Experimental part I-section 2.4.4.3, except for the anaesthesia. Indeed, to 

lighten the impact of repeated anaesthesia, mice were anesthetized after being placed in a 

chamber with 3.5% of isoflurane for 5 minutes.  

Retro-orbital blood for plasma (heparinized tubes, centrifuged at 2 000 g for 10 min at 20°C) 

and organs (lungs, tumours) were collected at 1 min, 10 min, 30 min, 1h, 2h, 4h, 8h and 24h 

following the administration of CIS-DPI-50 blend (n=6-7 mice per timepoint), and at 30 min, 

1h and 2h following the administration of CIS-IV_2 (n=5 per time point). Organs were washed 

in PBS and stored at -80°C until platinum content analysis. The tumour was washed in 100 𝜇L 

of PBS (i.e. tumour fluid) and quantified to evaluate the platinum that was on the periphery of 

the tumour. 

The PK profiles of cisplatin in the organs and plasma were established and PK curves of 

cisplatin and its adducts were graphed as platinum concentration vs. time curves. PK parameters 

were calculated following the procedure described in Experimental part I-section 2.4.4.4.  

 

2.5.  Biodistribution of CIS-DPI-50 and immunohistochemistry labelling 

following the administration of different regimens 
To select the regimen that accumulated the most cisplatin in the tumour, four regimens were 

evaluated, as illustrated in Figure 41. LLC1-Luc grafted mice were administered CIS-DPI-50 

blends, following the same techniques as described in section 2.4. These administrations were 

performed five times per week (designated as a cycle) for two cycles. This was done at 0.3 

mg/kg (0.3 x 5), 0.5 mg/kg (0.5 x 5) and 1 mg/kg (1 x 5). CIS-DPI-50 blends were prepared 

and administered to mice following the techniques described in Experimental part I-section 

2.4.4.2 and section 2.4. In addition, to evaluate the effect of the frequency of administration for 

the same cumulative dose, CIS-DPI-50 blend was also administered three times per cycle (0.5 

x 3) over two cycles and was compared to the group treated with the lower dose, more 

frequently (0.3 x 5). Blood and organs sampling was performed after the first treatment cycle 

(groups identified as 1_group name) and also after the second cycle (2_group name) as 

illustrated in Figure 41, to evaluate potential accumulation of platinum adducts in the tumour.  

As previously performed for the PK study in LLC1-Luc grafted mice, blood, tumour-free lungs 

and kidneys were collected at the Tmax for the tumours determined previously (i.e. 2h). Blood 

and organs followed the same protocol as in Experimental part I-sections 2.4.4.4 and 2.4.4.5, 

to evaluate their platinum concentrations.  
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In addition, mice treated with the CIS-IV_2 and CIS-DPI-50 regimens and untreated mice were 

euthanized 3 days after the end of each cycle (Figure 41) for histopathological analyses. This 

was done on mice in D6, D13 and D20, which were referred to as previously explained for the 

treated groups or as CTRL-D6, CTRL-D13 and CTRL-D20 for the untreated ones. Their lungs 

were harvested and immersed in FMA for 24h, then cleaned in water for 15 minutes before 

being put in IPA for 24h. Then, they were embedded in paraffin for histopathological analyses 

using HE staining and immunostaining. Analyses of HE staining were performed to evaluate 

lung tissue damage in a randomized, blind study by an independent pathologist following the 

process described by Jones et al. [238]. Moreover, the response to the treatment was 

investigated following the recommendations described by Travis et al. [239]. The severity of 

each observation was scored from 0 to 5, and the mean score was determined by calculating the 

average among each group. In addition, the frequency was evaluated and was expressed as the 

number of animals in which the observation was encountered.  

 

 
Figure 41: Scheme of administration of cisplatin formulations and sampling. 
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T LYM [242]). These stainings were outsourced to DiaPath (CMMI, Biopôle ULB-Umons). 

This was performed for all mice lungs, using two impaired sections per lung and spaced by 150 

𝜇m. Lung sections were deparaffinized, rehydrated and washed in PBS and stained using an 

automated Ventana Discovery XTTM IHC platform (Arizona, USA) for caspase 3, CD31 and 

CD3 or Dako PT Link/Autostainer Link 48 for CD8 (Agilent, Santa Clara, USA). The heat 

antigen retrieval for all the immunostainings was performed by putting the sections in EDTA 

(pH 8.4) for 8 min at 95°C, then 28 min at 100°C.  

The sections were washed with PBS at each step and incubated with primary antibody then 

secondary antibody, then washed again and incubated with avidin-biotin complex (ABC) 

solution (Vector Labs, Peterborough, UK), rinsed once again and incubated with the 3,3’- 

diaminobenzidine (DAB) substrate (Vector Labs, Peterborough, UK) for 5 min.  

The incubation time and dilution of the primary and secondary antibodies differed from one 

staining to another. For the staining of activated caspase 3 in the cell cytoplasm, the primary 

antibody was a rabbit immunoglobulin (Vector Labs, Peterborough, UK), diluted 1/200 and 

incubated at 37°C for 1h. After the washing steps, sections were incubated with the secondary 

antibody, biotinylated anti-rabbit (Vector Labs, Peterborough, UK) previously diluted 1/200, 

and incubated at 37°C for 24 min. For the staining of CD31 in the cell membrane, the primary 

antibody was a rabbit immunoglobulin (Vector Labs, Peterborough, UK), diluted 1/100 and 

incubated at room temperature for 1h. The secondary antibody, a biotinylated anti-rabbit 

(Vector Labs, Peterborough, UK) previously diluted 1/200, was incubated at 37°C for 28 min. 

For the staining of CD3 in the cell membrane and cytoplasm, the primary antibody staining, a 

rabbit immunoglobulin (Ventana Discovery XTTM, Arizona, USA) was used as provided by the 

manufacturer and incubated at 37°C for 12 min. The secondary antibody, an OmniMap anti-

rabbit horseradish peroxidase (HRP) (Ventana Discovery XTTM, Arizona, USA), was used as 

provided by the manufacturer and incubated at 37°C for 12 min. 

 

The quantification of the region of interest from caspase 3 and CD31 stainings within the 

tumour was performed using Visiopharm software 2020.09 (Copenhagen, Denmark). Results 

from caspase 3 were expressed as the positive fraction area calculated from the positively 

stained area and normalized by the combined area of positively and negatively stained pixels. 

To compare the vascularisation between tumour-free lungs and tumoral tissue, results from 

CD31 were instead expressed as the positive fraction area, calculated from the positively 

stained area and normalized by the total analysed tissue area.  
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2.6.  Efficacy study on M109-HiFR-Luc2 lung carcinoma model 
To evaluate the efficacy of CIS-DPI-50 in terms of tumour size during the treatment 

administration, it was mandatory to transfect the M109-HiFR mouse lung carcinoma cells with 

a luciferase reporter gene luc2 (pGL4.10[luc2] vector, Promega, Leiden, Netherlands), as 

performed for LLC1-Luc, in collaboration with Inhatarget Therapeutics. The development of 

this model consisted of an intrapulmonary graft of 1.4.104 cells, as described in Experimental 

part I-section 2.3.3.2. 

On the third day post cell engraftment (i.e. D3), mice were randomly allocated to one of the 

four groups of investigation. CIS-DPI-50 blends were prepared and administered to mice 

following the techniques described in Experimental part I-section 2.4.4.2 and section 2.4. 

Treatments were administered from D6 for two cycles and were established as follows: (i) 

negative control untreated group (n=8); (ii) CIS-DPI-50 blend at 0.3 mg/kg five times per cycle 

for two consecutive cycles (n=15); (iii) CIS-DPI-50 blend at 0.5 mg/kg three times per cycle 

for two consecutive cycles (n=15).  

BLI of the whole mice was performed following the technique described in section 2.3, two 

days per cycle at D3, D6, D10, D13, D17, D20, D23, D27, D30, D33 and D37. Finally, Kaplan-

Meier survival curves were established by excluding deaths related to the ET administration 

procedure, as previously reported [192,205,243]. A responder was defined as a mouse with 

tumour growth < 150% in comparison to the 100% value measured at D3. 

 

2.7.  Statistical analyses 
All statistical tests were conducted using GraphPad PRISM® (7.0a) software. The Kaplan-Meier 

curve and log-rank test with an analysis of the p value by means of the Holm-Šídák method 

were used for the survival analysis. Two-way ANOVA with Tukey-multiple post-testing was 

used to analyse mean tumour growth over time. One-way ANOVA and Bonferroni’s post-

testing was used to analyse the difference in terms of positive fraction area for caspase 3 staining 

and platinum concentration between groups. Results were considered as statistically significant 

(*) for p < 0.05, very significant (**) for p < 0.01, extremely significant for p < 0.001 (***), 

and extremely significant for p < 0.0001(****). Results are presented as the mean value ± 

standard error of the mean (SEM), unless otherwise indicated. 
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 Results and discussion 
3.1.  PK study of CIS-DPI-50 on Lewis lung carcinoma grafted mice  

3.1.1. Development of Lewis lung carcinoma model 

The LLC1-Luc model was developed to evaluate the efficacy and the tumour accumulation of 

CIS-DPI-50 on the most common reproducible syngeneic and orthotopic murine model of the 

literature. The advantage of this model is that the tumour microenvironment can be accurately 

depicted in the preclinical model [244]. Indeed, this was much needed in the study as in parallel 

to the biodistribution of CIS-DPI-50, the involvement of the immune cells in the tumour was 

also investigated. Moreover, this model was highly tumorigenic a few days following the 

engraftment, which would allow us to obtain an appropriate tumour mass for isolation and 

quantification. 

Different cell suspension concentrations were tested by Inhatarget Therapeutics. The cell 

suspension characterized by the longest median survival (i.e. 21 days) was selected. A long 

median survival was crucial in our case as our aim was to evaluate the PK biodistribution 

following the administration of CIS-DPI-50 repeatedly up to two cycles (i.e. 14 days). The 

intrapulmonary graft at the selected concentration (i.e. 5.104 cells/mL) mice showed BLI signals 

located in the mice thoracic cage, starting in D3, which proved the success of the graft. The 

signals increased exponentially from D3 until D13. Therefore this model was selected as it 

described a pulmonary localized tumour with a success of graft of 90%, as represented in 

Figure 42.A. In addition, lungs were harvested to visually evaluate the tumour mass to see 

whether it can be easily separated from tumour-free lungs, as illustrated in Figure 42.B, C and 

D.  

 

 
Figure 42: Characterization of  the LLC1-Luc model in mice in terms of BLI of intrapulmonary grafted mice with 
5.104 cells/mL at D3, D6, D9 and D13 (A). Mice lungs were harvested to visualize the evolution of lung tumours 
at D6, D8, D10, D13 and D20 (B). Representative images of the tumour implanted in the lungs (C) and its isolation 
from tumour-free lungs (D). The black arrows indicate the location of the tumour.  
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The results from this study confirmed the ability of the LLC1-Luc lung cancer model to induce 

the development of pulmonary tumours inside the thoracic cage, with limited metastases 

detected elsewhere (only low signals in the tails) from D3 to D13, as illustrated in Figure 42.A. 

The images taken from harvested days showed that the primary inoculation site on the left lung 

continued to grow from D6 up to D10. It is only from D13, that the tumour grew outside the 

left lung, and more precisely between the lungs. This tumour continued to expand until D20, 

and maintained its position between the lungs. On that day, the left lung was nearly completely 

necrotic while the tumour-free lungs were still constituted of normal tissue only, as illustrated 

in Figure 42.B. 

 

3.1.2. PK results and tumour accumulation following a single administration of 

CIS-DPI-50 

Considering the fast development of the tumour (i.e. median survival up to D21), and the length 

of CIS-DPI-50 regimens (i.e. two-week treatments), it was interesting to initiate the treatment 

at the earliest to (i) better control the tumour growth, and (ii) assure the ability to deliver two 

treatment cycles before mice death due to their tumour mass. As illustrated in Figure 42.C and 

D, the separation of the tumour mass from lung tissue was feasible on D6. Indeed, on that day, 

the tumour was large enough to be easily isolated from lung tissue. Therefore, the PK study on 

grafted mice was initiated on D6. CIS-DPI-50 and CIS-IV_2 were administered at their 

respective MTD, i.e. 0.5 mg/kg and 2 mg/kg. The determination of the MTD will be further 

detailed in Experimental part III-section 3.1. 

 

 
Figure 43: PK study following a single administration on D6 of CIS-DPI-50 or CIS-IV_2 (0.5 and 2 mg/kg, 
respectively) in LLC1-Luc grafted mice. Platinum concentrations were evaluated in tumour-free lungs (A), tumour 
(B), tumour fluid (C) and plasma (D). All results are expressed as means ± SEM (n=5-7 per timepoint). 
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As expected, CIS-DPI-50 Cmax in tumour-free lungs (i.e. both left and right lungs) was reached 

immediately (i.e. 1 min corresponding to the time required to euthanize the mice and collect 

organs) following its administration using the ET route, and was up to 15 ± 7 ng/mg (Table 

17). This corresponded to 29 ± 13% of the delivered dose, and was similar to the percentage 

previously obtained in healthy mice (26 ± 3%). The high SEM values can be related to the 

variability of administration, which can directly lead to higher variations of the Cmax in the 

tumour-free lungs and plasma.  

 
Table 17: PK parameters of PK study of CIS-DPI-50 at 0.5 mg/kg in LLC1-Luc grafted mice. These parameters 
were determined on the PK curves obtained in Figure 43. All results are expressed as means ± SEM (n=5-7 per 
timepoint). 

 
 

Following the administration of CIS-DPI-50, the platinum concentration quickly decreased 

from 15 ± 7 ng/mg to 2 ± 1 ng/mg in 30 minutes and was still decreasing 4h later when it 

reached 1 ± 1 ng/mg (Figure 43.A). The elimination from the tumour-free lungs followed two 

major phases, as observed in healthy mice (Figure 39). Indeed, it was characterized first by 

clearance of cisplatin, with a Keli of 0.058 min-1 and t1/2i of 12 min (versus 19 min in healthy 

mice), then of its adducts with a Kelt  of 0.0015 min-1 and t1/2t of 8h (versus 39h in healthy mice). 

Even considering this profile, and the 4-fold higher dose for CIS-IV_2 in comparison to CIS-

DPI-50, the cisplatin concentration in tumour-free lungs was more than 4-fold higher for CIS-

DPI-50 than for CIS-IV_2, 30 min after their administrations (1.9 ± 0.7 ng/mg for CIS-DPI-50 

vs. 0.42 ± 0.03 ng/mg, Figure 43.A).  

This biodistribution profile was close to that obtained during the PK study conducted on healthy 

mice as the Tmax (1 min), Keli (0.036 min-1) and t1/2i (19 min) were similar (Table 16). However, 

considering the 2-fold difference in terms of dose between the PK studies (i.e. CIS-DPI-50 at 

0.5 mg/kg vs. 1.0 mg/kg), the Cmax obtained in grafted mice was not proportionally lower than 

that obtained in healthy mice (19 ± 2 ng/mg, Table 16). This can be attributed to the differences 

in terms of lung masses between mice (i.e. 115 ± 2 mg for grafted-mice vs. 181 ± 2 mg for 

Pharmacokinetics
CIS-DPI-50 at 0.5 mg/kg

Tumour-free lungs Tumour Plasma

Cmax (ng/mg – ng/!L) 15 ± 7 20 ± 16 0.38 ± 0.07
Tmax (min) 1 120 30

AUC0-∞ (ng.min.mg-1 - ng.min. !L-1) 1071 ± 825 10683 ± 5836 30 ± 9
Keli (min-1) 0.058 0.0074

t1/2i (min) 12 94

Kelt (min-1) 0.0015 0.00078

t1/2t (h) 8 15
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healthy mice). In addition, the Kelt (0.00029 min-1) and t1/2t (39h) described a longer elimination 

in healthy mice. However, these comparisons should be considered with a great deal of 

precaution as the mice strains were different (CD1 and C57BL/6J mice), which could alter the 

drug biodistribution [245]. Indeed, differences in enzyme kinetics, metabolite formation, 

enzyme abundance and inducibility have been reported between strains [246,247].  

 

The biodistribution profile in tumour-free lungs was correlated to a progressive diffusion of 

platinum in the tumour. Indeed, the PK profiles in the tumour demonstrated the presence of a 

relatively high constant platinum concentration during the first hour (11 ± 6 ng/mg) following 

the administration of CIS-DPI-50 until reaching a peak concentration 2 hours later (20 ± 16 

ng/mg). The platinum concentration then slowly decreased until reaching 7 ± 4 ng/mg 4 hours 

later and 5 ± 2 ng/mg 24 hours later (Figure 43.A). The platinum concentration in the tumour 

following CIS-IV_2 administration was the highest at 30 minutes. At that timing, the platinum 

concentration following the administration of CIS-DPI-50 at a dose 4-fold lower was more than 

10-fold higher in the tumour (13 ± 7 ng/mg vs. 1.2 ± 0.1 ng/mg) (Figure 43.A). However, it is 

worth reporting that the first timing points were not considered in this study since in the first 

time points, the platinum concentration in plasma is high, as reported in healthy mice. 

Therefore, once isolated, the total platinum quantification inside the tumour could be attributed 

to the fraction of platinum retrieved in the tumour vessels and not to the fraction of platinum 

fixed within the tumour. Consequently, to avoid this bias, it was important to select time points 

at which the platinum concentration in plasma was at its lowest, while considering that the 

platinum concentration in the tumour would be the earliest in the first time points. To do so, the 

plasma platinum concentrations reported by Levet et al. 30 minutes following the 

administration of CIS-IV_1.25 and by our PK study, following the administration of CIS-

IV_1.5, both in healthy mice, were 0.32 ± 0.06 ng/𝜇L and 0.6 ± 0.1 ng/𝜇L, respectively [203], 

and were even lower 1h later. Therefore, the PK study following the administration of CIS-

IV_2 was conducted at 30 min, 1h and 2h to consider the fraction of platinum retrieved in the 

tumour once cisplatin was cleared from plasma. Figure 43.D showed that the platinum 

concentration in the plasma was at its highest 30 minutes (0.6 ± 0.1 ng/𝜇L) following the 

administration of CIS-IV_2 and decreased until reaching 0.15 ± 0.01 ng/𝜇L 2h later. This would 

have been certainly higher if the sampling was performed earlier. 

 

The evaluation of the platinum concentration in tumour fluid was assessed to verify whether 

the platinum quantified for the tumour was fixed within it or was deposited on its periphery, 
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without penetrating inside the tumour. As observed, the platinum concentration in the tumour 

fluid was at its highest 1 min following the administration of CIS-DPI-50 (272 ± 224 ng/𝜇L), 

was more than 19-fold lower 30 min later (14 ± 6 ng/𝜇L), and continued decreasing until 

reaching 2 ± 1 ng/𝜇L 4 hours later (Figure 43.C). This result correlated with the concentration 

in the tumour and tended to demonstrate a diffusion from the tumour periphery to the tumour 

core. This was also observed for CIS-IV_2, but to a lower extent, as the platinum concentration 

in tumour fluid was 8 ± 2 ng/𝜇L at 30 min and was 0 ± 1 ng/𝜇L 2h later. The difference in terms 

of tumour fluid concentration between CIS-DPI-50 and CIS-IV_2 can be attributed to a 

difference in terms of diffusion. Indeed, this was hypothesized considering that (i) the tumour 

fluid corresponded to the liquid in which the tumour was rinsed and (ii) the concentration drop 

in the tumour fluid was correlated with an increase within the tumour.  

 

These results were very encouraging, as the concentration in the tumour was immediately high 

following the administration of CIS-DPI-50 and increased slowly until reaching its peak 2h 

later, while platinum elimination was slow. Indeed, platinum was eliminated following two 

phases: a first elimination of cisplatin from lungs and tumours with a t1/2i of 12 min and 94 min, 

respectively; and a second elimination, probably of cisplatin adducts, with a t1/2i of 8h and 15h, 

respectively. Consequently, this was correlated with an AUC0-∞ of 10 683 ± 5 836 ng.min.mg-

1 in the tumour, which was nearly 10-fold higher in comparison with the AUC0-∞ in the tumour-

free lungs (1 071 ± 825 ng.min.mg-1) (Table 16). This result is very promising as it showed that 

following the administration of CIS-DPI-50, the tumour is more exposed and for a longer time 

to cisplatin than tumour-free lungs. Indeed, this would lead to a higher efficacy, with limited 

pulmonary injury from cisplatin in tumour-free lungs.  

 

This higher exposure in the tumour can be explained by factors intrinsic to both the tumour and 

to the molecule that can lead to a defect in the transit of cisplatin within it [248]. Indeed, apart 

from the drug size and its elimination half-time (t1/2), the distribution of a drug in the tumour 

depends on the degree of vascularization and angiogenesis of the cancerous tissue [248]. “Solid 

stress” related to uncontrolled cancer cell mitoses often leads to an incomplete angiogenesis. 

Angiogenesis is therefore often anarchic, with a low vascular density leading to irregular blood 

flow. In this case, the blood and lymphatic vessels often undergo compression by the tumour. 

Consequently, an increase in the interstitial fluid pressure of ~ 10-20 mm Hg is observed within 

the tumour in comparison to healthy tissue, leading to impediments to delivery and convection 

of small molecules and therefore to low clearance [70,249]. Moreover, as the cells and the 
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extracellular matrix (high levels of collagen and polysaccharide networks) are abnormally 

denser than with normal cells, both diffusion and convection are difficult to achieve, which 

increases this drug entrapment [70,249]. 

Three main mechanisms related to the gradient concentration are involved in the penetration of 

a drug in a tissue, as explained by Minchinton et al. [70]. The first parameter is drug supply and 

mostly depends on the dose and the PK. Indeed, the drug penetration inside the tumour is 

determined by the rate of diffusion through the tissue, which is dictated by the physiochemical 

properties of drugs (e.g. MW, charge and aqueous solubility). As cisplatin is a small, non-

charged molecule, it can diffuse through the plasma membrane using mostly passive diffusion, 

but this is achieved slowly as it is a hydrophile [91]. The second parameter is the flux. Once 

inside the cell, the low chloride concentration leads to the transformation of cisplatin into 

positively charged species (mono and di-aqua-cisplatin) that are able to undergo diffusion in 

the tissue through extracellular pathways [70]. In addition, as the extracellular matrix is known 

to have a rapid turnover, its modification is able to alter the penetration of the drug through the 

tumour, as cisplatin reactive species can bind to this matrix. Finally, the last parameter is 

consumption. Depending on the binding, metabolism and sequestration of the drug, the 

penetration can also differ [70]. Indeed, a low drug penetration is observed in the case of a high 

cellular metabolism or a high binding or sequestration (which both increase the concentration 

of a drug within the tissue). In the case of cisplatin, it is probable that the positively charged 

species, which are highly reactive, bind to the tissue, which would increase the tissue 

concentration and limit its penetration inside the deep layers. This can therefore explain the 

high tumour concentration in the tumour and its slow release. 

 

The platinum profiles in the tumour following the administration of CIS-DPI-50 showed a high 

variability among mice, while this was not observed in tumour-free lungs or in plasma for 

example. This could be attributed to the variation between tumours in terms of localisation 

(junctions between the bronchioles and alveoli), size (mass, volume) and also to the tumour 

microenvironment, as already reported for other cytotoxic drugs such as doxorubicin or 

etoposide, for example [70].  

 

Following the administration of CIS-DPI-50, the plasma Cmax was 0.38 ± 0.07 ng/𝜇L, the lowest 

in comparison to the tumour and tumour-free lungs. This was related to an AUC0-∞ of 30 ± 9 

ng.min.	𝜇L-1. These results were comparable to the PK parameters obtained in healthy mice 

with a 2-fold higher dose (i.e. 1.0 mg/kg vs. 0.5 mg/kg). The plasma concentration 30 min after 
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the treatment administration was 2-fold higher (0.7 ± 0.6 ng/𝜇L) and the AUC0-∞ more than 3-

fold higher (95 ± 30 ng.min.𝜇L-1) in healthy mice (Figure 39). The difference in terms of AUC0-

∞ can be attributed to the difference between mouse strains, as previously argued, and/or to the 

difference in the selected time points (up to 48h for the PK study in healthy mice vs. up to 24h 

for the PK study in grafted mice). However, the main difference between the two PK studies 

was the Tmax shift. Indeed, while this was observed immediately after the administration of CIS-

DPI-50 in healthy mice, this was only described after a delay of 30 min for grafted mice (Table 

16 and Table 17). This demonstrated that the presence of the tumour would have disturbed the 

normal biodistribution in terms of absorption/elimination mechanisms, leading to impaired 

clearance mechanisms. It is possible that cisplatin diffused from tumour-free tissue to the 

tumour before being eliminated in plasma, which led to a delay in reaching the plasma Cmax. In 

addition, as the tumour micro-environment is able to retain cisplatin, the elimination from the 

tumour could have been delayed, leading to a longer Tmax.   

As expected, and as previously reported, the platinum concentration in plasma was higher for 

CIS-IV_2 than CIS-DPI-50, with a value of 0.6 ± 0.1 ng/𝜇L, similar to that observed in healthy 

mice at 1.5 mg/kg and at the same timing (CIS-IV_1.5: 0.6 ± 0.1 ng/𝜇L).  

 

Overall, the biodistribution of CIS-DPI-50 administered using the ET route to LLC1-Luc-

grafted mice demonstrated promising results in terms of tumour exposure, with a favourable 

AUC0-∞ and clearance. On the other hand, a low plasma and tumour-free lung exposure was 

reported. Both results are good prognoses for CIS-DPI-50 efficacy as well as its pulmonary and 

systemic tolerance. Indeed, Kim et al. have reported a significant correlation between tissue 

platinum concentration and efficacy in terms of reduction of the tumour size, and increased 

survival and time to recurrence of the disease [204]. 

 

3.2.  Selection of the most appropriate CIS-DPI-50 monotherapy regimen 
Despite the promising tumour exposure to cisplatin following a single administration of CIS-

DPI-50, the strategy of maintaining high platinum concentrations in the tumours during the off-

cycles observed with IV chemotherapy can be successful only if CIS-DPI-50 is administered 

frequently. Therefore, the aim of this part was to select the regimen that most accumulated 

platinum in the tumours with limited concentration in healthy organs (tumour-free lungs, and 

kidneys) and in plasma. To do so, the platinum concentration in healthy tissues, plasma, and in 

the tumour were compared following repeated administrations of CIS-DPI-50 through different 
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regimens, as illustrated in Figure 41. Moreover, these regimens were administered over two 

cycles to evaluate whether the platinum accumulated during the treatment cycles.  

To do so, mice were administered, from D6 following the intrapulmonary graft, CIS-DPI-50 at 

three different doses (0.3, 0.5 and 1 mg/kg) over five times per cycle, for two cycles. To evaluate 

the effect of the frequency of administration, a fourth group was administered CIS-DPI-50 at 

0.5 mg/kg, three times per cycle (0.5 x 3), and was compared to the group treated with 0.3 

mg/kg, five times per cycle (0.3 x 5). Indeed, both groups had the same cumulative doses but 

fractionated into different days. Mice were euthanized at the end of each cycle (D10 and D17) 

at the Tmax selected in the previous study (i.e. 2h).  

 

3.2.1. Body weight profiles 

Following the administration of CIS-DPI-50 regimens, mice bw profiles were relatively stable 

and similar between all groups during the first cycle. At the end of the first cycle (D10), it 

should be mentioned that the 0.5 x 3 group showed the highest bw increase (3.9 ± 0.6%) among 

all treated groups, while the 1 x 5 group showed the lowest (1 x 5: 0.8 ± 0.7%) (Figure 44). 

This was certainly related to the toxicity of the cumulative dose of cisplatin: 1.5 mg/kg for 

0.5 x 3 vs. 5 mg/kg for 1 x 5. However, these toxicities were limited as no bw loss was reported. 

The bw of all the treated mice increased between D10 and D13 as no treatment was 

administered during these two days (Figure 41), while the bw remained stable for the untreated 

group. 

 

 
Figure 44: Bw profiles of untreated or treated LLC1-Luc-grafted mice, administered with CIS-DPI-50 either five 
times per week at 0.3 mg/kg (0.3 x 5), 0.5 mg/kg (0.5 x 5) or at 1 mg/kg (1 x 5) or three times per week at 0.5 
mg/kg (0.5 x 3). All results are expressed as means ± SEM (N=15-25). 
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Following the first administration during the second cycle (i.e. D13), all mouse groups started 

losing weight sharply until reaching, at the lowest, -6 ± 2% for 0.5 x 3, and at the highest, -11 

± 1% for 0.5 x 5 and -9 ± 2% for 1 x 5 on D17 (Figure 44). The bw of all mouse groups 

continued decreasing until D20. As these trends were followed by both treated and non-treated 

mice, these profiles demonstrated the aggressiveness of the LLC1-Luc model (bw losses of 

untreated mice) (Figure 44).  

 

3.2.2. Histology and immunohistochemistry investigation on Lewis lung 

carcinoma grafted mice 

Prior to the evaluation of platinum accumulation, it was interesting to investigate the lung tissue 

(i.e. tumours and tumour-free tissue) of the LLC1-Luc grafted mice. This was crucial for (i) 

understanding the cisplatin distribution within the tumour, (ii) the evaluation of the pulmonary 

inflammation of tumour-free tissue and (iii) the assessment of the tumour response to cisplatin.  

 

 
Figure 45: Histopathology of lung tissue of untreated (sampled on D6 (CTRL-D6), D13 (CTRL-D13) or D20 
(CTRL-D20)) or treated LLC-grafted mice, exposed to CIS-IV_2 alone, or after the administration of repeated 
administrations of CIS-DPI-50 following different regimens over two cycles. The groups’ abbreviations are 
described in Figure 41. Representative images of treated and untreated groups (A) and heat map of adverse 
observations (in scale of concerned proportion of mice) and severity scores (from 0 to 5) depending on lung tissue 
inflammation and response scores (from 0-1) depending on tumour response (B). The evaluation of the mouse-
lung histopathological sections was performed to analyse the pulmonary inflammation and to investigate the 
tumour response to the treatment by evaluating necrosis and LYM infiltration. The black arrows indicate the 
necrotic areas. 
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The evaluation of the inflammation did not show any inflammation of tumour-free tissue for 

any group as no adverse side-effect was reported (Figure 45.B). Indeed, no bronchiolar 

epithelial vacuolation (BEV), acute bronchopneumonia (AB), perivascular oedema, alveolar 

luminal macrophages, intra-alveolar fibrin or intra-alveolar haemorrhage were reported. This 

was an interesting result as the lungs of this specific mouse strain seemed to tolerate up to 10 

mg/kg of cisplatin as a cumulative dose delivered continuously using CIS-DPI-50 (i.e. 1 mg/kg 

administered five times per cycle, over two cycles).  

The tumour-free lung tissue showed a well-spaced organization, with the bronchioles and the 

alveoli clearly represented (Figure 45.A). In contrast, the tumour tissue showed a higher 

density, uncontrolled mitoses and anarchic organization (Figure 45.A). To evaluate the 

treatment efficacy, we followed the new recommendations on how to determine whether an 

antitumour response has occurred on neoadjuvant chemotherapy prior to resection [239]. This 

evaluation was performed by an independent pathologist and was mostly done by analysing the 

presence of necrosis in the tumour tissue and LYM infiltration, demonstrating the ongoing 

response to the treatment. The analyses of the untreated groups did not show any major 

difference in terms of tumour response, irrespective of the day post-graft (Figure 45.B). 

However, localized necrosis outbreaks were reported for untreated groups on D13 and D20 

(CTRL-D13, CTRL-D20). These observations were light and concerned fewer than 20-50% of 

the mice. Indeed, higher necrosis was retrieved for CTRL-D13 in comparison to CTRL-20. 

Despite the fact that the latter has an increased tumour mass, it is worth mentioning that this 

group was only composed of two mice, as they died from their tumour (i.e. median survival of 

untreated groups: 21 days). For both groups, this can be attributed to the necrosis within the 

tumour due to its inability to exchange with bloodstream (oxygen, nutriments) efficiently, 

leading to tumour hypoxia [70]. Indeed, as represented in Figure 46, a huge gap is observed in 

terms of vascularization (i.e. CD31 staining) between the tumour-free lungs and the tumour 

tissue. Moreover, as the days post-graft passed (CTRL-D6, CTRL-D13 and CTRL-D20), the 

tumour got bigger and invaded the tumour-free lungs, leading to a decreased CD31 staining 

(Figure 46.B, C and D) and to the necrosis of cells from the core of the tumour. To assess 

objectively the difference in terms of vascularization between the tumour-free lungs and the 

tumour, the CD31 immunostaining was quantified by analysing the positive fraction area of the 

endothelial cells from both tissues and was normalized by the total analysed surface (Figure 

46.A). These results confirmed these illustrations as the positive area fractions from the tumour 

were lower than those obtained with tumour-free lungs. Indeed, the positive area fraction of the 

tumour-free lungs in comparison to the tumour tissue was 1.4-fold higher for CTRL-D6 (p > 
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0.05), 5-fold higher for CTRL-D13 (p < 0.01) and up to 6-fold higher for CTRL-D20 (p < 

0.001). This observation also showed that the more the tumour size increased, the more the gap 

in terms of vascularization was significant. This phenomenon is one of the most limiting factors 

for the efficacy of cytotoxic drug as the access to the tumour cells is congested [70].   

 

  
Figure 46: Positive area fraction of activated CD31 staining on level 2, of the untreated groups on D6 (CTRL-D6), 
D13 (CTRL D13) and D20 (CTRL-D20) post-graft (A). Results are expressed as means ± SEM (n=2-8). The 
statistical analyses were performed vs. their corresponding group using one-way ANOVA and Bonferroni’s post-
test (*** for p < 0.001 and ** for p < 0.01). Representative images of CD31 immunostaining of the following 
untreated groups are given: CTRL-D6 (B), CTRL D13 (C) and CTRL-D20 (D). 

 

No sign of tumour response in terms of necrosis or LYM infiltration was reported following a 

single administration of CIS-IV_2 (Figure 45.B). However, this was observed for a less 

cumulative dose (i.e. 1.5 mg/kg) when CIS-DPI-50 was administered following a one-cycle 

administration of the 0.3 x 5 regimen. Moreover, all the groups treated with CIS-DPI-50 

demonstrated an increased response to the treatment irrespective of the dose or the frequency. 

Indeed, this was observed by an increase in the proportion of animals who developed necrosis 

(i.e. 20-60% of the mice) as well as increased LYM infiltration. This demonstrated the ongoing 

interaction with the immune system to either eliminate tumour cells and/or to initiate 

inflammation [250] (Figure 45.B).  
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Following the two-cycle administration, the tumour response seemed to be increased as all the 

treated groups demonstrated increased necrosis (i.e. 80-100% of the mice) as well as increased 

LYM infiltration when compared to their respective control, as represented in Figure 45.B. 

Arrows were displayed in Figure 45.A to visualize these necrosis areas from which cells are 

lacking, demonstrating the activity of cisplatin after its release from CIS-DPI-50.   

To visualize the T LYM infiltration, CD3 was used as a marker for T LYM identification and 

showed an increased staining intensity for the highest dosed groups in comparison to their 

control (Figure 47). Indeed, while limited staining intensity was observed for CIS-IV_2, a 

higher staining was observed following the two-cycle treatment. Therefore this result tended to 

confirm the observation obtained on HE-stained slides. However, it should be mentioned that 

the immunostaining of CD3 was not quantified and is represented in Figure 47 as a qualitative 

result. To effectively distinguish the effect of the treatment in terms of dose and frequency of 

administration on T LYM infiltration, the CD3 staining should be quantified.  

 

  
Figure 47: Representative images of CD3 immunostaining of treated groups following a single administration of 
CIS-IV_2, or repeated administrations of CIS-DPI-50 at the highest dose over two cycles and their corresponding 
controls. The groups’ abbreviations are described in Figure 41. 

 

Apart from necrosis, which is one of the two main mechanisms of cisplatin, the activity of 

caspase 3 as a marker of apoptosis was selected as it is commonly used as a cytoplasmic marker 

to detect cisplatin antitumour effect [251] (Figure 48.C). Indeed, once cisplatin is in the cells, 

it converts into highly reactive metabolites that are able to (i) interact with several targets such 

as mitochondria and DNA and (ii) generate various ROS leading to the activation of caspases. 
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A general consequence of these mechanisms is apoptosis [128]. The identification of caspase 3 

was performed on two levels spaced by 150	𝜇m to evaluate whether cisplatin activity was 

maintained deeper in the tumour, thus demonstrating its penetration in the tumour tissue.  

A non-significant increase was observed in terms of the caspase 3 positive area fraction between 

the untreated groups (CTRL-D6, CTRL-D13 and CTRL-D20), at both levels. Indeed, as the 

days post-graft passed, this fraction was 19-fold higher between CTRL-13 and CTRL-D6 and 

up to 27-fold higher between CTRL-D20 and CTRL-D6. This tended to demonstrate an 

increase apoptosis of untreated cancerous cells, which can be observed in hypoxic areas as 

described previously [252]. Indeed, hypoxia can result from the incomplete vascularization of 

the tumour, as represented with CD31 immunostaining in Figure 46.  

 

 
Figure 48: Positive area fraction from the positively activated caspase-3-stained area normalized by the positively 
and negatively stained pixels in the tumour at two levels (A and B), separated by 150 𝜇m, following the 
administration of CIS-IV_2 and one- or two-cycle treatment of CIS-DPI-50. The groups’ abbreviations are 
described in Figure 41. Results are expressed as means ± SEM (n=2-8). Representative images (C) of activated 
caspase-3 immunostaining of the untreated groups (CTRL-D6, CTRL-D13 and CTRL-D20) and of the groups 
treated with the most drastic conditions in terms of cisplatin total dose (CIS-IV_2, 1 x 5) following one- and two-
cycle treatment. The slices from AB– (negative control) were not treated with the primary antibody (AB) whereas 
this was done for the AB+ (positive control).  

 

Following a single administration of CIS-IV_2, no statistically significant difference (p > 0.05) 

in terms of positive caspase 3 area fraction was observed at any level (Figure 48.A and B) in 
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comparison with their relative untreated groups CTRL-D6, CTRL-D13 and CTRL-D20. In 

addition, none of the groups treated with CIS-DPI-50 significantly increased the caspase 3 

positive area fraction in comparison with their corresponding negative control after both 

treatment cycles and at both levels (Figure 48.A and B). This was regardless of the dose and 

frequency of administration. The variabilities observed within these groups can be related to 

the tumour variability in terms of size, location and microenvironment, as explained previously 

[70]. Moreover, this also showed the difficulty of cisplatin in killing tumour cells. This 

difficulty probably resulted from the high density of the tumour tissue, which would prevent 

the drug from diffusing efficiently [70].  

 

Overall, these results showed the limited efficacy of cisplatin activity, irrespective of the 

regimen. Moreover, the results obtained in terms of tumour masses between groups were 

aligned with these observations. Indeed, as illustrated in Figure 49.B, no significant difference 

in terms of tumour masses were reported between treated and untreated groups (p > 0.05). This 

observation demonstrated the limited efficacy of cisplatin on this model, as previously reported 

in preclinical studies [253,254].  

 

 
Figure 49: Tumour masses of all the grafted treated and non-treated mice (A). Tumour masses of the non-treated 
group and treated groups (0.3x5, 0.5x5, 0.5 x3 and 1x5), following two cycles of treatment, on D17 (B). The 
groups’ abbreviations are described in Figure 41. All results are expressed as means ± SEM (N=4-71). The 
statistical analyses were performed vs. their corresponding negative control group using one-way ANOVA and 
Bonferroni’s post-test and were described as **** p < 0.0001.  
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Therefore to select the most promising regimen in terms of drug accumulation in lung tumours, 

it was interesting to investigate the platinum concentration following the administration of CIS-

IV_2 and of the different regimens of CIS-DPI-50.  

 

3.2.3. Platinum accumulation 

Following the administration of the first cycle of CIS-DPI-50 regimens, no significantly 

platinum accumulation was reported in tumour-free lungs, tumour, plasma or kidneys in 

comparison with a single administration of CIS-DPI-50 (Figure 50). 

 

 
Figure 50: Platinum concentration in tumour-free lungs (A), tumour (B), tumour fluid (C), plasma and kidneys in 
LLC grafted mice on D6 2h following a single administration of CIS-DPI-50 at 0.5 mg/kg or CIS-IV_2 at 2.0 
mg/kg (illustrated from the results obtained from Figure 43) or repeated administrations of CIS-DPI-50 following 
different doses and frequencies over two cycles. The groups’ abbreviations are described in Figure 41. All results 
are expressed as means ± SEM (n=7-11 per timepoint). The statistical analyses were performed vs. their 
corresponding group using one-way ANOVA and Bonferroni’s post-test (**** for p < 0.0001, *** for p < 0.001,** 
for p < 0.01 and * for p < 0.05). To simplify the figures, only the statistical results between 2_groups and 1_groups, 
and CIS-DPI-50 and CIS-IV_2, were represented. 

 

No statistically significant change (p > 0.05) in terms of platinum concentration was observed 

in tumour-free lungs among the groups (Figure 50.A). In addition, the platinum concentrations 

were lower, but not statistically different, from a single administration of CIS-DPI-50 (i.e. 0.7 

± 0.2 ng/mg), as reported in the previous PK study in LLC grafted-mice (Figure 43.A). These 

results confirmed the trends obtained with the previous PK study in grafted mice, demonstrating 

that CIS-DPI-50 was completely cleared from the lungs within 24h (Figure 43.A). This trend 
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was also observed in a PK study made in healthy CD1 mice, even it was made on another strain 

of mice (Figure 39). 

 

The platinum concentration in the tumour 2h following the single administration of a 4-fold 

lower dose of CIS-DPI-50 was more than 7-fold higher than CIS-IV_2 (p < 0.05, Figure 50.B). 

The platinum concentration in the tumour following repeated administrations of CIS-DPI-50 

during one cycle showed no sign of accumulation in comparison with a single administration 

of CIS-DPI-50 (p > 0.05, Figure 50.B). Indeed, no higher platinum concentration was reported 

for these groups in comparison to a single administration of CIS-DPI-50 (1_0.3 x 5: < LOQ, 

1_0.5 x 5: 1.5 ± 0.9 ng/mg, 1_1 x 5: 2.6 ± 0.8 ng/mg, vs. 3.1 ± 0.2 ng/mg for a single 

administration of CIS-DPI-50, Figure 50.B). Moreover, no significant difference was reported 

between them at the end of the first cycle. These results were aligned with those obtained with 

the quantification of caspase 3 in terms of cisplatin activity (Figure 48). The variabilities 

observed in these trends can be related to the technique of administration and to the tumour 

variability, as explained previously. In addition, Figure 49.A showed that even though this was 

not statistically significant, the tumour masses were more than 2-fold higher in D10 in 

comparison to D6 in all treated mice (23 ± 3 mg vs. 9.9 ± 0.9 mg), which would alter the access 

and penetration of cisplatin inside the tumour. Indeed, a bigger tumour would have denser and 

more complex extracellular matrixes, which could limit the exposure of all the tumour cells to 

cisplatin [70]. 

Interestingly, the platinum concentrations in the tumour were higher than those observed in 

tumour-free lungs for all groups except 1_0.3 x 5, for which the platinum concentration in 

tumour-free lungs was very low (0.12 ± 0.06 ng/mg). Indeed, the platinum concentration in the 

tumour was 2-fold (1_0.5 x 3), 4-fold (1_0.5 x 5) and up to 6-fold higher (1_1 x 5) in the 

tumour than in tumour-free lungs. Moreover, it seemed that the higher the cumulative dose was, 

the higher the dose in the tumour, which tended to demonstrate a higher penetration within the 

tumour than in tumour-free lungs. Therefore, it can support the diffusion theory based on the 

gradient of concentration, with a higher concentration gradient that led to a higher penetration 

in the tumour, as previously explained [70]. It seemed that for a lower dose than 0.5 mg/kg, the 

concentration gradient generated was not high enough to potentialize the penetration of 

cisplatin inside the tumour.  

 

The results of platinum concentration in tumour fluid (i.e. tumour lavage fluid) were all higher 

at the end of the first cycle treatment, when compared to a single administration of CIS-DPI-
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50. However, this was only statistically significant for the highest cumulative dose (1_1 x 5, p 

< 0.05, Figure 50.C). In addition, the tumour fluid concentration following 1_1 x 5 was 

statistically different from that observed for all the other treated groups, irrespective of the 

cumulative dose (p < 0.001 for 1_0.3 x 5, p < 0.01 for 0.5 x 5) or the frequency of 

administration (p < 0.001 for 1_0.5 x 3). This demonstrated that the most repeated 

administration of the highest dose of CIS-DPI-50 led to an increased platinum concentration in 

the tumour periphery in comparison to less-dosed or less frequent regimens. Administering the 

1_1 x 5 regimen could favour a higher concentration gradient and therefore lead to a higher 

penetration of cisplatin in the tumour, as demonstrated by the highest concentration reported 

for this group in the tumour fluid and in the tumour (Figure 50.B). Indeed, drug supply is the 

first parameter that governs the gradient concentration and triggers the penetration of a drug in 

a tissue [70], as described in the previous section. 

As expected, and as already reported in Experimental part I, the platinum concentration in 

plasma following the administration of CIS-IV_2 was more than 3-fold higher in comparison 

to CIS-DPI-50 2h following their administration (0.15 ± 0.01 ng/𝜇L vs. 0.041 ± 0.009 ng/𝜇L, 

p < 0.0001) (Figure 50.D). No statistically significant difference in terms of platinum 

concentration in plasma was observed following repeated CIS-DPI-50 administrations during 

one cycle in comparison to a single administration of CIS-DPI-50, irrespective of the 

cumulative dose, and the frequency (p > 0.05, Figure 50.D). In addition, no significant 

difference among the groups treated for one cycle was reported (p > 0.05, Figure 50.D). These 

results confirmed those obtained in plasma in terms of clearance during the PK study of a single 

administration of CIS-DPI-50 in healthy CD1 mice (Figure 39), even it was made on another 

mouse strain. Indeed, a 24h-delay between CIS-DPI-50 administrations was enough to avoid 

platinum accumulation following repeated administrations and therefore would avoid systemic 

toxicities, as no differences were observed between the groups administered CIS-DPI-50 in a 

single administration, or the ones treated with 1_0.3 x 5 or 1_0.5 x 3 (Figure 50.D).  

 

Considering that the cisplatin DLT (i.e. nephrotoxicity) is related to the platinum concentration 

(Cmax or AUC) within the tissue [255], the evaluation of platinum concentration in the kidneys 

was tremendously important. As previously observed in plasma, the platinum concentration in 

the kidneys following the administration of CIS-IV_2 was more than 7-fold higher in 

comparison to CIS-DPI-50 2h following their administration (2.03 ± 0.04 ng/mg vs. 0.26 ± 0.03 

ng/mg p < 0.05) (Figure 50.D). No statistically significant differences in terms of platinum 

concentration in the kidneys were observed between the groups administered CIS-DPI-50 
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repeatedly for one cycle and a single administration of CIS-DPI-50 (p > 0.05, Figure 50.E). 

Moreover, this was not reported between the groups treated for one cycle irrespective of the 

cumulated dose and regimens (p > 0.05, Figure 50.E). As expected, the lowest concentration 

among these groups resulted from 1_0.5 x 3 as the platinum concentration in kidneys was 0.7 

± 0.2 ng/mg (Figure 50.E).  

 

Following the second treatment cycle, considerable increases in terms of platinum 

concentration in the tumour-free lungs, fluid tumour, plasma and kidneys were reported for all 

the regimens (Figure 50). Moreover, these were correlated with a significant drop in terms of 

platinum accumulation in the tumours.  

 

Indeed, in the tumour-free lungs, even when non-significant (p > 0.05), all platinum 

concentrations were higher for all groups at the end of the second cycle, in comparison to those 

treated with one cycle of administration of CIS-DPI-50 (Figure 50.A). The platinum 

concentration was 10-fold higher for 2_0.3 x 5 than for 1_0.3 x 5, more than 3-fold higher for 

2_0.5 x 5 vs. 1_0.5 x 5 and for 2_0.5 x 3 vs. 1_0.5 x 3, and more than 4-fold higher for 2_1 x5 

vs. 1_1 x 5 (Figure 50.A). These differences were only statistically significant for 2_1 x 5 in 

comparison with 1_1 x 5 (p < 0.05).  

In the tumour, the platinum concentrations for almost all groups (except for 2_0.3 x 5) 

significantly decreased in comparison to a single administration of CIS-DPI-50 (D6). Indeed, 

these differences were statistically significant for 2_0.3 x 5 (p < 0.01), 2_0.5 x 5 (p < 0.05), 

2_1 x 5 (p < 0.01) and even for the group treated less frequently 2_0.5 x 3 (p < 0.01) (Figure 

50.B). Moreover, these concentrations were also lower in comparison to the groups treated until 

the end of the first treatment cycle (D10), as illustrated in Figure 50.B. This decrease was not 

statistically significant for these groups in comparison to their respective groups treated for one 

cycle, except for 1 x 5 (p < 0.05 between 2_1 x 5 and 1_1 x 5).  

In the tumour fluid, following the second cycle of administration, all the platinum 

concentrations were higher than with a single administration of CIS-DPI-50, irrespective of the 

regimen (Figure 50.C). However, these results were only significant for the groups treated five 

times per cycle (p < 0.001 for 2_0.3 x 5, p < 0.0001 for 2_0.5 x 5, and p < 0.0001 for 2_1 x 5, 

Figure 50.C). In addition, the groups treated five times per cycle for two cycles showed 

significantly higher concentrations in comparison to their related groups treated for one cycle 

(p < 0.01 for 2_0.3 x 5, p < 0.0001 for 2_0.5 x 5, and p < 0.01 for 2_1 x 5, Figure 50.C). 
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In plasma, following the second cycle of administration, the platinum concentrations of the 2-

cycle treated groups were statistically all higher than both CIS-DPI-50 administered alone or 

for one cycle. Indeed, the ratios of platinum-concentration increase for these groups increased 

proportionally to the cumulative dose (Figure 50.D). Moreover, all the groups treated for two 

cycles showed statistically higher platinum concentrations in plasma in comparison to their 

respective groups treated over one cycle. The platinum concentration for 2_0.3 x 5 was more 

than 4-fold higher than for 1_0.3 x 5 (p < 0.001), the concentration for 2_0.5 x 3 was 3-fold 

higher than for 1_0.5 x 3 (p < 0.01), the concentration for 2_0.5 x 5 was more than 5-fold higher 

than for 1_0.5 x 5 (p < 0.0001), and for 2_1 x 5 was more than 4-fold higher than for 1_1 x 5 

(p < 0.0001).  

In the kidneys, the platinum concentrations for all groups following the second cycle were 

higher than for CIS-DPI-50 administered alone or for one cycle. Indeed, the platinum 

concentration in the kidneys following 2_0.3 x 5 was more than 4-fold higher than for 1_0.3 x 5 

(p < 0.01), the concentration for 2_0.5 x 5 was more than 5-fold higher than for 1_0.5x5 (p < 

0.001), and for 2_1x5 was 3-fold higher than for 1_1x5 (p > 0.05, Figure 50.E). Moreover, the 

platinum concentrations in kidneys of all groups were all similar as no significant difference 

was observed among these groups (p > 0.05, Figure 50.E). 

 

The differences in terms of platinum concentration in the tumour and tumour fluid obtained 

from the mice treated for two cycles were related to the statistically increased tumour masses 

(Figure 49, and Figure 50.B and C) and density. Indeed, a higher platinum concentration in 

the tumour fluid was retrieved on D17 in comparison to D10. However, this higher 

concentration was not able to trigger an increased platinum concentration in the tumour, 

showing that cisplatin had difficulty in penetrating a denser, less-organized and bigger tumour, 

while the penetration into a smaller tumour was certainly easier [70]. Indeed, on D17 (i.e. the 

end of the second cycle), the tumour mass of all treated mice was more than 20-fold higher in 

comparison to D10 (p < 0.0001) and more than 50-fold higher than tumour masses on D6 (p < 

0.0001, Figure 49.A), as observed as in Figure 42.B.  

Moreover, considering the sharp bw losses starting from D13 (i.e. the first day of the second 

cycle) (Figure 44) as well as the deterioration in the overall condition (dehydration, curled in 

bowls), most of the mice were considered to be in a moribund state by D17 [256–258]. This 

was mainly due to the (i) the aggressiveness of the model (i.e. rapid tumour development), 

illustrated by a low median survival of untreated mice (i.e. 21 days) and (ii) the lack of 

sensitivity of the LLC-carcinoma model to cisplatin, as observed by the results obtained with 
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the tumour masses and with the caspase-3 activity [253,254]. Moreover, due to the uncontrolled 

mitoses and the necrosis of the tumour-free lungs by the tumour, it is probable that the lungs 

started losing their clearance function, leading to an increased accumulation in the tumour 

periphery and in tumour-free lungs. Indeed, various reviews have reported cilia and 

macrophage phagocytosis clearance dysfunction in the case of lung tumours [259,260]. 

Although not observed following the one-cycle treatment, the accumulation in tumour-free 

lungs was significantly higher than in the tumour following the two-cycle treatment. The 

platinum concentration in tumour-free lungs was 4-fold higher for 2_0.3 x 5, 2-fold higher for 

2_0.5 x 5, and 4-fold higher for 2_1 x 5 than in tumour, irrespective of the cumulative dose. 

This could be related to the obstruction of the airways, leading to a deviation of the delivered 

CIS-DPI-50 to the tumour-free lungs. Animals in a moribund state experience a decreased food 

and water intake, leading to severe bw losses and dehydration [256–258]. This could have led 

to increased concentrations of cisplatin in plasma and kidneys. In parallel, this moribund state 

could have led to a filtration defect in the kidneys and to an accumulation of cisplatin in the 

kidneys and thus in plasma.  

 

Therefore, selecting a regimen as promising on the basis of the results obtained after the two-

cycle treatment could be skewed. In addition, considering the proportion of tumour masses in 

comparison to the tumour-free tissue, the overall condition of the mice was moving away from 

what could be observed in lung cancer patients (Figure 42.B). Consequently, the selection of 

the most promising regimen was based on the PK results obtained after a one-cycle treatment.  

 

The differences observed in terms of platinum accumulation in plasma, kidneys and tumour-

free lungs between the regimens were non-statistically significant. Therefore, the selection of 

the most appropriate regimen could be done on the basis of the highest accumulation in the 

tumour. Even though non-statistically significant, the highest platinum accumulations in the 

tumours were reported for the most dosed regimens (i.e. 0.5 x 5 and 1 x 5) in comparison with 

the other regimens. Therefore, if these regimens were intended to be administered alone, they 

would have been selected to potentialize the efficacy of CIS-DPI-50 as a monotherapy. 

However, considering that the aim of this work was to combine several administrations of these 

regimens with conventional IV chemotherapy, it was safer to consider regimens with the less 

cumulative cisplatin dose, i.e. 0.3 x 5 and 0.5 x 3. Indeed, this was done to avoid cumulative 

toxicities from the combination of IV chemotherapy and CIS-DPI-50 regimens. The 

consideration of the tolerance at this step is crucial as IV chemotherapy is, on its own, 
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responsible for high systemic toxicities and, most importantly, for severe DLTs such as 

nephrotoxicity with cisplatin. Therefore, the 0.3 x 5 and 0.5 x 3 regimens were both selected to 

be evaluated in terms of efficacy on another lung carcinoma model that is sensitive to cisplatin. 

Indeed, this study aimed to compare the efficacy of the administration of a lower dose more 

frequently (i.e. 0.3 x 5) with a higher dose less frequently (i.e. 0.5 x 3), considering the same 

cumulative dose (i.e. 1.5 mg/kg per cycle).   

 

3.3.  Efficacy study  
3.3.1. Development of M109-HiFR-Luc2 lung carcinoma model 

Due to the limited sensitivity of cisplatin on LLC1-Luc reported in the previous section, in other 

in vivo studies conducted by Inhatarget Therapeutics and in the literature [253,254], the efficacy 

of the selected regimens was assessed on another syngeneic and orthotopic model: the M109-

HiFR-Luc2 lung carcinoma model. Therefore, to evaluate the tumour size, which is a crucial 

marker of the treatment efficacy, it was mandatory to transfect M109-HiFR cells by Luc2 to 

follow their progression using BLI analysis. The intrapulmonary graft of 1.4	 × 	104 cells was 

the standard protocol optimized previously [211] to obtain lung tumours localized in the 

thoracic cage. Following the graft, all grafted mice developed lung tumours on D5 (5/5, 100%), 

validating the method optimized by Rosière et al. [211], as represented in Figure 51. One week 

later, these signals were more intense and were still localized in the same area, demonstrating 

the continuous development of lung cancer cells in the thoracic cage, leading to mouse death 

23 days post-graft. Therefore, this model was selected as the preclinical model on which the 

efficacy study would be conducted.  

 

 
Figure 51: Characterization of M109-HiFR-Luc2 lung carcinoma model in mice in terms of BLI grafted mice at 
day 5 and 12 following an intrapulmonary graft of 1.104 cells/mL. 
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3.3.2. Body weight profiles 

To evaluate the influence of the frequency of administration on the overall condition, BALB/c 

mice were intrapulmonary grafted and were randomized before receiving CIS-DPI-50 

administered on D6 at the same cumulative dose (i.e. 1.5 mg/kg) following the two selected 

regimens (i.e. at 0.3 mg/kg five times per cycle – 0.3 x 5, or at 0.5 mg/kg three times per cycle 

0.5 x 3) that would both be compared to untreated mice (Figure 41).  

The evaluation of bw profiles showed limited bw losses among all groups. The bw of untreated 

groups increased until D17 (3 ± 1%), and started decreasing from D20, until reaching -3.5 ± 

0.5% on D27 (Figure 52). However, bw losses were noticed earlier for the treated mice groups 

and reached -6 ± 2% for 0.3 x 5 and -3 ± 2% for 0.5 x 3 on D17, and were correlated to the 

administration of CIS-DPI-50. This was certainly related to the cumbersomeness of the 

technique of administration (involving anaesthesia, ET intubation and delivery of powder into 

the lungs using several air puffs), and to the drug toxicity. These losses continued to decrease 

until reaching -10 ± 5%, for 0.3 x 5 and -11 ± 3% for 0.5 x 3, on D27. Even though the bw 

losses were similar for the treated groups, the increased frequency of administration led to 

slightly stronger bw losses in the middle and by the end of the second treatment cycle (i.e. D13, 

D17), as illustrated in the profiles in Figure 52. However, the decreases in bw were lower than 

10% and were therefore considered as acceptable as the limit point is 20%.  

 

 
Figure 52: Bw profiles of untreated grafted mice or grafted mice (M109-HiFR-Luc2) treated with CIS-DPI-50, 
administered either five times per week at 0.3 mg/kg (0.3 x 5) or three times per week at 0.5 mg/kg (0.5 x 3). All 
results are expressed as means ± SEM (N=8-19) from D3 to D27 (i.e. last day untreated mice alive) 
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3.3.3. Tumour size and responder rate 

Tumour growth results indicated an exponential increase in untreated control mice (Figure 

53.A), with a steep slope, illustrating the aggressiveness of the M109-HiFR-Luc2 lung 

carcinoma model. The administration of CIS-DPI-50 repeatedly following 0.3 x 5 and 0.5 x 3 

showed a slower increase in the tumour growth in comparison with untreated groups (Figure 

53.A, B, C). This showed that the administration of CIS-DPI-50 seemed to slow down the 

tumour growth.  

Figure 53.D showed that during the first 17 days (i.e. until the end of the treatment), the mouse 

group treated with 0.3 x 5 had a slightly higher tumour growth rate in comparison with the 

untreated group and with the group treated with 0.5 x 3. As soon as the treatment was 

discontinued, the negative control group tumour growth rate continued to increase 

exponentially until D31, while the tumour growth rate was slowed down for both treated groups 

(i.e. different slopes between treated and untreated groups). The difference between the treated 

and untreated groups was statistically significant on D23 and D31, i.e. 6 and 14 days following 

the treatment administration (p < 0.001, Figure 53.D).  

 

 
Figure 53: Tumour growth (log 10, % related to day 3) according to BLI and expressed per subject for the negative 
control group (A) and following the administration of CIS-DPI-50 at 0.3 mg/kg 5x/cycle (B) or at 0.5 mg/kg 
3x/week (C) or as mean ± SEM (D) (n=8-19). The proportion of responders over time (E) as well as the Kaplan-
Meier curves of these groups (E) are represented. * p < 0. 05, ** p < 0.01 and **** p < 0.0001 between the 
negative control and the two treated groups (two-way ANOVA with Tukey-multiple comparison test). 

 

Proportion of responders over time

Day post-graft

Mean tumour growth

Day post-graft

Negative control

Day post-graft

CIS-DPI-50 at 0.3 mg/kg 
5x/cycle : 0.3x5

Day post-graft

CIS-DPI-50 at 0.5 mg/kg 
3x/cycle : 0.5x3

Day post-graft

A B C

D E**** ****

Kaplan-Meier survival curve

Day post-graft

** *

Negative control
0.3x5

0.5x3

F



Experimental part II: Selection of cisplatin-based DPI monotherapy regimen 

 169 

A responder was defined as a mouse with tumour growth < 150% in comparison to the 100% 

value measured at D3. Therefore the untreated mice for which a tumour growth was slower 

than 150% were plotted as “responders” to this graft but should not be considered as such. 

Consequently, as these mice are untreated, the tumour masses increased over time leading to 

the disappearance of this signal by the end of the treatment period. As anticipated, mice treated 

with CIS-DPI-50 at both regimens showed a percentage of responders of up to 33% (Figure 

53.E). This confirmed the activity of CIS-DPI-50 on the M109-HiFR-Luc2 lung carcinoma 

model, irrespective of the frequency. Following the administration of 0.3 x 5 and 0.5 x 3, the 

percentage of responders reached 27% on D9 and continued its increase until reaching a peak 

on D17. This was maintained until D20 when a decrease was then noticed, certainly due to the 

end of the treatment administration (Figure 53.E).  

 

3.3.4. Survival analysis 

The survival analysis confirmed the trends obtained from tumour growth rate and responder 

proportion analyses. Indeed, the added value of the administration of CIS-DPI-50 following 

both the 0.3 x 5 and 0.5 x 3 regimens increased significantly the median survivals (p < 0.01 and 

p < 0.05, respectively, log rank test), in comparison with untreated mice (median survival time 

of 31 vs. 23 days, Figure 53.F). Moreover, these results also confirmed that no significant 

difference between 0.3 x 5 and 0.5 x 3 was observed (p > 0.05), as their median survival days 

were both observed at 31 days (Figure 53.F).  

 

The difference in terms of efficacy observed between the LLC1-Luc and the M109-HiFR-Luc2 

once CIS-DPI-50 administered could be explained by (i) the intrinsic difference between the 

models as well as (ii) their sensitivity to cisplatin. Indeed, the cell growth rate in vitro was 

nearly two-fold higher for LLC1-Luc in comparison with the M109-HiFR-Luc2. Moreover, the 

doubling time in vivo followed the same trend and was 48h for M109-HiFR-Luc2 and 24h for 

LLC1-Luc (data not shown). Finally, the half maximal inhibitory concentration (IC50) was 

more than 1 000 fold higher for LLC1-Luc in comparison with the M109-HiFR-Luc2 (data not 

shown). Therefore, for a similar efficacy, the cisplatin concentration in the tumours should be 

more than 1 000 fold higher for LLC1-Luc, which would hardly be achievable in vivo regarding 

cisplatin MTD.  

 

Overall, the efficacy study showed similar results in terms of tumour growth, proportion of 

responders and survival between the 0.3 x 5 and the 0.5 x 3 regimens. This tended to 
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demonstrate that the efficacy was more related to the cumulative dose than the frequency of 

administration. 

A higher risk of cumulative toxicities could be observed when the 0.3 x 5 regimen was 

combined to CIS-IV than the 0.5 x 3 regimen. Therefore the scheme of administration of CIS-

DPI-50 at 0.5 mg/kg was selected to be administered three times per cycle at 0.5 m/kg (0.5 x 3) 

for two cycles, in combination with the conventional IV chemotherapy, to find the best 

compromise between antitumor activity and local and systemic tolerance.  

 

 Conclusion 
Overall, a single administration of CIS-DPI-50 at 0.5 mg/kg in LLC1-Luc grafted mice showed 

interesting tumour penetration, with limited exposure in tumour-free lungs and plasma, unlike 

results observed for CIS-IV_2 even at a 4-fold higher dose. The repeated administrations of 

CIS-DPI-50 for one cycle following different doses and schemes of administration did not show 

any higher exposure in tumour-free lungs, tumour, plasma or kidneys. However, the lack of 

sensitivity of the LLC to cisplatin (i.e. similar caspase 3 activity and tumour masses between 

treated and untreated groups) led to the uncontrolled development of tumours and therefore to 

the degradation of the overall condition of the mice. This therefore disturbed the steady-state 

physiological condition and led to (i) the accumulation of platinum in healthy organs, and (ii) 

a drop of the platinum concentration in the tumour, probably due to the difficulty of cisplatin 

in penetrating denser tumours and to the obstruction of pulmonary airways. Therefore, as these 

regimens are intended to be combined with an IV chemotherapy (a highly nephrotoxic treatment 

on its own), the regimens with the lowest cumulative dose (i.e. 0.5 mg/kg, three times per cycle 

vs. 0.3 mg/kg, five times per cycle) were selected to be evaluated on the M109-HiFR-Luc2 lung 

carcinoma model. Efficacy analyses in terms of tumour growth rate, proportion of responders 

and survival curves showed similar results between these two groups. Therefore the less 

frequent regimen of 0.5 mg/kg administered three times a week for two cycles was selected to 

be combined to conventional IV chemotherapy in the aim to prevent cumulative toxicities.
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and Pharmaceutical Technology” 

 

Figure 54: Graphical abstract of the third experimental part.
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 Introduction and aims 
CIS-DPI-50 was produced, fully-characterized in vitro and its stability demonstrated over 6 

months under normal conditions. Moreover, its lung Ta was also assessed in healthy mice in 

Experimental part I. Considering that the PK parameters can be altered by the presence of the 

tumour, CIS-DPI-50 was administered either once or following several regimens to LLC1-Luc-

grafted mice to evaluate its biodistribution in the tumour and healthy organs, as well as its 

pulmonary tolerance and efficacy. Therefore, the most appropriate CIS-DPI-50 monotherapy 

regimen (i.e. 0.5 x 3) was selected in Experimental part II.  

 

Delivering the CIS-DPI-50 regimen during the resting period encountered with conventional 

IV chemotherapy could be a promising strategy to expose the lung tumours and locoregional 

invasion more often to cisplatin and therefore increase the opportunity to cure patients or to 

prolong their survival [68]. This hypothesis was correlated with the promising efficacy results 

obtained in NSCLC patients from a phase II study during which carboplatin was administered 

using the ET route and combined to IV docetaxel-carboplatin, as previously discussed [79].  

 

Therefore, adding CIS-DPI-50 regimen to CIS-IV can be promising as long as pulmonary and 

renal toxicities remain acceptable. Indeed, the dissolved part from CIS-DPI-50 could further 

increase the Cmax related to the CIS-IV administration in the lungs and kidneys and be 

responsible for a higher pulmonary and renal toxicity. The aim of this study was to investigate 

lung and renal tolerance of: (i) cisplatin monotherapies administered three times a cycle using 

the pulmonary route for CIS-DPI-50 (0.5 x 3 regimen) and once a cycle for CIS-IV; and (ii) 

their combinations at different doses. The optimization of the combinations should include both 

doses (total and fractionated dose) and days of administration to find the best balance between 

the highest dosage and most frequent regimen (i.e. potentially related to efficacy) and their 

tolerance. Indeed, considering the elimination of CIS-IV, it was important to evaluate whether 

the CIS-DPI-50 regimen should be added to CIS-IV the same day, 24h or 48h later, and at 

which CIS-IV dose to ensure the preservation of both pulmonary and renal tolerance. Finally, 

the second part of this study aimed to evaluate the added value of the best tolerated, least-spaced 

and most dosed regimen on M109-HiFR-Luc2-grafted mice in comparison with conventional 

cisplatin-based IV chemotherapy. 
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 Material and methods 
2.1.  Materials 

Paclitaxel was purchased from Carbosynth (Berkshire, UK). Periodic acid Schiff (PAS) was 

provided by Life-Technologies (Merelbeke, Belgium). Primary antibodies used for 

immunostaining were rabbit anti-NGAL purchased from Invitrogen (Carlsbad, USA). The 

secondary antibody, the DAB, the blocking kit and the avidin-biotin complex (ABC) kit were 

all obtained from Vector Labs (Peterborough, UK). All other materials used in this part are 

detailed in Experimental part II-section 2.1.  

 

2.2.  CIS-DPI-50 formulation production and characterization (DPI-0.5 

and DPI-1) 
CIS-DPI-50 was produced, characterized and prepared for in vivo delivery as detailed in 

Experimental part I-section 2.4.4.2. For this study, the diluent was added to CIS-DPI-50 to 

target 1% and 2% cisplatin for DPI-0.5 (CIS-DPI-50 at 0.5 mg/kg) and DPI-1 (CIS-DPI-50 at 

1.0 mg/kg), respectively, in a total mass of 250 mg using a 2 mL glass vial following the so-

called sandwich method.  

 

2.3.  In vivo toxicity studies 
Female 6-week-old BALB/cAnNRj mice (16-18 g) were purchased from Janvier Labs (Le 

Genest-Saint-Isle, France) and Charles River (Écully, France). All experiments and 

manipulations were approved by the CEBEA of the faculty of medicine (ULB) under approval 

number 585N (toxicity studies) and CMMI-2017-01 (efficacy studies). The housing conditions 

were identical to those described in Experimental part I-section 2.3.3.1. 

 

2.3.1. Renal tolerance  

2.3.1.1. Maximum tolerated dose evaluation 

The CIS-DPI-50 MTD was defined for this study as “the highest dose for which mean bw loss 

did not exceed 5% w/w during the follow-up after the first dosing”. Considering that CIS-DPI-

TS has shown an MTD at 1 mg/kg [205], we tested this new formulation at the same dosage 

(DPI-1) and at a reduced dose of 50% (i.e. 0.5 mg/kg, DPI-0.5). The treatment administration 

to mice was performed as described in Experimental part II-section 2.4. 

The CIS-IV MTD was defined in this study as the “the lowest dose that increased the 

nephrotoxicity biomarkers and for which mean bw loss did not exceed 5% w/w”. Five groups 
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of six mice were administered CIS-IV one time per week for 3 weeks at 1.5, 1.75, 2.0, 2.25 and 

2.5 mg/kg. They were compared to a negative control group (n=6) that received only a saline 

solution. Briefly, mice were immobilized using a restraint device from which the tail protruded. 

Immediately after, the tail was vasodilated by applying a wet heated paper to facilitate the 

injection in the caudal vein. Blood was collected using retro-orbital terminal sampling and 

centrifuged to collect plasma, as discussed below. Plasma NGAL, cystatin C and creatinine 

were quantified to evaluate the lowest dose at which the selected biomarkers increased. 

Cisplatin solutions were prepared at 0.15, 0.175, 0.20, 0.225 and 0.25 mg/mL in 0.9% NaCl at 

pH 4, kept protected from light and used within 24h. All the mice were weighed three times a 

week, i.e. on Mondays, Wednesdays and Fridays.  

 

2.3.1.2. Monotherapies 

Once the MTD was identified for CIS-IV and CIS-DPI-50, these formulations were tested first 

as monotherapies using either the ET or IV route. One week was designated a cycle of 

treatment. 

Four mouse groups were administered cisplatin using the ET route three times per cycle for two 

cycles (Figure 55) following the procedure described in Experimental part II-section 2.4. The 

first treated group received the vehicle (DPI placebo without cisplatin, DPI-V (n=14)), the 

second group CIS-DPI-50 at 0.5 mg/kg (DPI-0.5) (n=10) and the third group CIS-DPI-50 at 1.0 

mg/kg (DPI-1) (n=9). Negative control groups received a saline solution (NaCl, 0.9%) (ET-

saline) (n=12) and the positive control group received ~1 𝜇g of LPS (ET-LPS) from E. coli 

(n=6). The ET-saline groups followed the same regimen as the treated groups (Figure 55). The 

ET-LPS groups were administered the treatment 18h before each sampling according to the 

kinetic of the inflammatory biomarkers, following the procedure described in Experimental 

part II-section 2.4, and using an ET device for the solutions (MicrosprayerTM model IA-1C® 

equipped with an FMJ-250 high-pressure syringe, Penn-Century). These biomarkers have been 

characterized by a peak between 12 and 24h following exposure to LPS [261]. The control 

groups (i.e. ET-saline and ET-LPS) were re-evaluated each sampling day. All the ET-LPS 

groups increased all the inflammatory biomarkers when compared to ET-saline. Biomarkers for 

the ET-LPS groups ranged between 74.7 and 209.6 pg/mL for TNF-α, 72.7 and 207.58 pg/mL 

for IL-6, 35.7 and 140.3 pg/mL for IL-1β, 290.5 and 433.28 pg/mL for CXCL1, 37.7 and 64.9 

pg/mL for CXCL2 and 251.9 and 350.4 𝜇g/mL for protein content. To simplify the figures, 

only figures for one ET-LPS group were reported to assess the difference between the tested 

groups and the LPS level.   
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ET groups were compared to IV groups, which were administered cisplatin the first day of each 

cycle for a total of three administrations (Figure 55). CIS-IV was administered at 2.0 mg/kg 

(CIS-IV_2) (n=20) and 1.5 mg/kg (CIS-IV_1.5) (n=12), following the procedure described in 

Experimental part I-section 2.4.4.3. These groups were compared to saline (IV-saline) (n=12). 

The last IV administration was performed 24h before the first sampling according to the kinetics 

of nephrotoxicity biomarkers. 

 

 
Figure 55: Time course of cisplatin monotherapy administrations (A) and sampling procedures 24h following the 
last treatment administration and after one week of recovery (_rec) of all the groups (B). 
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administration of CIS-DPI-50 after CIS-IV by 24h, and by 48h was also tested. These 

adaptations (dose reduction and/or delayed days of administration) were integrated into this 

study to evaluate the pulmonary and renal tolerance of these adapted regimens in case of 

cumulative toxicity that may result following the administration of CIS-IV and CIS-DPI-50 at 

their MTD and on the same day.  

 

To evaluate the tolerance of the combinations, CIS-IV and CIS-DPI-50 blends were 

administered following seven different regimens (Figure 56). These groups were compared to 

the negative control group (IV-saline) (n=20).  
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COMBI-2 combined the IV and ET MTD (i.e. CIS-IV_2 and DPI-0.5). DPI-0.5 was either 

administered the same day within 1 hour (COMBI-2-A) (n=31) or delayed by 24h (COMBI-2-

B) (n=36) after the CIS-IV_2.  

 

COMBI-1.5 combined an IV dose decreased by 25% with the ET MTD (i.e. CIS-IV_1.5 and 

DPI-0.5) and DPI-0.5 was administered the same day (COMBI-1.5-A) (n=12), delayed by 24h 

(COMBI-1.5-B) (n=10) or by 48h (COMBI-1.5-C) (n=12) after the CIS-IV_1.5. COMBI-1.5-

B_DPI-0.1 combined an IV dose decreased by 25% with an ET dose decreased 5-fold (i.e. CIS-

IV_1.5 and DPI at 0.1 mg/kg), administered with a 24h-delay (n=12).  

 

Last but not least, COMBI-1.0-A combined an IV dose decreased by 50% with the ET dose 

MTD (i.e. CIS-IV at 1.0 mg/kg and DPI-0.5), administered with a 24h-delay.  

 

 
Figure 56: Time course of cisplatin combinations administrations (A) and sampling procedures 24h following the 
last treatment administration and after one week of recovery (_rec) of all the groups (B). 
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above.  
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2.3.2. Pulmonary tolerance evaluation 

To evaluate the local tolerance, BALF and lungs were collected as described previously [211]. 

Briefly, the neck region was opened and a 20-gauge canula (Surflo® catheter, Terumo, Leuven, 

Belgium) was introduced into the trachea and fixed with a silk thread. The lungs were directly 

flushed three times using 0.7 ml PBS at 4°C and BALF was collected in centrifuge tubes (VWR 

Chemicals, Leuven, Belgium). Lungs were harvested and immersed in FMA for 24h, then 

cleaned in water for 15 minutes before being put in IPA for 24h. Then, they were embedded in 

paraffin for histopathological analyses using HE staining. Analyses were performed in a 

randomized, blind study by an independent pathologist following the process described by 

Jones et al. [238]. This was performed for all mouse lungs, using two impaired sections per 

lung. The severity of each observation was scored from 0 to 5, and the mean score was 

determined by calculating the average among each group. In addition, the frequency was 

evaluated and was expressed as the number of animals in which the observation was 

encountered. 

 

BALF were kept on ice, vortexed and the total cell count was performed using an automated 

cell counter (Countess II FL, Life Technologies, Zellik, Belgium). BALF were immediately 

centrifuged at 160 g at 4°C for 5 minutes. The supernatant was collected, aliquoted and stored 

at -80°C. The packed cells were resuspended in 200 𝜇L of cold PBS and then cytospinned to 

set them on slides. Slides were stained using May-Grünwald Giemsa stain to investigate the 

differential cell count. AM, NT-GRA, LYM and EOS were counted manually on a total of 200 

cells to determine the proportion of each cell type.  

 

To evaluate the local tolerance, both inflammation and cytotoxicity were investigated. The pro-

inflammatory cytokines (TNF-α, IL-6 and IL-1β) and specific mouse chemokines (CXCL1 and 

CXCL2) were selected. All these biomarkers were quantified using an ELISA method as 

described by the manufacturer (Duoset, RnD Systems, Abingon, UK). 

To evaluate cytotoxicity, the LDH activity was quantified following the protocol described in 

the Cayman Chemical LDH Cytotoxicity Assay Kit (Ann Arbor, MI, USA). Results were 

expressed as LDH/LDH Negative control. The total protein content was also quantified using a Pierce 

bicinchoninic acid (BCA) Protein Assay Kit (Thermo Fisher Scientific, Zellik, Belgium). 

All analyses were performed in duplicate and each group was compared to positive (LPS) and 

negative (saline) controls, as described previously. 
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2.3.3. Renal tolerance evaluation 

2.3.3.1. Acute kidney injury plasma biomarkers 

In a preliminary study aiming to evaluate early AKI, the time course of several plasma and 

urine biomarkers of AKI was investigated after the administration of a single dose of cisplatin 

at 15 mg/kg using the IP route [262]. Mice were euthanized 6, 12, 24, 48 and 72h after cisplatin 

administration using an IP administration of sodium pentobarbital at 12 mg/kg. Urine was 

removed by a puncture directly in the bladder, aliquoted and stored at -80°C. Blood and kidneys 

were collected and stored as described above. To evaluate early AKI, urinary and plasma 

NGAL, KIM-1 and plasma cystatin C were quantified in duplicate using a mouse-specific 

ELISA following the manufacturer’s protocol (Duoset and Quantikine, RnD Systems, 

Abingdon, UK). Plasma creatinine was evaluated using a high-performance liquid 

chromatography (HPLC) method and urinary creatinine was quantified using the Jaffé method 

as described previously [263]. Urinary NGAL and urinary KIM-1 were normalized using 

urinary creatinine. 

Considering these preliminary results and the erratic availability of urine samples in mice (i.e. 

high variability among groups due to the small urine samples available per group, with no urine 

for the group that was sampled 72h later), the following experimental procedures focused on 

plasma biomarkers of AKI (NGAL, cystatin C and creatinine). 

 

2.3.3.2.  Sample collection, histology and immunohistochemistry 

During sampling, blood was directly collected by retro-orbital puncture in lithium heparin tubes 

(Sarstedt, Cologne, Germany). Blood was centrifuged for 10 minutes at 2 000 g and 20°C. 

Then, plasma was aliquoted and stored at -80°C for further analysis. Kidneys were harvested 

from mice and put in a buffered 4% FMA for 24h. They were then rinsed in water for 15 min, 

preserved in IPA for 24h and then embedded in paraffin for histopathological analyses using 

HE and PAS staining. This was performed in a randomized, blinded study as described 

previously [263]. The severity of each observation was scored from 0 to 5, and the mean score 

was determined by calculating the average among each group.  

NGAL immunostaining was also performed and was adapted from Luo et al. [144]. Briefly, 

once deparaffinized, kidney sections (5 𝜇m) were rehydrated and washed in PBS. The heat 

antigen retrieval was performed by putting the sections in 10 mM of citrate buffer in a 

microwave for 15 minutes. The endogenous peroxidase activity was eliminated following 

incubation for 20 min in 3% H202. After several washes in PBS-Tween 1% (v/v), the sections 

were blocked using a blocking solution (Vector Labs, Peterborough, UK) for 20 min in a 
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humidity chamber. Sections were rinsed in the same buffer and incubated in a humidity 

chamber overnight with the primary antibody (Thermo Fisher Scientific, Zellik, Belgium) at 10 

𝜇g/mL. After the washing steps, sections were incubated with mouse anti-rabbit secondary 

antibody (Vector Labs, Peterborough, UK) for 30 min, before being washed again and 

incubated with the avidin-biotin complex (ABC) solution (Vector Labs, Peterborough, UK). 

Sections were rinsed once again and DAB substrate (Vector Labs, Peterborough, UK) was 

added for 5 minutes. A haematoxylin counterstain was performed to identify the cell nuclei. 

Each time that the assay was conducted, a kidney section without primary antibody was 

assessed as a control to verify the specificity of the experiment.  

 

2.4.  Efficacy study 
The anti-tumour efficacy of the ET CIS-DPI-50 blend combined with a conventional IV 

platinum doublet combining cisplatin and paclitaxel was investigated on the M109-HiFR-Luc2 

lung carcinoma orthotopic model in mice [211]. The cell preparation and the technique of 

engraftment were detailed previously in Experimental part I-section 2.3.3.2. 

 

On the third day post cell engraftment (i.e., D3), mice were randomly allocated to one of the 

four groups of investigation. Treatments were administered from D6 for two cycles of one week 

and were established as follows: (i) IV saline negative control untreated group (n=11); (ii) IV 

solution delivering 1.5 mg/kg cisplatin and 10 mg/kg paclitaxel (IV platinum doublet, n=8), 

one administration per week (on Mondays) for 2 consecutive weeks; and (iii) combination of 

the IV platinum doublet (on Mondays) with ET CIS-DPI-50 at 0.5 mg/kg cisplatin (n=15), three 

administrations per cycle regimen (0.5x3, on Tuesdays, Thursdays, and Saturdays) for 2 

consecutive weeks (Figure 57).  

 

 
Figure 57: Efficacy study scheme of administration and follow-up. 
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The paclitaxel solution, a Taxol-like solution [211], was prepared at 6 mg/mL using a mixture 

of Cremophor® El (BASF, Ludwigshafen, Germany) and absolute ethanol (50:50 v/v). The IV 

platinum doublet was made by mixing the solution of paclitaxel in the cisplatin solution to 

obtain final concentrations of 1 mg/mL and 0.15 mg/mL, respectively. These solutions were 

kept protected from light and prepared immediately before use. 

 

BLI of the whole mice was performed two times a week to follow in vivo tumour growth 

(primary tumour and metastases) and was expressed as the tumour growth % relative to D3. 

BLI was performed by means of a Photon Imager Optima (Biospace Lab, France) that 

dynamically counted the emitted photons for at least 25 min, with the mice under anaesthesia 

(3.5% and 2% isoflurane for initiation and maintenance, respectively) and after subcutaneous 

administration of 150 mg/kg of D-luciferin (Promega, Leiden, Netherlands) [237]. Image 

analysis was performed with M3Vision software (Biospace Lab). Regions of interest were 

drawn on the mice thorax, and signal intensities were quantified individually for a time lapse 

of 5 min corresponding to the maximum signal intensity plateau. Kaplan-Meier survival curves 

were established by excluding deaths related to the ET administration procedure, as previously 

reported [192,205,243]. Figure 57 describes the in vivo procedure, from tumour grafting, 

randomization and scheme of treatment administration to follow-up in terms of BLI and 

survival analysis. 

 

2.5.  Statistical analyses 
All statistical tests were conducted using GraphPad PRISM® (7.0a) software. One-way 

ANOVA and the Bonferroni’s post-test were used to compare toxicity biomarkers vs. the 

negative control groups (NGAL, creatinine, cystatin C, IL-6, TNF-α, IL-1β, CXCL1, CXL2, 

protein content and LDH ratio). For the efficacy study, the Kaplan-Meier curve and log-rank 

test with an analysis of the p value by means of the Holm-Šídák method were used for the 

survival analysis. Two-way ANOVA with Bonferroni post-testing was used to analyse mean 

tumour growth over time. Results were considered as statistically significant (*) for p < 0.05, 

very significant (**) for p < 0.01 and extremely significant for p < 0.001 (***) and for 

p < 0.0001(****).  
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 Results and discussion 
3.1.  Overall tolerance 

Toxicity was evaluated for both mono and combined IV and ET therapies to select the highest 

dose and frequency of administration that were well-tolerated. 

The MTD was first determined for the ET or IV route. The CIS-IV MTD was observed at 2.0 

mg/kg and the CIS-DPI-50 MTD at 0.5 mg/kg, as 1.0 mg/kg by the ET route induces a bw 

decrease of -7±3% (Figure 58.A). Therefore, a combination was made of CIS-IV at 2.0 mg/kg 

and CIS-DPI-50 at 0.5 mg/kg (COMBI-2) as well as with lower doses of CIS-IV (i.e. 1.5 mg/kg 

and CIS-DPI-50 at 0.5 mg/kg, for COMBI-1.5, and 1.0 mg/kg and CIS-DPI-50 at 0.5 mg/kg, 

for COMBI-1.0), and of CIS-IV and CIS-DPI-50 (i.e. CIS-IV at 1.5 mg/kg and CIS-DPI-50 at 

0.1 mg/kg, for COMBI-1.5-B-DPI-0.1). These lowered dosages were evaluated because 

combined administrations usually increase toxicity as cisplatin nephrotoxicity is dose-duration-

frequency-dependent [125]. As anticipated, combining cisplatin using both routes increased the 

bw losses but these did not exceed 10%, irrespective of the doses or regimen. The bw profiles 

showed similar patterns between all combination groups with a decrease following CIS-DPI-

50 administration and an increase between two administrations and during off-cycles as 

represented in Figure 58.A.  

 

 
Figure 58: Evaluation of bw loss following the 2-weeks treatment (A) and the one-week recovery (B). The groups’ 
abbreviations are described in Figure 55 and Figure 56. All results are expressed as means ± SEM (N=4-17). 
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of high doses of cisplatin using both routes under COMBI-2. This toxicity was also related to 

the cumbersomeness of the technique of administration (use of anaesthesia, ET intubation and 

the delivery of several puffs per administration) as shown by the weight stabilisation (i.e. no 

weight increase) for the negative control group during the treatment administration period. 

 

To investigate the possible pulmonary and renal toxicities associated with monotherapies and 

combinations, biomarkers were quantified and histopathological analyses assessed to identify 

the tissue damage and the inflammatory mediators involved. 

In the case of monotherapies, the pulmonary tolerance following CIS-IV administration and the 

renal tolerance following CIS-DPI-50 administration should be preserved, as the PK results 

presented in Experimental part I demonstrated a 7-fold increase and decrease in Cmax in lungs 

and plasma respectively for CIS-DPI-50 in comparison to CIS-IV_1.25 (Cmax in the lungs for 

CIS-DPI-50: 19 ± 2 ng/mg vs. 2.6 ± 0.8 ng/mg for CIS-IV_1.25; and Cmax in the plasma for 

CIS-DPI-50: 0.7 ± 0.6 ng/𝜇L vs. 5 ± 1 ng/	𝜇L for CIS-IV_1.25).  

As described previously, samples of all groups were collected 24h after the two cycles and one 

week later (_rec groups) (Figure 55 and Figure 56) to evaluate potential pulmonary and/or 

renal toxicity found and their reversibility.  

 

3.2.  Pulmonary tolerance assessment of CIS-DPI-50, CIS-IV and their 

combinations  
To investigate pulmonary tolerance, it was mandatory to evaluate inflammation as well as 

cytotoxicity related to the cisplatin mode of action by both quantifying specific biomarkers and 

identifying lung damage. This was assessed for the monotherapy groups (DPI-V, DPI-0.5, DPI-

1, CIS-IV_2 and CIS-IV_1.5), and for the combinations with the most drastic conditions in 

terms of cumulative dose and with the lowest staggering between CIS-DPI-50 and CIS-IV 

administrations (i.e. COMBI-2 and COMBI-1.5 A and B). This evaluation was performed 24h 

following the last treatment administration following the kinetic of biomarkers involved in the 

early phase of inflammation. Inflammation, in its exudative phase, was evaluated in BALF to 

quantify the biomarkers in their site of origin [133]. As TNF-α, IL-6 and IL-1β have been 

widely investigated in animal models and remain the most frequently involved in the evaluation 

of animal toxicity, they were selected in this study [133,163]. During a tolerance study of CIS-

DPI-TS, an increased proportion of NT-GRA was observed [205]. Consequently, to estimate 

the NT-GRA recruitment, mouse chemokines (CXCL1, CXCL2) were also selected for this 
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study [264]. Cytotoxicity was evaluated by assessing LDH activity and the total protein content 

in BALF [265].  

 

3.2.1. Pulmonary inflammation evaluation 

As anticipated, all the positive controls (i.e. ET-LPS) led to higher values in terms of pro-

inflammatory cytokine contents in BALF than their respective baseline (i.e. negative control 

groups: ET-saline and IV-saline) (Figure 59). Indeed, these biomarkers are released in the acute 

phase of inflammation as a response to injury or a toxin such as LPS [163]. 

No significant TNF-α, IL-6 or IL-1β increase was observed following the administration of 

DPI-V, DPI-0.5, DPI-1 or COMBI-1.5-A (24h and _rec). TNF-α results showed a higher 

expression after the administration of IV when compared to ET (Figure 59.A). CIS-IV_1.5 and 

CIS-IV_2 were significantly higher when compared to their negative controls. Both COMBI-

2-A and COMBI-2-B tended to increase the TNF-α levels, but this increase was only significant 

for COMBI-2-A, the highest drug and most frequent dosage regimen (p < 0.01). One week 

later, these increases were maintained and COMBI-2-B_rec became significant (Figure 59.A), 

showing the expansion of the inflammation. 

 

  
Figure 59: Evaluation of TNF-α (A) IL-6 (B) and IL-1β (C) in BALF 24h following the treatment administration 
and after one week of recovery (_rec). The groups’ abbreviations are described in Figure 55 and Figure 56. All 
results are expressed as means ± SEM (N=4-17). The statistical analyses were performed vs. their corresponding 
negative control group using one-way ANOVA and Bonferroni’s post-test (**** for p < 0.0001, *** for p < 0.001, 
** for p < 0.01 and * for p < 0.05). 
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However, TNF-α levels did not seem to increase following COMBI-1.5-A administration. This 

may be related to cytokine fluctuations as high variations are predicted during in vivo 

experiments. It has been demonstrated that stress was able to increase pro-inflammatory 

cytokine levels and change their kinetics [266]. In our case, cumbersome administration 

techniques (repeated IV and ET administrations) could generate stress leading to unexpected 

fluctuations from the baseline. Biomarker levels must be interpreted with caution and should 

be combined with additional investigations such as cell counts and histology. Therefore, a 

negative control group (ET-saline) that followed the same procedure of manipulation and 

administration was sampled the same day as the tested groups to avoid these day-to-day 

fluctuations. Even though non-significantly different, these day-to-day fluctuations ranged 

between 5 ± 3 pg/mL and 46 ± 14 pg/mL for ET-saline and ET-saline_rec (one week of recovery 

later), and between 41 ± 7 pg/mL to 61 ± 19 pg/mL for IV-saline and IV-saline_rec (one week 

of recovery later) in terms of TNF-α levels (Figure 59.A). 

IL-6 was significantly higher only for COMBI-2-A (Figure 59.B). IL-1β showed no significant 

increase in any group when compared to the negative controls (Figure 59.C). CIS-IV seemed 

to increase TNF-α and IL-6 levels more than CIS-DPI-50 (i.e. DPI-0.5 and DPI-1). This may 

be explained by the fact that a higher solubilized cisplatin fraction was delivered to the lungs 

after the IV administration and may be responsible for a higher toxicity when compared to a 

controlled-release DPI formulation, from which cisplatin is gradually released (50.6 ± 0.3% 

after 6h). As described above, cytokine levels must be interpreted with caution as they might 

be influenced by mouse stress levels, and should be combined with other investigations. 

However, in this study, the comparison was made with the control group that have followed the 

same procedure of manipulation and administration (ET-saline) to take the stress contribution 

into account in the evaluation of CIS-DPI-50. This was not done for COMBI groups, where the 

comparison was made with the IV-saline group. 

 

 
Figure 60: Evaluation of total cells in BALF 24h following the 2-week treatment and the one-week recovery (_rec). 
The groups’ abbreviations are described in Figure 55 and Figure 56. All results are expressed as means ± SEM 
(N=4-17). The statistical analyses were performed vs. the control groups using one-way ANOVA and Bonferroni’s 
post-test. 
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To complete the pro-inflammatory cytokine evaluation, cells in the BALF (AM, NT-GRA, 

LYM and EOS) were counted (Figure 60). Although non-significant, the total count showed a 

dose-dependent increase for DPI-0.5 and DPI-1 (4 ± 2 x106 and 6 ± 3 x106 cells/mL, 

respectively vs. 1.0 ± 0.1 x106 cells/mL for the negative control group ET-saline), as with the 

positive control groups (ET-LPS). An increase was also observed for the combination groups 

when compared to their respective controls (COMBI-2-A, COMBI-2-B and COMBI-1.5-A, 

with 1.0 ± 0.8 x 106 cells/mL vs. 2.0 ± 0.7 x 105 cells/mL for IV-saline, 7 ± 5 x 105 cells/mL vs. 

2 ± 0.7 x 105 cells/mL for IV-saline,  and 7 ± 3 x 106 vs. 9.0 ± 0.2 x 105 cells/mL for IV-saline, 

respectively). This increase was reversible for all groups except DPI-0.5_rec. As NT-GRA were 

the only cell type observed during the differential cell count analysis, other than AM and LYM, 

this increase was certainly related to their recruitment. AM are not adequate to assess 

phagocytosis in normal conditions [267]. However, their number is increased and their function 

increased by the dendritic cells in the case of inflammation and/or infection [267,268]. Foamy 

macrophages were retrieved in the packed cells, showing their ongoing phagocytosis against 

inhaled foreign particles in the alveolar zone (Figure 61). Moreover, NT-GRA are the first 

inflammatory cells recruited directly at the acute inflammation site [163], as illustrated in the 

packed cells for the ET-LPS group (Figure 61). It was therefore interesting to evaluate their 

proportion among the BALF cells.  

 

  
Figure 61: Differential cell count analysis: AM, LYM and NT-GRA are represented for each group. The groups’ 
abbreviations are described in Figure 55 and Figure 56. 
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induce inflammation. This result is confirmed by the representative images of differential cell 

counts as only AM were retrieved for DPI-V, as observed for the negative control group (ET-

saline) (Figure 62). Therefore, all the following increases were attributable to the sustained 

release of cisplatin from the CIS-DPI-50 particles, and not to the presence of the vehicle.  

 

  
Figure 62: Evaluation NT-GRA as a proportion of 200 BALF cells (A), CXCL1 (B) and CXCL2 (C) in BALF 24h 
after the treatment administration and after one week of recovery (_rec). The groups’ abbreviations are described 
in Figure 55 and Figure 56. All results are expressed as means ± SEM (n=4-17). The statistical analyses were 
performed vs. their corresponding negative control group using one-way ANOVA and Bonferroni’s post-test (**** 
for p < 0.0001, *** for p < 0.001, ** for p < 0.01 and * for p < 0.05). 
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DPI-1 and COMBI-2-B_rec, but seemed to be maintained or even increased for the combination 

groups that were administered treatment the same day (COMBI-2-A_rec and COMBI-1.5-

A_rec, respectively) (Figure 62.A). 

As NT-GRA recruitment is partially controlled by CXCL1 and CXCL2 chemokines [264], 

these chemokines were therefore quantified in BALF. CXCL1 and CXCL2 were significantly 

higher for ET-LPS groups, when compared to their negative controls. Although non-significant, 

CXCL1 and CXCL2 increased dose-dependently for DPI-0.5 and DPI-1, as observed for the 

NT-GRA recruitment (Figure 62.B and C). The evaluation of CXCL1 and CXCL2 levels for 

COMBI-2-A and COMBI-1.5-A did not seem to increase following the 2-week administration 

period when compared to their negative controls but were higher, but non-significant, 1 week 

later. In contrast, CXCL1 and CXCL2 levels for DPI-0.5 and DPI-1 seemed to be reversible 

within 1 week. Therefore, administering cisplatin using both routes on the same day, regardless 

of their doses, could compromise the reversibility of the NT-GRA recruitment as the delay of 

24h between the administrations seemed favourable for COMBI-2-B in comparison with 

COMBI-2-A. This non-reversibility indicated a more intense local reaction for the combination 

groups administered the same day. These results are in line with the pro-inflammatory cytokine 

levels observed for COMBI-2-A and B, but not with the observations for COMBI-1.5-A 

(Figure 59). As described above, pro-inflammatory cytokines levels may fluctuate depending 

on several factors (sampling day, mouse stress) leading to unexpected results [269]. Apart from 

inflammation, pulmonary tolerance should therefore be interpreted by considering cytotoxicity 

as well as lung damage.  

 

3.2.2. Cytotoxicity evaluation 

In the case of cell lysis, the protein content is released from cytosol, which makes it an 

interesting cytotoxicity biomarker. The protein content was higher for all groups administered 

treatment using the ET route (i.e. monotherapies and combinations) when compared to the IV 

groups. This may be correlated to a more prolonged exposure to cisplatin when administered in 

the lungs (controlled-release form) as no higher protein content was observed following the 

administration of CIS-IV. Although this increase was not significant for most groups, it was 

significant for DPI-0.5_rec (p < 0.05, Figure 63.A). The protein content for COMBI-2-A was 

also significant after the 2-week administration (p < 0.01) and maintained it even after the week 

of recovery (p < 0.05, Figure 63.A). COMBI-1.5-A protein levels were higher but not 

significant certainly due to the high variation observed within this group.  
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LDH is found in the cytoplasm of the cell of various tissue types (brain, lung, lymph nodes, 

etc.) and increases in the case of cell damage or death [265]. Consequently, LDH also seems to 

be an interesting biomarker for cytotoxicity. LDH/LDHNegative control showed no significant 

increase following the administration of monotherapies (Figure 63.B). Nevertheless, DPI-1 and 

CIS-IV_2_rec were nearly 2-fold higher when compared to their negative controls. This was 

not observed for DPI-0.5 or CIS-IV_1.5. Moreover, the LDH ratio was more than 3-fold higher 

following the 2-week regimen of COMBI-2-A, and was even higher after the 1 week of 

recovery later (p < 0.01). LDH was significantly higher for COMBI-1.5-A (p < 0.05) but was 

reversible after 1 week of recovery (Figure 63.B). This difference can be explained by the fact 

that a higher IV dose was administered for COMBI-2-A in comparison with COMBI-1.5-A (2.0 

mg/kg vs. 1.5 mg/kg).   

 

 
Figure 63: Evaluation of the total protein content (A) and the LDH/LDH (Negative control) (B) in BALF 24h after the 
treatment administration and after one week of recovery (_rec). The groups’ abbreviations are described in Figure 
55 and Figure 56. All results are expressed as means ± SEM (n=4-17). The statistical analyses were performed 
vs. the corresponded negative control group using one-way ANOVA and Bonferroni’s post-test (**** for p < 
0.0001, ** for p < 0.01 and * for p < 0.05). 

 

Although the protein content evaluation included all the proteins that were retrieved in the 

cytosol following cell lysis and the LDH activity was specific to this unique protein, these 

cytotoxicity biomarkers tended to demonstrate similar trends. Indeed, no higher cytotoxicity 

was observed following the administration of monotherapies. However, once combined, a 

higher cytotoxicity was found in the groups that were administered the same day (COMBI-2-
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A and COMBI-1.5-A), 24h after the last administration. This was also observed for the group 

administered with the highest dose after one week of recovery (COMBI-2-A_rec, Figure 63). 

 

Lung inflammation resulting from an anti-cancer drug is often initiated by the phagocytosis of 

the inhaled particles or the epithelial cell debris by the AM [157,185]. As a result, these 

macrophages secrete pro-inflammatory cytokines and chemokines to recruit NT-GRA to 

phagocyte, degranulate or generate ROS [163]. Other cell types are also involved and play a 

crucial role in the induction of this inflammation such as NK cells, dendritic cells, LYM, mast 

cells and EOS, as discussed above [267]. Depending on the type of injury, these cells interact 

differently, produce various cytokines (pro-inflammatory and anti-inflammatory) and 

ultimately induce acute lung injury [267]. Once the phagocytosis is completed, the 

inflammatory cells undergo surface changes and the resolution of the inflammation starts [267]. 

In contrast, during chronic exposure, the resolution of the inflammation can take more time, 

leading to chronic inflammation [162].  

ET and IV treatments seem to activate two different inflammation processes. Indeed, CIS-IV 

was characterized by increased TNF-α, IL-6 levels when compared to CIS-DPI-50. In contrast, 

CIS-IV showed no increase in terms of AM and NT-GRA recruitments (total and differential 

cell counts) nor did NT-GRA-related chemokines (CXCL1 and CXCL2). As the pulmonary 

tolerance impairment seemed to be related to higher concentration peaks in the lungs (whole 

cisplatin dose solubilized for CIS-IV vs. partial cisplatin release from CIS-DPI-50 particles), 

CIS-IV may have induced epithelial cell damage and injured the type II alveolar cells, which 

are involved in the airways’ innate immunity [270]. This is the most well-described mechanism 

for cytotoxic injury [157,185]. As a consequence of this lung damage, pro-inflammatory 

cytokines (mainly TNF-α, IL-6 and IL-1β) were secreted to initiate local inflammation [270]. 

Other mediators may have been secreted but were not evaluated in this study, such as ROS and 

PLT-activating factors leading to the release of arachidonic acid from membrane lipids. This 

fatty acid is involved in the production of eicosanoids, which stimulates tissue inflammation 

[267].  

For CIS-DPI-50 that was delivered repeatedly in the form of SLM, from which cisplatin is 

released slowly, local damage was therefore prevented. It should be noted that following the 

administration of DPI-1 using the DP4-M®Dry Powder InsufflatorTM, the cisplatin mass 

recovered in the lungs was 5.4 ± 0.7 𝜇g (n=12), which corresponded to 26 ± 3% of the delivered 

dose, as exposed in Experimental part I-section 3.2.4. This was in the same range as previously 

published by Levet et al. [203]. As these microparticles were PEGylated, they were able to 
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escape AM recognition and uptake since AM identify hydrophobic surfaces more easily 

[203,271]. AM may have started to identify these particles in a time-delayed manner and 

secreted pro-inflammatory cytokines (mainly TNF-α, IL-6 and IL-1β) and chemokines, leading 

to AM and NT-GRA recruitment [133,185]. Moreover, as cisplatin was entrapped in lipid 

microparticles, its release from these particles took several hours as was shown from PK studies 

obtained previously. Following this release, the excipient was entrapped by the AM and its 

digestion started with its incorporation into the lysosomes. HCO is a triglyceride that can be 

potentially hydrolysed into glycerol and free fatty acids by the action of the lysosomal acid 

lipase A [272]. Low PEGylated and amphiphilic excipients such as TPGS can be solubilized 

and absorbed in the systemic circulation before being eliminated, mostly by urinary excretion 

[273]. Consequently, for a controlled-release formulation, AM seemed to control phagocytosis 

more efficiently by secreting pro-inflammatory cytokines smoothly, preventing any major peak 

in their levels in comparison with CIS-IV. Moreover, except for TNF-α and IL-6 fluctuations 

and considering the NT-GRA proportion, the combination groups seemed to induce higher 

toxicity effects than CIS-IV. 

 

3.2.3. Histopathological analyses 

Histopathological analyses showed no major damage for the monotherapy groups (DPI-V, DPI-

0.5, CIS-IV_1.5 and CIS-IV_2) (Figure 64). Nevertheless, some rare interstitial NT-GRA were 

observed for the ET-LPS groups. However, BEV and AB were scored at 1/5 for 40% of the 

mice among the DPI-1 group. Both kinds of damage were reversible, as observed after the week 

of recovery. COMBI-2-A was characterized by an increased BEV and AB (score 1/5).  

 

The BEV and AB observed for DPI-1 and COMBI-2-A were scored at 0.4/5 and 0.2/5, 

respectively. Cytoplasmic vacuolation is the creation of vacuoles in animal cells exposed to 

stressful stimuli, including chemotherapeutic drugs, affecting the cell cycle and migration 

[274,275]. This phenomenon has been observed for weak basic lipophilic compounds that 

contain amine groups such as cisplatin [274]. Indeed, in the extracellular medium, cisplatin can 

easily cross the membranes through passive diffusion. Once in the cytoplasm, where the pH is 

higher and the chloride concentration is lower, cisplatin loses its chloride ligands to hydroxyl 

groups and is transformed into positively-charged metabolites (monoaquacisplatin: 

[Pt(NH3)2Cl(OH2)]+, and diaquacisplatin: [Pt(NH3)2(OH2)2]2+), which are no longer able to 

diffuse through the plasma membrane [274,276]. The accumulation of these charged 

metabolites increases the intraorganellar osmotic pressure. The equilibration of the osmotic 
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pressure is assured by water diffusion, leading to the formation of vacuoles [274]. Irreversible 

vacuolation can affect the endoplasmic reticulum as well as the endosomal-lysosomal system 

and Golgi apparatus, leading to cell death [274]. Histopathological analyses have already 

reported a vacuolation in the lungs related to amine-containing chemotherapeutics such as 

bleomycin [275]. Also, cisplatin has already been associated with vacuolation in liver injury 

[277].  

 

 
Figure 64: Histopathology of lung tissue exposed to monotherapies and combinations. The groups’ abbreviations 
are described in Figure 55 and Figure 56. Representative images of treated groups (A) and heat map of adverse 
observations and severity scores depending on lung tissue histopathology (B). 

 

The slight and transient AB observed with DPI-1 and COMBI-2-A_rec has already been 

described for inhaled cisplatin delivered by nebulization in dogs [278]. Moreover, an increased 

number of alveolar luminal macrophages was also observed and scored from 1 to 4. Moreover, 

some perivascular oedema and NT-GRA were found for these groups. This was certainly 

related to a higher phagocytosis activity by the AM and an increased ingestion of the debris by 

the NT-GRA [267]. These observations seemed to be transient and more related to the ET 

treatment than IV, as no tissue damage was observed following CIS-IV administration, even at 

the highest dosage, CIS-IV MTD. Staggering these administrations for 24h (COMBI-2-B) 

prevented the development of all these observations, even at the highest dose. Moreover, 

combination groups at a lower dose (COMBI-1.5-A) did not show any tissue damage (Figure 

64). 
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As observed for biomarker quantification, and cell-count analysis, all these observations tended 

to describe an increased local inflammation for DPI-1 and for the highest and more frequent 

combination group (COMBI-2-A). It is important to mention that the difference in terms of 

histopathological analyses reported between DPI-1 and the 1 x 5 monotherapy regimen tested 

in Experimental part II-section 3.2.2 (i.e. no histological side effects) could be attributed to the 

differences between mouse strains.  

The quantitative techniques seemed to be more sensitive to dose and frequency of 

administration changes than histology, as no histological damage was observed for COMBI-2-

B and COMBI-1.5-A. It is also important to note that since its first use and unlike other 

cytotoxic drugs (bleomycin, gemcitabine and mitomycin), cisplatin has not shown any major 

pulmonary toxicity when administered using the IV route, except some hypersensitivity 

reactions and in some rare cases, bronchospasm [77,156,157]. In one case report, cisplatin was 

reported to induce eosinophilic pneumonia but this seems to be very rare as it was only 

described for one patient [158,159]. These observations are therefore in line with what was 

observed for CIS-IV, as no major tissue damage was noticed during this study. These results 

confirmed that the increased TNF-α and IL-6 cytokines for IV groups were not related to any 

major lung damage. However, when administered by nebulization in the lungs, cisplatin 

induced bronchitis, dyspnoea, severe pneumonitis and mild to moderate fibrosis [178,278]. 

Delivering cisplatin as a controlled-release DPI could prevent the development of these side-

effects and therefore improve its tolerance. 

 

Overall, DPI-1 and COMBI-2-A were the less well-tolerated groups as a significant transient 

increase in terms of NT-GRA was observed as well as a reversible AB for DPI-1. For COMBI-

2-A, a significant increase in terms of TNF-α, IL-6, NT-GRA and LDH/LDHNegative control was 

observed and maintained (except for IL-6) after the recovery period, as well as transient tissue 

damage such as BEV, AB and alveolar luminal macrophages, which were scored at 0.2/5, 0.2/5 

and 2/5, respectively. Considering these pulmonary toxicities, these groups were discarded and 

will not be considered for the efficacy study. The overall pulmonary tolerance of DPI-0.5 

seemed acceptable and its combination the same day with CIS-IV_1.5 was preferable to CIS-

IV_2. However, the 24h delay between DPI-0.5 and CIS-IV_2 seemed to limit the pulmonary 

toxicity but with an irreversible and still higher TNF-α and a reversible NT-GRA increase. 

Interestingly, COMBI-1.5_A showed a significant increase in terms of NT-GRA that was 

maintained one week later as well as a reversible LDH/LDHNegative control, but with no tissue 

damage. 
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3.3.  Renal tolerance assessment of CIS-DPI-50, CIS-IV and their 

combinations 
3.3.1. Preliminary study for the selection of AKI biomarkers 

To assess early AKI, novel biomarkers have been intensively investigated, and have proven 

their sensitivity in both human and animal studies [136,137]. They are capable of detecting 

minor tubules and glomerular injuries, even when creatinine levels remain in normal ranges 

[140]. It is important to select optimal biomarkers not only based on their specificity and 

selectivity but also according to their kinetics. Therefore, NGAL, KIM-1, cystatin C and 

creatinine were chosen to be evaluated during a preliminary study with the aim of selecting the 

most pertinent biomarkers and a common collection timing. 

 

 

 
Figure 65: Evaluation of plasma (A) and urinary (B) NGAL, KIM-1, cystatin C and creatinine 6, 12, 24, 48 and 
72h following the induction of an AKI model. All results are expressed as means ± SEM (N=5-6). The statistical 
analyses were performed vs. the control group using one-way ANOVA and Bonferroni’s post-test (**** for p < 
0.0001, *** for p < 0.001, ** for p < 0.01 and * for p < 0.05). 

 

During this preliminary study, plasma creatinine, plasma cystatin C and both urine and plasma 

NGAL and KIM-1 were quantified. Plasma NGAL increased significantly 24h following the 

AKI-induced model. Both plasma cystatin C and creatinine also increased 24h following the 

induction and were significant only 48h and 72h later. Plasma KIM-1 levels remained low and 

no significant difference was observed when compared to the negative control (Figure 65). 

KIM-1 is a transmembrane glycoprotein expressed at the apical membrane of proximal tubule 
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cells that increases in the case of ischemic or toxic injury [143,144]. In the literature, similar 

studies have shown that plasma KIM-1 increased up to 5 days after AKI, and was not as 

predictive as it was expected to be [279]. Urinary NGAL and KIM-1 showed a high variation 

between the time points (Figure 65). Therefore, plasma NGAL, cystatin C and creatinine were 

selected for the renal tolerance evaluation. These biomarkers were collected 24h following the 

last administration as they were all higher than the negative control. It is important to note that 

this study aimed to evaluate the earliest phase in AKI for repeated (i.e. not single) 

administrations. Moreover, this timing also had to match the optimal kinetics timing (i.e. 24h 

following the last dose) of the pulmonary biomarkers as both pulmonary and renal tolerance 

were evaluated at the same time for the same mice. As described above, these AKI biomarkers 

were also evaluated 1 week later to assess the reversibility of cisplatin-induced nephrotoxicity. 

 

3.3.2. MTD evaluation 

For this evaluation, it was mandatory to include nephrotoxicity for the determination of CIS-

IV MTD as it is a cisplatin DLT that imposes hours of hydration, massive side effects and 

separated cycles of administration. This was observed for CIS-IV at 2 mg/kg, as plasma NGAL, 

cystatin C and creatinine were higher when compared to their negative control (p < 0.05, 

p < 0.01, p > 0.05, respectively, Figure 66).  

 

 
Figure 66: Evaluation of NGAL (A), cystatin C (B) and plasma creatinine (C) following the administration of 
CIS-IV at 1.5, 1.75, 2, 2.25 and 2.75 mg/kg. All results are expressed as means ± SEM (N=6). The statistical 
analyses were performed vs. the control groups using one-way ANOVA and Bonferroni’s post-test (*** for p < 
0.001 and ** for p < 0.01). 

 

Moreover, bw profiles of all doses fluctuated following the administration days. The bw losses 

were limited and were observed at the lowest at -3 ± 2% for CIS-IV_1.5 (D5) and -2 ± 2% for 

CIS-IV at 2.75 mg/kg (D10) (Figure 67).  
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Figure 67: Evaluation of bw loss following three total CIS-IV administrations, each at the beginning of each cycle. 
All results are expressed as means ± SEM (N=6). 

 

3.3.3. Monotherapies evaluation 

CIS-IV administration increased the biomarkers to slightly higher than for CIS-DPI-50 (DPI-

0.5 and DPI-1) (Figure 68, Figure 69 and Figure 70). 

 

 
Figure 68: Evaluation of plasma NGAL 24h after the treatment administration and after one week of recovery 
(_rec). The groups’ abbreviations are described in Figure 55 and Figure 56. All results are expressed as means ± 
SEM (n=4-17). The statistical analyses were performed vs. the corresponding negative control group using one-
way ANOVA and Bonferroni’s post-test (*** for p < 0.001,** for p < 0.01 and * for p < 0.05). 

 

Indeed, CIS-IV_2 showed a significant increase in cystatin C and creatinine levels that was not 

reversible for cystatin C after the one week of recovery, whereas no significance was detected 
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for CIS-DPI-50 even at its highest dose (i.e. DPI-1). CIS-IV_2 and DPI-1 were compared to 

their respective negative controls. It is important to mention that high variability is predicted 

for in vivo experiments and that it is crucial to compare each group to its relative negative 

control. Considering this purpose, the negative control group followed the same scheme of 

administration and sampling. NGAL concentration was 366 ± 40 pg/mL for CIS-IV_2 and 396 

± 61 pg/mL for DPI-1 vs. their respective baselines, 233 ± 20 pg/mL for IV-saline and 335 ± 

56 pg/mL for ET-saline. 

 

 
Figure 69: Evaluation of plasma cystatin C 24h after the treatment administration and after one week of recovery 
(_rec). The groups’ abbreviations are described in Figure 55 and Figure 56. All results are expressed as means ± 
SEM (n=4-17). The statistical analyses were performed vs. the corresponding negative control group using one-
way ANOVA and Bonferroni’s post-test (*** for p < 0.001, ** for p < 0.01 and * for p < 0.05). 

 

Moreover, cystatin C concentration was 1 024 ± 48 pg/mL for CIS-IV_2 and 812 ± 56 pg/mL 

for DPI-1 vs. their respective baselines, 798 ± 26 pg/mL for IV-saline and 648 ± 79 pg/mL for 

ET-saline. Finally, creatinine concentration was 0.107 ± 0.005 mg/dL for CIS-IV_2 and 0.097 

± 0.005 mg/dL for DPI-1 vs. their respective baselines, 0.075 ± 0.005 pg/mL for IV-saline and 

0.081 ± 0.004 pg/mL for ET-saline (Figure 70). This was related to a higher systemic exposure 

following IV administration when compared to DPI. As plasma concentration peaks are related 

to renal injury [255], CIS-IV rapidly reached the kidneys. It showed a higher Cmax than CIS-

DPI-50, resulting in AKI. Interestingly, our PK results showed that the Cmax in plasma for DPI-

1 was 0.7 ± 0.6 pg/mL vs. 5 ± 2 pg/mL for CIS-IV, at 1.5 mg/kg (Figure 39). Administering a 

lower dose of a prolonged-release cisplatin-based formulation using the ET route three times 

per cycle limited cisplatin peak concentration in the proximal tubule and improved its tolerance 
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by the kidneys. This was observed for a lower cumulative dose and also for a higher dose of 

CIS-DPI-50 (i.e. DPI-1, three times per cycle for two cycles) when compared to CIS-IV (i.e. 

CIS-IV_1.5, one time per cycle for a total of three administrations).  

 

 
Figure 70: Evaluation of plasma creatinine 24h after the treatment administration and after one week of recovery 
(_rec). The groups’ abbreviations are described in Figure 55 and Figure 56. All results are expressed as means ± 
SEM (n=4-17). The statistical analyses were performed vs. the corresponding negative control group using one-
way ANOVA and Bonferroni’s post-test (*** for p < 0.001,** for p < 0.01 and * for p < 0.05). 

 

NGAL, cystatin C and creatinine showed no major increase following the administration of 

DPI-V, DPI-0.5 and DPI-1, whether this was done just after the 2-week treatment or after the 

1-week recovery (p > 0.05). All these biomarkers tended to increase following the 

administration of CIS-IV_2 (Figure 68, Figure 69 and Figure 70). This increase was 

significantly different for cystatin C (p < 0.01) and creatinine (p < 0.001) and was maintained 

at significant levels during the recovery week for cystatin C. 

 

The 25%-fold reduction in the IV dose (i.e. CIS-IV_1.5) showed lower cystatin C and creatinine 

levels. CIS-IV_1.5 showed a slight but non-significant increase in NGAL and cystatin C 

(p > 0.05, Figure 68 and Figure 70) that was also maintained after 1 week of recovery. Plasma 

NGAL showed no significant difference when compared to the control groups. Therefore, CIS-

IV_1.5 seemed to be better tolerated by the kidneys than CIS-IV_2 and seemed to be preferable 

to combine with CIS-DPI-50 at 0.5 mg/kg.  
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3.3.4. Combination evaluation 

Levet et al. showed that the plasma Cmax was reached immediately (~ 5 min) after the 

administration of CIS-IV_1.25 and was 7-fold lower 24h later. This result was correlated to the 

platinum concentration in the kidneys, which was 5-fold lower 24h following the administration 

of CIS-IV [203]. Therefore, it was considered that 24h were enough to consider cisplatin as 

being majorly eliminated. Consequently, mice received CIS-DPI-50 at 0.5 mg/kg either the 

same day (within 1 hour) or 24h following CIS-IV at 2 mg/kg or 1.5 mg/kg administration 

(COMBI-2A or B and COMBI-1.5A or B, respectively). In addition, as cisplatin concentration 

in plasma and kidneys was slightly lower 48h after the administration of CIS-IV_1.25, it was 

therefore interesting to evaluate a staggering of 48h between CIS-IV at 1.5 mg/kg and CIS-

DPI-50 at 0.5 mg/kg (COMBI-1.5-C). Last but not least, a reduced dose of CIS-DPI-50 at 0.1 

mg/kg was also selected to be combined with CIS-IV at 1.5 mg/kg with a delay of 24h (COMBI-

1.5-B-DPI-0.1) to evaluate the impact of the ET treatment dose on the renal tolerance. 

Moreover, a reduced dose of CIS-IV at 1.0 mg/kg was also combined the same day to CIS-DPI-

50 at 0.5 mg/kg (COMBI-1.0-A) to evaluate the impact of the IV treatment dose on the renal 

tolerance.  

 

All biomarkers increased significantly when DPI-0.5 and CIS-IV_2 (COMBI-2) were 

administered the same day (COMBI-2-A; NGAL: p < 0.05, cystatin C: p < 0.001, creatinine: 

p < 0.001) or with a 24h gap (COMBI-2-B; NGAL: p < 0.01, cystatin C: p < 0.05, creatinine: 

p < 0.01, Figure 68, Figure 69 and Figure 70). These increases were not reversible even after 

1 week of recovery. DPI-0.5 was administered when CIS-IV_2 had shown signs of AKI and its 

addition seemed to increase AKI.  

Administering DPI-0.5 and CIS-IV_1.5 the same day (COMBI-1.5-A) increased significantly 

all the biomarkers (NGAL: p < 0.05, cystatin C and creatinine: p < 0.01). This increase seemed 

reversible within 1 week (COMBI-1.5-A_rec). When DPI-0.5 was delivered 24h (COMBI-1.5-

B and _rec) or 48h (COMBI-1.5-C and _rec) after CIS-IV_1.5, no significant difference was 

observed between all the biomarker levels and their negative controls, whether immediately 

after the treatment or after the 1-week recovery (p > 0.05, Figure 68, Figure 69 and Figure 

70). The similarity between COMBI-1.5-B and COMBI-1.5-C is attributed to the quite similar 

platinum concentration in plasma and kidneys as shown in the PK study using CIS-IV_1.25 

[203]. 

The co-administration of this reduced dose of CIS-IV (i.e. 1.5 mg/kg) with a 5-fold reduced 

dose of CIS-DPI-50 at 0.1 mg/kg (i.e. COMBI-1.5-B-DPI-0.1) was considered in this study as 
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this dose ratio is more likely to be used in clinical studies. COMBI-1.5-B-DPI-0.1 did not 

induce any increase in any biomarker levels (p > 0.05, Figure 68, Figure 69 and Figure 70). 

This demonstrated that the most important parameter for avoiding cumulative nephrotoxicity 

was the modulation of the IV dose and the staggering of these administrations, as similar NGAL 

concentrations were reported between COMBI-1.5-B and COMBI-1.5-B-DPI-0.1. 

Moreover, to evaluate whether a CIS-IV dose of 50% of the MTD (i.e 1 mg/kg) could have 

avoided the increase in biomarkers as observed for COMBI-1.5_A, DPI-0.5 was co-

administered with CIS-IV at 1 mg/kg, the same day (within 1h). As observed for the groups co-

administered within 1h (COMBI-2-A, COMBI-1.5-A), COMBI-1.0-A increased plasma NGAL 

and cystatin C significantly (p < 0.001, Figure 68, Figure 69 and Figure 70) and transiently, 

as no significance difference was observed after 1-week of recovery. This demonstrated that 

irrespective of the IV dose, the cumulative effect observed was related to the co-administration 

of CIS-DPI-50 and CIS-IV the same day.  

In contrast to observations from the combination of the IV and ET respective MTDs (COMBI-

2), the administration of DPI-0.5 the same day as CIS-IV_1.5 increased the Cmax, resulting in 

reversible AKI. Therefore, decreasing the IV dose by 25% in the combination (COMBI-1.5) is 

preferred as the generated AKI seemed reversible after one week of recovery. Moreover, 

delaying the DPI-0.5 administration to CIS-IV (COMBI-1.5-B) by 24h was enough to prevent 

any AKI complication.  

 

AKI biomarkers are divided into two categories, those that report on kidney or tubule function, 

and those that report on damage [137]. Creatinine and cystatin C are considered as functional 

biomarkers of AKI whereas NGAL is an upregulated protein that occurs during AKI [137]. 

Cystatin C is a small protein that is freely filtered by the glomerulus, and is almost completely 

reabsorbed and degraded in the proximal tubule [137,142]. Its increase in plasma reveals a 

filtration defect [137] as its filtration is performed inefficiently by the kidneys, as a consequence 

of AKI, and so cystatin C accumulates in plasma. NGAL, as its name indicates, is involved in 

NT-GRA maturation and renal tubular damage after its release by activated NT-GRA, epithelial 

cells and kidney tubular cells following cell damage or inflammation [138]. Nevertheless, 

during NT-GRA activation, its dimeric form prevails whereas in tubular cells the monomeric 

and heterodimeric forms are produced [137,139]. Many clinical studies have revealed that 

NGAL remains very low in biological fluids in the steady-state levels and is up-regulated in the 

case of AKI at an early stage [137,142,143]. In any case, urinary and plasma NGAL has shown 

similar sensitivity in many studies, which indicates NGAL specificity to kidneys [139]. 
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Nevertheless, as NT-GRA were retrieved in BALF, it was mandatory to verify whether NGAL 

increases in plasma were attributed to pulmonary NT-GRA increase or to AKI. However, this 

investigation was a verification because following CIS-IV_2 and CIS-IV_1.5 administration, 

no significant NT-GRA increase in BALF was observed but NGAL in plasma was higher when 

compared to the negative groups. 

 

To investigate NGAL increases, NGAL was quantified in BALF. It showed no significant 

increase in any group, except for ET_LPS (p < 0.001). However, NGAL in BALF increased 

slightly and dose-dependently for ET groups following NT-GRA increase. Moreover, NGAL 

also increased in some combination groups when compared to their respective IV 

monotherapies (Figure 71). The differences observed in terms of NGAL levels between 

COMBI-2 and CIS-IV_2 and between COMBI-1.5-A and CIS-IV_1.5 are attributed to CIS-

DPI-50 administration. Indeed, as NT-GRA also increased for the same combination groups, 

NGAL was therefore released in the lungs (Figure 62 and Figure 71).  

 

 
Figure 71: Evaluation of NGAL in BALF 24h after the treatment administration and after one week of recovery 
(_rec). The groups’ abbreviations are described in Figure 55 and Figure 56. All results are expressed as means ± 
SEM (N=4-17). The statistical analyses were performed vs. the control groups using one-way ANOVA and 
Bonferroni’s post-test (**** for p < 0.0001). 

 

Nevertheless, NGAL levels were more than 40-fold higher in plasma than in BALF. Even if 

this necessitates further investigation, NGAL in BALF seemed to be correlated to NT-GRA 

recruitment and may represent an interesting novel marker to detect pulmonary inflammation.  

To complete the investigation of the specificity of NGAL, a qualitative IHC study was assessed 

to identify NGAL in the kidneys (Figure 72). The negative control groups (ET-saline and IV-

saline) showed no labelling, showing no NGAL in these sections. Following the administration 

of the IV monotherapies (CIS-IV_2 and CIS-IV_1.5), NGAL was retrieved in the renal cortex 

and more precisely in the proximal tubules, as described in the literature [137,139,144]. Brown 

staining was only detected in the tubule proximal area, and not in the glomeruli (Figure 72). 
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All combination groups showed that NGAL was concentrated in proximal tubules and seemed 

to be more intense for the groups that were exposed to CIS-DPI-50 and CIS-IV on the same 

day (COMBI-2-A and COMBI-1.5-A). These results supported what was observed for NGAL 

quantification in plasma (Figure 68). Consequently, plasma NGAL was a good biomarker of 

AKI, as widely described in the literature [136–138,144,279].  

 

 
Figure 72: NGAL immuno-stained kidney sections of mice (magnification 100 x). The groups’ abbreviations are 
described in Figure 55 and Figure 56. 

 

Moreover, it is important to mention that the selected biomarkers tended to describe the same 

trends for all the groups, as no major difference between NGAL, cystatin C and creatinine was 

noticed. This increased the reliability of our mouse model in terms of selected biomarkers and 

suitable sampling timing. Plasma NGAL and cystatin C therefore seemed to be as reliable as 

plasma creatinine could be. Nevertheless, the novel biomarkers seem to be more sensitive to 

primitive injuries, as demonstrated for COMBI-1.0_A, CIS-IV_2_rec and COMBI-2-B_rec.  

In these groups (CIS-IV_2, COMBI-2-A, COMBI-2-B, COMBI-1.5-A, COMBI-1.0_A), 

NGAL, cystatin C and creatinine levels significantly increased, suggesting a severe AKI 

complication compared to the other groups (ET groups, CIS-IV_1.5, COMBI-1.5-B, COMBI-

1.5-C, COMBI-1.5-B-DPI-0.1). This result could be related to high concentrations of cisplatin 

and its metabolites (monoaquacisplatin: [Pt(NH3)2Cl(OH2)]+, and diaquacisplatin: 

[Pt(NH3)2(OH2)2]2+) in the proximal tubular epithelium, as summarized in Figure 13. These 

metabolites are able to interact with the negatively charged DNA, leading to an increased ROS. 
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Moreover, they are also able to directly trigger ROS as they can react with GSH, with the 

mitochondrial respiratory chain and with cytochrome 450 microsome [125,128]. Moreover, 

they induce several chemokines and cytokines to promote: (i) inflammation driven by 

leukocytes leading to NGAL increase; and/or (ii) alteration of specific cytoplasmic structures 

[125,128,132]. An overall consequence of these observations is the apoptosis of proximal 

tubules cells leading to a dramatic filtration decrease, reflected by an increased plasma cystatin 

C level, confirming the occurrence of AKI [132].  

 

3.3.5. Histopathological analyses 

Following the analyses of HE and PAS staining of kidney sections, no major kidney injury was 

observed following the administration of the ET and IV monotherapies or the combination 

groups (Figure 73). A light tubular necrosis and lymphocytic infiltration were scored at 0.3/5 

for CIS-IV_2. Moreover, the administration of CIS-DPI-50 and CIS-IV at their MTD (COMBI-

2) seemed to induce a transient tubular necrosis and lymphocytic infiltration, which were 

greater for COMBI-2-A than COMBI-2-B. These observations seemed to identify slight and 

transient tubular necrosis and inflammation for the highly dosed IV monotherapy as well as its 

combination with CIS-DPI-50. However, the tubular necrosis damage that was identified was 

described as “a rare single necrotic tubule”, and the lymphocytic infiltration as “a few scattered 

cells” and did not seem significant. As already explained above for pulmonary histology, 

biomarker quantification seems to be more sensitive in detecting injury than histology can be. 

 

  
Figure 73: Representative renal tissue histological analyses (magnification 400 x) from mice exposed to the most 
drastic conditions from monotherapies and combinations in terms of cisplatin nephrotoxicity and the 
corresponding negative control group IV-saline and summary of semi-quantitative score of tubulo-interstitial 
lesions. The groups’ abbreviations are described in Figure 55 and Figure 56. 
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3.4.  Conclusions for pulmonary and renal tolerance 
In conclusion, DPI-V, DPI-0.5 and DPI-1 showed a good pulmonary and renal tolerance as they 

did not increase significantly any local or systemic biomarker. Nevertheless, DPI-0.5 and DPI-

1 (3 times per cycle for two cycles) increased the NT-GRA proportion transiently, showing that 

a local inflammation was being initiated. However, DPI-0.5 remains the MTD to use in 

combination to IV as the bw does not decrease below 5%. CIS-IV_1.5 and CIS-IV_2 were less 

well-tolerated than DPI as they increased dose-dependently both pulmonary and AKI 

biomarkers. Adding DPI-0.5 to CIS-IV_2 decreased the pulmonary tolerance (i.e. cytokine 

levels, NT-GRA proportion and cytotoxicity) and increased AKI induced by CIS-IV_2 alone. 

Therefore, this combination cannot be used for further efficacy study. When the total IV dose 

was decreased to 25% in the combination therapy, pulmonary tolerance remained acceptable as 

no additional pulmonary damage was observed when compared to CIS-IV_1.5, except for a 

transient NT-GRA increase, as observed following DPI-0.5. However, the kidneys were still 

damaged under this regimen. Staggering the DPI administration to IV administration by 24h 

seemed to be enough to prevent renal damage. Therefore, COMBI-1.5-B seems to be the best 

regimen to be evaluated during efficacy studies.  

 

3.5.  Efficacy evaluation on the M109-HiFR-Luc2 lung carcinoma 

orthotopic model in mice 
To evaluate the added value of CIS-DPI-50 when combined with a conventional cisplatin 

based-chemotherapy, the conventional platinum doublet commonly used in clinics for NSCLC 

treatment was chosen. This doublet was based on cisplatin and paclitaxel. For this study, three 

groups were compared: the untreated negative control group, the IV platinum doublet used at 

the MTD (i.e. cisplatin at 1.5 mg/kg and paclitaxel at 10 mg/kg ([280])), and the combination 

of CIS-DPI-50 at 0.5 mg/kg with the platinum doublet IV solution at the MTD. The scheme of 

administration for each of them followed the rationale previously explained, with a delay of 

24h between the IV doublet solution administration once a week and the ET CIS-DPI-50 three 

times a week, both for two consecutive cycles (i.e. COMBI-1.5-B) (Figure 57). The efficacy 

investigation was performed in terms of tumour growth (according to the BLI values) and 

survival rates vs. time.  

 

Tumour growth results indicated an exponential increase in untreated control mice (Figure 

74.A and B) with a steep slope showing the aggressiveness of the M109-HiFR-Luc2 lung 
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carcinoma model. Significant reduction in tumour growth was observed with the IV platinum 

doublet as from D21 (p < 0.001, two-way ANOVA), confirming the responsiveness of the 

M109-HiFR-Luc2 to chemotherapy. The tumour growth tended to be lower in the CIS-DPI-50 

combination group compared to the IV platinum doublet (Figure 74), although no significant 

difference was found (p > 0.05). The antitumour response to the combination was more rapid 

than with the IV platinum doublet. Indeed, for the combination, the tumour growth slope 

become negative from D10 and was maintained up to D20 whereas this was only observed 7 

days later (i.e. from D17 up to D20) for the IV platinum doublet (Figure 74). Furthermore, 

according to the curve profiles, treatment with the combination group tended to demonstrate 

slower tumour re-growth than with the IV platinum doublet (Figure 74.D). 

 

 
Figure 74: Tumour growth according to BLI and expressed as the mean ± SEM (A) and per subject of the negative 
control group (B, n=11), the group treated with IV platinum doublet (C, n=8), and the combination of DPI-0.5 and 
IV platinum doublet (D, n=9) following the regimen described in Figure 57. * p < 0.05, **** p < 0.0001 between 
the negative control and either the IV platinum group groups (red asterisks) or the combination group (purple 
asterisks). No significant difference was found between the IV platinum group groups and the combination group 
(p > 0.05, two-way ANOVA with Tukey-multiple comparison test). 

 

A responder was defined as a mouse with tumour growth < 150% in comparison to the 100% 
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negative control group corresponded to the mice for which the tumour mass had not yet 

achieved 150%, in the first days after graft. This was normalized after the treatment 

administration, as observed previously. As anticipated, mice treated with the IV platinum 

doublet controlled the tumour growth, as 50% of them (4/8) responded to the doublet (Figure 

75). The addition of CIS-DPI-50 to IV platinum doublet tended to increase the peak responder 

rate to 67% (6/9). As demonstrated in Figure 75, a peak in terms of the percentage of responders 

was observed for the combination group. Moreover, the response tended to be more sustained 

in the combination group vs. the IV platinum doublet, with a shift of the % responders curves 

to the right (Figure 75).   

 

 
Figure 75: Response rate vs. time. A responder was defined as having tumour growth values < 150% in comparison 
to the 100% value measured at day 3. Mice were left untreated (negative control, n=11), treated with the IV 
platinum doublet (n=8), or with the combination of CIS-DPI-50 and the IV platinum doublet (n=9) following the 
regimen described in Figure 57. 

 

In addition, a survival analysis was performed to assess the treatment effectiveness in terms of 

survival rates in days post-tumour engraftment. This analysis matched the tumour growth. It 

must be noted that six mice from the combination group died immediately following the ET 

administration and are not included in the survival analysis, as already observed for this type 

of procedure in animal studies [192,205]. Indeed, as previously mentioned, the ET technique 

of administration is cumbersome as it requires anaesthesia, ET intubation, and the delivery of 

repeated puffs of air tidal volume per administration to deliver the powder. Moreover, these 

mice are more weakened than healthy mice as they bear tumours and experience up to six 

repeated ET administrations.  
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The median survival times were significantly prolonged by 5 days following the IV platinum 

doublet when compared to the negative control (26 vs. 21 days, p < 0.01, log-rank test, Figure 

76). The combination of CIS-DPI-50 and IV platinum doublet prolonged the median survival 

significantly by 10 days when compared to the negative control group (p < 0.0001). However, 

although the survival was increased by 5 more days (26 vs. 31 days) for the combination group 

in comparison with the IV platinum doublet, no significant difference was noticed between 

these two treated groups (p = 0.1, Figure 76). This could be explained by the rapid tumour re-

growth once the treatment was stopped (Figure 74) leading to a limited differentiation of the 

two survival curves. 

 

 
Figure 76: Kaplan-Meier survival curves and median survivals of M109-HiFR-Luc2 mice. Mice were left untreated 
(negative control, n=11), treated with the IV platinum doublet (n=8), or with the combination of CIS-DPI-50 and 
the IV platinum doublet (n=9) following the regimen described in Figure 57. **** p < 0.0001 and **p < 0.01 
between the group and the negative control (log-rank test).  

 

It was therefore interesting to analyse the number of mice alive at specific days. At 24 days 

following the graft, all the negative control groups had died, whereas 62% (5/8) of mice among 

the IV platinum doublet group were alive and 100% (9/9) of the combination IV platinum 

doublet and CIS-DPI-50 group were still alive. On D28, 25% (2/8) of the mice were alive 

following the administration of the IV platinum doublet whereas 50% (4/8) were still alive 

among the mice treated with the combination. This led to a 20% increase in terms of the median 

survival rate when compared to the IV conventional treatment.  
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Taking all these results together, adding CIS-DPI-50 to the conventional platinum doublet 

chemotherapy tended to increase the response rate, helped to better control the tumour growth, 

and favoured a prolonged survival rate. These results were in line with results previously 

described for NSCLC patients, for whom an increased treatment effectiveness in terms of 

tumour size reduction, survival, and recurrence of the disease was correlated to higher platinum 

concentrations [204]. Moreover, the study conducted in NSCLC patients by Zarogoulidis et al. 

on inhaled carboplatin demonstrated a statistically significantly higher survival for the group 

that received inhaled carboplatin and the conventional IV doublet in comparison to the 

conventional IV doublet alone [79]. As previously described, this would be related to a higher 

concentration of the chemotherapeutic agent in the tumour site, lymph nodes, and systemic 

circulation [176]. This hypothesis was demonstrated in Experimental part II-section 3.2.3, as 

the platinum concentration in the tumour 2h following the single administration of a 4-fold 

lower dose of CIS-DPI-50 was more than 7-fold higher than CIS-IV_2 (p < 0.05, Figure 50.B). 

This difference was maintained following repeated administrations of CIS-DPI-50 over one 

cycle (Figure 50.B). These trends confirmed that the promising strategy of adding a loco-

regionalized treatment during the off-cycles to conventional IV chemotherapy favours a 

reduction in the increase of the tumour and improves the median survival rates. This was despite 

the limitations of the preclinical investigation in mice regarding the CIS-DPI-50 ET 

administration procedure and the model aggressiveness, which both made it not possible to 

investigate the real impact of the probable frequency of CIS-DPI-50 treatment administrations 

as it will be the in human patients (potential daily CIS-DPI-50 administration for 3-4 weeks vs. 

a single administration for CIS-IV per cycle).  

 

 Conclusion 
Administering a cisplatin-based controlled-release DPI formulation following a 2-week 

regimen was overall well-tolerated by the lungs except for a transitory NT-GRA increase. None 

of the renal biomarkers increased significantly. Administering cisplatin using IV at its MTD 

increased both the pulmonary pro-inflammatory cytokines and the renal biomarkers, resulting 

in both renal and pulmonary damage. Therefore, flattening the pulmonary and plasmatic peaks 

by developing a controlled-release DPI to deliver cisplatin enhanced both pulmonary and renal 

tolerance compared to IV.  

Regimens were optimized to find the highest drug dosage with least-spaced administrations 

while maintaining pulmonary and renal tolerance. The pulmonary and renal tolerance were 
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impaired as soon as CIS-DPI-50 and CIS-IV were administered at their respective MTDs. 

Fractionating the total dose between IV and DPI (i.e. decreasing the IV dose by 25%) was a 

good strategy to improve lung tolerance and to hinder any AKI complication. Staggering the 

DPI administration from IV administration by 24h was enough to prevent any signs of AKI, as 

no difference was observed with a staggering of 48h. This regimen (i.e. CIS-DPI-50 at 0.5 

mg/kg administered 24h after CIS-IV_1.5) was therefore selected to assess efficacy in a mouse 

lung carcinoma model. Avoiding cumulative toxicities for this combination was challenging as 

the DLT of cisplatin is cumulative and irreversible nephrotoxicity due to saturable 

concentration mechanisms. This approach was taken to be able to evaluate the feasibility of its 

administration as a locoregional treatment during chemotherapy off-cycles, without decreasing 

systemic tolerance as these off-cycles are applied to allow normal tissue to recover. This 

combined regimen showed positive trends in the efficacy study on the aggressive M109-HiFR-

Luc2 lung carcinoma orthotopic model, with decreased tumour growth and recurrence of the 

disease resulting in an increased survival rate. Therefore, the selected cisplatin-based DPI 

formulation could be proposed as an add-on treatment to intensify the therapeutic response of 

cisplatin-based doublets in lung cancer therapy.  

As the combination between CIS-DPI-50 and CIS-IV necessitated several adaptations to avoid 

nephrotoxicity (reduced CIS-IV dose, staggering between CIS-DPI-50 and CIS-IV 

administrations), which would have limited the potential of CIS-DPI-50, the next step was the 

evaluation of the feasibility of combining CIS-DPI-50 with a less nephrotoxic drug (i.e 

carboplatin). Indeed, it is anticipated that when using carboplatin, it is probable that fewer 

adaptations would be needed. Moreover, considering carboplatin-specific toxicities (i.e. 

haematological toxicity), and as carboplatin is intended to be combined to another cytotoxic 

drug (i.e. in platinum-based chemotherapy) characterized by the same DLT, it was interesting 

to further investigate both carboplatin and paclitaxel cumulative haematological toxicities in 

combination with CIS-DPI-50. This was done following different regimens in the last part of 

this experimental work.  
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Figure 77: Graphical abstract of the fourth experimental part. 
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 Introduction and aims 
CIS-DPI-50 was formulated to deliver cisplatin slowly and to expose the lungs (and therefore 

the tumour) to cytotoxic drug for several hours, as demonstrated in healthy and grafted mice in 

Experimental parts I and II. The tumour exposure to cisplatin was maintained following several 

administrations of CIS-DPI-50, demonstrating the added value of these repetitions. As 

described in Experimental part III, the main limitation related to the combination of both these 

routes of administration (ET and IV) was lung and renal tolerance. It was mandatory to decrease 

the CIS-IV MTD by 25% and to stagger ET from IV administrations by 24h to avoid additional 

pulmonary and renal injury. Nevertheless, even considering these adaptations (decreased IV 

dose and administration delay), the selected regimen tended to demonstrate a therapeutic 

intensification in the M109-HiFR-Luc2 lung carcinoma orthotopic model in mice. However, 

these adaptations could have decreased the full therapeutic potential of this combination 

strategy.  

 

As it is widely known that carboplatin is better tolerated by the kidneys than cisplatin [152], it 

was therefore interesting to evaluate the possibility of combining CIS-DPI-50 (ET route) with 

carboplatin-paclitaxel (CARB-PTX) (IV route), the same day at their MTDs. However, clinical 

studies have demonstrated increased leucopoenia and thrombocytopenia when cisplatin and 

carboplatin were administered together using the IV route [281,282].  

Moreover, it is important to mention that as for carboplatin, a paclitaxel DLT is also 

myelosuppression and more precisely neutropenia, as represented in Figure 12. Moreover, 

pulmonary hypertensive reactions have been associated with both carboplatin (e.g. 

bronchospasm) and paclitaxel (e.g. pneumonia and hypersensitivity pneumonitis), when they 

were administered alone [77]. Consequently, it was crucial to consider the tolerance of the 

whole CARB-PTX IV doublet (i.e. not carboplatin alone) when combined with CIS-DPI-50.  

 

Therefore the aim of this study was to (i) evaluate pulmonary, renal and haematological 

tolerance of the combination of CIS-DPI-50 and CARB-PTX and (ii) optimize their 

combinations in terms of doses and regimen. To the best of our knowledge, the combination of 

cisplatin using the ET route and carboplatin using the IV route has not yet been reported.  
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 Materials and methods 
2.1.  Materials 

Carboplatin was purchased from Umicore (Pilar, Argentina). All other materials used in this 

part are detailed in Experimental part III-section 2.1.  

 

2.2.  In vivo toxicity studies 
Female 6-week-old BALB/cAnNRj mice (16-18 g) were purchased from Janvier Labs (Le 

Genest-Saint-Isle, France) and Charles River (Écully, France). All experiments and 

manipulations were approved by the CEBEA of the faculty of medicine (ULB) under approval 

number 585N (toxicity studies). During the MTD evaluation, mice were weighed up to five 

times per week. However, all housing conditions were identical to those described in 

Experimental part I-section 2.3.3.1.  

 

2.3.  Formulation and administration for in vivo experiments 
2.3.1. CIS-DPI-50 blend 

To deliver CIS-DPI-50 at 0.5 mg/kg to mice, CIS-DPI-50 was produced as described in 

Experimental part I-section 2.4.1. In this study, CIS-DPI-50 was weighed and diluted at 1% 

(w/w) in the spray-dried mannitol/leucine 10:1 diluent. The uniformity of cisplatin content was 

satisfactory, with a coefficient of variation below 5% (i.e. 1.12 ± 0.03% (CV% 3%), n=10). The 

in vivo administration of the CIS-DPI-50 blend by the ET route was performed as described in 

Experimental part II-section 2.4. 

 

2.3.2. CARB-PTX solution 

Carboplatin solution was prepared at 5 mg/mL in saline (0.9% NaCl) and diluted using the same 

vehicle at the appropriate concentration (i.e. 0.8 mg/mL for a dose of 8 mg/kg, 1.6 mg/mL for 

a dose of 17 mg/kg, 2.4 mg/mL for a dose of 25 mg/kg, 3.0 mg/mL for a dose of 34 mg/kg, 3.8 

mg/mL for a dose of 42 mg/kg and 4.6 mg/mL for a dose of 51 mg/kg). This solution was kept 

protected from light, at 4°C, for maximum 3 days. Paclitaxel solution was prepared at 6 mg/mL 

using a mixture of Cremophor El® and absolute ethanol (50:50 v/v) and diluted in saline at the 

appropriate concentration (i.e. 0.5 mg/mL for a dose of 5 mg/kg, 1.0 mg/mL for a dose of 10 

mg/kg, 1.4 mg/mL for a dose of 15 mg/kg, 1.8 mg/mL for a dose of 20 mg/kg, 2.2 mg/mL for 

a dose of 25 mg/kg and 2.7 mg/mL for a dose of 30 mg/kg). CARB-PTX solution was prepared 

immediately before use and renewed each day. The IV-vehicle group received the same 
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proportion of each excipient as in the MTD dose, which corresponded to 83.3% (v/v) saline, 

8.3% (v/v) Cremophor EL® and 8.3% (v/v) ethanol absolute. The in vivo administration of 

CARB-PTX solution or vehicle was done by the IV route (tail vein). 

 

2.4.  Regimen administration 
2.4.1. Carboplatin/paclitaxel ratio 

To be closest to clinical practice, doses were based on the ratio of carboplatin and paclitaxel 

human doses recommended for lung cancer patients with no comorbidities (paclitaxel: 200 

mg/m2, carboplatin: AUC 6 mg/mL x min) [24]. For this purpose, the carboplatin dose was 

calculated using the Calvert formula, which involves different factors such as the patient sex, 

age, serum creatinine and weight [283]. In this study, it was interesting to determine this dose 

for a normal patient with no comorbidities as the study was conducted on healthy mice. Thus 

this corresponded to the maximum carboplatin dose that can be administered.  

The patient’s age was fixed at 71 years old as this is the median age for lung cancer patients 

[11]. The serum creatinine levels were considered to be in the normal ranges, 0.72-1.18 mg/dL 

for males and 0.55-1.02 mg/dL for females, as described by Ceriotti et al. [284]. The 

corresponding doses were calculated based on a bw of 60 kg. The carboplatin doses were 

expressed as mg/kg and their mean was calculated (9 mg/kg). The paclitaxel dose expressed in 

mg/m2 (200 mg/m2) was converted to mg/kg as described by Reagan et al. [285], and was fixed 

at 5.4 mg/kg. The related CARB/PTX ratio was therefore calculated (9.1/5.4) and set at about 

1.7. This ratio between the carboplatin and paclitaxel doses was maintained during the MTD 

investigation study on mice.  

 

2.4.2. Maximum tolerated dose determination 

The MTD of CARB-PTX IV was defined, as previously, as the highest dose at which mean bw 

loss did not exceed 5% w/w for any of the three tested animals for the whole of the applied 

regimen and for 28 days following the first dosing. This limit of 5% is a good threshold as (i) 

this treatment is intended to be combined to another treatment (i.e. DPI-0.5) and as, (ii) a bw 

decrease of less than 10% w/w was observed for combinations (i.e. CIS-DPI-ET and CIS IV) 

in which each monotherapy dose was selected with a threshold of 5% w/w, as demonstrated in 

Experimental part III-section 3.1. Six groups of three female 6-week old BALB/cAnNRj mice 

were administered CARB-PTX solution using the IV route the first day of each week for 3 

consecutive weeks (days 1, 8 and 15) at 8-5 mg/kg (dose 1), 17-10 mg/kg (dose 2), 25-15 mg/kg 

(dose 3), 34-20 mg/kg (dose 4), 42-25 mg/kg (dose 5) and 51-30 mg/kg (dose 6) for carboplatin 
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and paclitaxel respectively. These groups were compared to the negative control group (IV-

vehicle). 

 

2.4.3. Administration of IV doublets, CIS-DPI-50 and control groups 

CARB-PTX was administered as an IV doublet at its MTD (i.e. IV-CARB-PTX; 1.7 mg/mL 

for carboplatin and 1.0 mg/mL for paclitaxel) and at 75% of the MTD dose (i.e. CARB-PTX- 

0.75: 1.3 mg/mL for carboplatin and 0.75 mg/mL for paclitaxel) to healthy female 6-week old 

BALB/cAnNRj mice and was compared to the vehicle (i.e. IV-vehicle). IV-CARB-PTX 

(n=16), IV-CARB-PTX-0.75 (n=16) and IV-vehicle (n=24) were administered by IV following 

the regimen described for MTD determination (D1, D8 and D15) (Figure 78.A).  

 

 
Figure 78: Scheme of administration of ET and IV doublets treatments (A) and their combinations (B) and 
sampling procedures 24h after the treatment administration and one week later (_rec) for all groups (C). 
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‘_rec’ to their group name if sampled after one week of recovery, to evaluate myelotoxicity and 

pulmonary and renal toxicities and their reversibility. 

 

2.4.4. Combination administration 

Once IV-CARB-PTX, IV-CARB-PTX-0.75 and DPI-0.5 were evaluated separately, they were 

combined following three different regimens (Figure 78.B). This was done to evaluate the input 

of a reduced IV dose or delayed days of administration, in case of cumulative toxicities. The 

first regimen (COMBI-1) (n=28) combined IV-CARB-PTX (i.e. administered on days 1, 8, 15) 

and DPI-0.5 administered three times a cycle, starting at D1 (i.e. days 1, 3, 5, 8, 10, 12). The 

second regimen (COMBI-1-24h) (n=29) combined IV-CARB-PTX (days 1, 8, 15) and DPI-

0.5, administered 24h later than in the first regimen (i.e. on days 2, 4, 6, 9, 11, 13). The third 

regimen (COMBI-0.75) (n=26) combined the administration of CARB-PTX- 0.75 (i.e. on days 

1, 8, 15) and DPI-0.5, three times a cycle starting the same day (i.e. days 1, 3, 5, 8, 10, 12). In 

COMBI-1 and COMBI-0.75, ET administrations on D1 and D8 were performed maximum one 

hour after the IV administrations. The myelotoxicity and pulmonary and renal toxicities were 

assessed 24h after the last administration (group name annotation) and after one week of 

recovery (group name with ‘_rec’ suffix annotation). 

 

2.5.  Pulmonary tolerance evaluation 
To evaluate the pulmonary tolerance, both inflammation and cytotoxicity were investigated as 

described in Experimental part III-section 2.3.2. 

 

2.6.  Renal tolerance evaluation 
To evaluate the renal tolerance, blood sampling, kidney collection and AKI biomarkers analysis 

were assessed as described in Experimental part III-section 2.3.3. 

 

2.7.  Myelosuppression evaluation 
Three to four drops of blood were collected by retro-orbital puncture in Minicollect® K3EDTA 

tubes (Greiner Bio-One, Vilvoorde, Belgium). Tubes were immediately gently inverted 

manually before being put in an automated rotary mixer to gently invert the tubes for 15 

minutes. They were immediately placed at 4°C until analysis, which was performed a maximum 

of 4h following the sampling.  
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To evaluate myelotoxicity, the total count of RBC and white blood cell (WBC), including 

basophils and NT-GRA, EOS, LYM and MON, was evaluated, as well as each WBC type 

proportion among all WBC. Haemoglobin (Hb), haematocrit (Ht), mean corpuscular volume 

(MCV), mean cell haemoglobin (MCH), mean corpuscular haemoglobin concentration 

(MCHC), and red cell distribution width (RDW) were also determined. The total PLT count as 

well as the mean platelet volume (MPV) were investigated. All these parameters were 

determined using a haemocytometer (Scil Vet abc Plus+®, Altorf, France) [286].  

 

2.8.  Statistical analyses 
All statistical tests were assessed using GraphPad PRISM® (7.0a) software. One-way ANOVA 

and the Bonferroni’s post-hoc test were selected to compare myelotoxicity parameters (total 

and differential WBC count, Ht, Hb, MCV, MCH, MCHC, RDW, PLT and MPV), the toxicity 

biomarkers (NGAL, creatinine, cystatin C, IL-6, TNF-α, IL-1β, CXCL1, CXL2, protein content 

and LDH ratio) and the differential BALF cell counts (NT-GRA, AM and LYM) vs. their 

respective control groups. Moreover, to evaluate the effect of the addition of DPI-0.5 to IV-

CARB-PTX, COMBI-1 and COMBI-1-24h were compared to IV-CARB-PTX and COMBI-

0.75 was compared to IV-CARB-PTX-0.75. To evaluate the staggering effect on the different 

parameters, COMBI-1 and COMBI-1-24 were also compared. Results were considered as 

statistically significant (*) for p < 0.05, very significant (**) for p < 0.01, extremely significant 

for p < 0.001 (***) and extremely significant for p < 0.0001 (****).  

 

 Results  
For more clarity and understanding, the results and the discussion of this part have been 

separated. 

 

3.1.  Determination of maximum tolerated dose for CIS-DPI-50 and IV-

CARB-PTX 
Pulmonary and renal toxicities as well as myelotoxicity (DLT of CARB-PTX) were 

investigated to select the safest but also least-spaced and most highly dosed regimen that can 

be applied to treat lung cancer. To do so, it was mandatory to identify the MTD, as defined 

previously, for both routes, following the ET and IV regimens as described in Figure 79. CIS-

DPI-50 MTD was fixed at 0.5 mg/kg, as described in Experimental part III-section 3.1. CARB-

PTX-IV-MTD was assessed to be the closest to clinical practice. To do so, the CARB/PTX 
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ratio (1.7) usually used in clinics was calculated and was applied during the MTD escalation as 

explained in section 2.4.2.  

 

CARB-PTX was administered the first day of each cycle as illustrated in Figure 78.A. The 

highest dose (dose 6: carboplatin at 51 mg/kg and paclitaxel at 30 mg/kg) induced a major bw 

loss for one mouse of up to -14%, on D2, in comparison with the first day of administration, 

resulting in -10 ± 2%, for the whole group (Figure 79). Dose 5 (carboplatin at 42 mg/kg and 

paclitaxel at 25 mg/kg) and dose 4 (carboplatin at 34 mg/kg and paclitaxel at 20 mg/kg) showed 

delayed toxicities as they both induced bw loss for one mouse up to -15% and -22%, 

respectively, on D5. Moreover, as major ulcerations in the tails of the mice were observed at 

the highest dose, these mouse groups were therefore euthanized as the humane endpoints were 

reached. This was certainly related to a higher CARB-PTX dose and to a higher solution 

viscosity (due to higher Cremophor EL® proportion) that prevented paclitaxel from diffusing 

in the whole mice body, resulting in an accumulation in the tail and therefore in local ulceration. 

This ulceration results from the accidental infiltration of chemotherapy into subcutaneous or 

sub-dermal tissue at the injection site, leading to tissue necrosis (i.e. extravasation) [287,288]. 

Paclitaxel has a poorly defined delineation between being vesicant (tissue necrosis and/or 

formation of blisters) and being irritant (inflammation, pain or irritation without blisters 

formation) [287]. However, considering the numerous reports showing that paclitaxel has led 

to tissue damage and blistering, it is probable that these tail ulcerations could be attributed to 

this cytotoxic drug. Moreover, this localized inflammation can also be triggered by the excipient 

as it is widely described that Cremophor EL® is involved in hypersensitive reactions [106]. 

 

 
Figure 79: Bw profiles following carboplatin-paclitaxel administration using the IV route at different doses, vs. 
the vehicle group. All results are expressed as means ± SEM (n=3). The groups’ abbreviations are described in 
Figure 78. 
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Dose 3 showed limited bw loss during the treatment administrations. However, the bw started 

to decrease on D21 until reaching -10.3 ± 0.5% on D26, leading to mice euthanasia (Figure 

79). The lower doses (doses 1 and 2) showed no major bw loss during the treatment 

administration, and a bw increase during the 28-day follow-up. Therefore, dose 2 with 

carboplatin at 17 mg/kg combined to paclitaxel at 10 mg/kg was fixed as the CARB-PTX-IV 

MTD.  

 

3.2.  Tolerance of DPI-0.5, IV-CARB-PTX and their combinations 
Once the MTD was determined, DPI-0.5 and IV-CARB-PTX were administered starting the 

same day (COMBI-1) at their respective MTD. However, as the co-administration of DPI-0.5 

and IV-CARB-PTX may induce cumulative toxicities, two strategies were developed. The first 

was the staggering of DPI-0.5 administration from IV-CARB-PTX administration by 24h 

(COMBI-1-24h); the second was the reduction of the IV dose by 25% as is commonly carried 

out in clinical practice to limit the risk of cumulative toxicity (COMBI-0.75) (Figure 78) [152]. 

To evaluate the pulmonary and renal tolerance due to the administration of CIS-DPI-50, it was 

mandatory to investigate histopathological damage (on lung and renal tissues) as well as 

specific biomarker levels following DPI-0.5, IV-CARB-PTX and their combinations [134]. 

Moreover, myelotoxicity was assessed to evaluate the DLT of CARB-PTX by counting WBC, 

RBC and PLT, as well as their related parameters.  

 

3.3.  Body weight profiles and general evaluation 
The bw profiles of all the groups, illustrated in Figure 80, fluctuated during the treatment period 

but remained above -5%.  

 

 
Figure 80: Bw profiles following carboplatin-paclitaxel administration using the IV route (IV doublets) at different 
doses, cisplatin-based DPI using the ET route (DPI-0.5) and their combinations vs. the IV-vehicle group. All results 
are expressed as means ± SEM (n=8-15). The groups’ abbreviations are described in Figure 78. 
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IV-CARB-PTX and IV-CARB-PTX-0.75 bw profiles were similar and the bw losses decreased 

proportionally to the dose (Figure 80.A). The highest bw losses for these groups were observed 

on D5 at -4 ± 1% and -2 ± 1%, respectively. Moreover, DPI-0.5 did not induce any major bw 

losses, with the highest bw loss observed on D4 at -1.0 ± 0.5% as already observed in 

Experimental part III-section 3.1. Combining DPI-0.5 with IV-CARB-PTX the same day 

(COMBI-1) or 24h later (COMBI-1-24h) was similarly well-tolerated by the mice. Their 

highest bw losses were observed on D13 at -3 ± 1% and on D8 at -4 ± 1%, respectively. 

However, decreasing the dose by 25%, as done by combining DPI-0.5 and IV-CARB-PTX-

0.75 the same day (COMBI-0.75), seemed to be better tolerated than COMBI-1 and COMBI-

1-24h. The highest bw loss for this group was observed on D8 at -1 ± 1%. 

During the one-week recovery period, all bw increased and were positive at the end as mice 

were no longer exposed to any cytotoxic drug. This showed that bw losses were reversible. 

 

3.4.  Evaluation of pulmonary toxicity 
Pulmonary inflammation and cytotoxicity were evaluated following the ET administrations of 

cisplatin (DPI-0.5), IV doublets and their combinations. As previously described, mouse groups 

were sampled 24h following the last administration and after one week of recovery. This was 

done to evaluate toxicity in its early acute phase and its possible reversibility within one week, 

as described in our previous preclinical study discussed in Experimental part III-section 3.2. 

 

3.4.1. Inflammation 

3.4.1.1. Total BALF cells 

IV doublets and DPI-0.5 

The repeated administration of DPI-0.5 following the selected regimen tended to increase total 

BALF cells, although this was non-significant in comparison with the IV-vehicle group at both 

sampling times (p > 0.05, Figure 81.A), as previously observed in our previous preclinical 

study. However, this increase was fully reversible after one week of recovery (p > 0.05, Figure 

81.B). In contrast, the administration of IV-CARB-PTX at both doses did not induce any BALF 

cell recruitment at either sampling time (p > 0.05, Figure 81).  
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Figure 81: Evaluation of total BALF cells 24h following the last treatment administration, and one week of 
recovery later (_rec). The groups’ abbreviations are described in Figure 78. All results are expressed as means ± 
SEM (n=8-15). The statistical analyses were performed vs. the IV-vehicle group (black) or vs. the selected groups 
as illustrated (red), using one-way ANOVA and Bonferroni’s post-hoc test (** for p < 0.01 and * for p < 0.05). 

 

Combinations 

To evaluate the effect of the addition of DPI-0.5 to the IV chemotherapy, the combination 

groups were compared first to the IV-vehicle group and then to their respective IV doublets. 

The co-administration of DPI-0.5 and IV-CARB-PTX, irrespective of the IV-dose and the 

scheme of administration, activated BALF-cell recruitment in comparison with the IV-vehicle 

control group 24h after the last treatment administration (COMBI-1: 1.9 ± 0.7 x 107 cells/mL, 

COMBI-1-24h: 2.1 ± 0.5 x 106 cells/mL and COMBI-0.75: 1.3 ± 0.6 x 107 cells/mL, vs. 7 ± 3 

x 105 cells/mL, Figure 81.A) and were all reversible after one week of recovery (p > 0.05, 

Figure 81.B). This increase was only statistically higher for COMBI-1 in comparison with the 

IV-vehicle control group and in comparison with IV-CARB-PTX (p < 0.05 and p < 0.01, 

respectively, Figure 81.A). Moreover, this acute increase was not significant for COMBI-1-

24h and COMBI-0.75 in comparison with their respective IV doublets (p > 0.05, Figure 81.A). 

Therefore, the administration of DPI-0.5 and IV-CARB-PTX at their MTD on the same day 

induced higher inflammatory-cell recruitment to trigger inflammation when compared to IV-

CARB-PTX alone. However, this reaction seemed to be reduced when DPI-0.5 administration 

was staggered from IV-CARB-PTX administration by 24h or when the IV-CARB-PTX dose 

was reduced by 25% (IV-CARB-PTX-0.75).  

 

3.4.1.2. Proportion of cells in BALF 

IV doublets and DPI-0.5 

Among the total BALF cell increase, the proportions of AM, NT-GRA and LYM were assessed. 
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significant increase in NT-GRA compared to the IV-vehicle group (p < 0.0001, ET-LPS: 69 ± 

2%, ET-LPS_rec: 68 ± 4% vs. IV-vehicle: 0.1 ± 0.1%, IV-vehicle_rec: 0.2 ± 0.2%, Figure 

82.A), as previously observed and discussed in Experimental part III-section 3.2.1.  

The BALF cell count increase observed for DPI-0.5 (Figure 81) was related to higher NT-GRA 

in comparison with the IV-vehicle group (p < 0.01, 24 ± 3% vs. 0.1 ± 0.1%, Figure 82.A) and 

was reversible within one week of recovery. However, the administration of IV doublets at both 

doses did not increase NT-GRA proportions at either sampling time (Figure 82.A).  

 

 
Figure 82: Evaluation of NT-GRA as a percentage of 200 BALF cells (A), total protein concentration (B), and the 
ratio of LDH activity reported on the LDH activity of the IV-vehicle or IV-vehicle_rec (C) in BALF 24h following 
the last treatment administration and after one week of recovery (_rec). The groups’ abbreviations are described 
in Figure 78. All results are expressed as means ± SEM (n=8-15). Statistical analyses were performed vs. the IV-
vehicle group (black) or vs. the selected groups as illustrated (red), using one-way ANOVA and Bonferroni’s post-
hoc test (**** for p < 0.0001, *** for p < 0.001, ** for p < 0.01 and * for p < 0.05). 
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The combination of IV doublets and DPI-0.5 increased all NT-GRA proportions (COMBI-1: 

35 ± 7%, COMBI-1-24h: 18 ± 7%, COMBI-0.75: 20 ± 6% vs. IV-vehicle: 0.1 ± 0.1%, Figure 

82.A). This increase was only significant for the groups that were administered DPI-0.5 and 

IV-CARB-PTX the same day (COMBI-1 and COMBI-0.75), in comparison with the IV-vehicle 

group (p < 0.0001 and p < 0.05), and was not reversible after one week of recovery (p < 0.001 

and p < 0.01, Figure 82.A).  
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COMBI-1 increased significantly the NT-GRA proportion when compared to IV-CARB-PTX-

MTD (p < 0.0001), which was not reversible after one week of recovery (p < 0.001). Moreover, 

COMBI-1-24h showed a lower increase in NT-GRA than COMBI-1 (p < 0.05, Figure 82.A). 

COMBI-1 and COMBI-0.75 showed that the pulmonary inflammation initiated 24h following 

the treatment administration was not reversible within one week. This demonstrated a more 

prolonged inflammation for these groups in comparison to COMBI-1-24h.  

 

3.4.1.3. Inflammation biomarkers in BALF 

CXCL1 and CXCL2 

The mouse chemokines (CXCL1, CXCL2) involved in NT-GRA recruitment, were quantified 

in BALF supernatant (Table 18). The ET-LPS positive control groups demonstrated 

significantly higher concentrations of both chemokines, when compared with the IV-vehicle 

group (p < 0.0001). For IV doublets and DPI-0.5, no major difference was observed when 

compared with the IV-vehicle group 24h after the last treatment administration (p > 0.05) or 

after one week of recovery (p > 0.05). Similarly, for the combinations, no significant difference 

was observed between them and the IV-vehicle group or their corresponding IV doublets, at 

both sampling times (p > 0.05, Table 18).   

 
Table 18: Evaluation of chemokines (CXCL1 and CXCL2), pro-inflammatory cytokines (TNF-α, IL-6, and IL-
1β) in BALF and biomarkers of AKI (cystatin C and creatinine) in plasma 24h following the last treatment 
administration and after one week of recovery (_rec). The groups’ abbreviations are described in Figure 78. All 
results are expressed as means ± SEM (n=8-15). The statistical analyses were performed vs. the vehicle-IV group 
using one-way ANOVA and Bonferroni’s post-hoc test (**** for p < 0.0001). 

 
 

Biomarkers

Chemokines

in BALF

Pro-inflammatory cytokines

in BALF

AKI biomarkers 

in plasma

CXCL1 
(pg/mL)

CXCL2
(pg/mL)

TNF-α 
(pg/mL)

IL-6
(pg/mL)

IL-1β
(pg/mL)

Cystatin C
(pg/mL)

Creatinine
(pg/mL)

24h after treatment administration

ET-LPS 330 ± 71**** 49 ± 15**** 150 ± 31**** 54 ± 10**** 87 ± 10**** - -
IV-vehicle 30 ± 6 2.6 ± 0.6 57 ± 11 11 ± 2 18 ± 3 943 ± 37 0.13 ± 0.01

DPI-0.5 33 ± 6 5.9 ± 0.4 33 ± 4 16 ± 10 9 ± 3 989 ± 34 0.133 ± 0.006
IV-CARB-PTX 38 ± 13 1.8 ± 0.2 60 ± 12 12 ± 5 13 ± 4 974 ± 24 0.118 ± 0.006

COMBI-1 44 ± 6 3.1 ± 0.5 45 ± 8 9 ± 2 13 ± 4 949 ± 38 0.132 ± 0.008
COMBI-1-24h 38 ± 8 2.5 ± 0.5 71 ± 29 11 ± 5 23 ± 8 961 ± 35 0.137 ± 0.008

IV-CARB-PTX-0.75 22 ± 3 1.2 ± 0.5 47 ± 6 21 ± 7 8 ± 2 1020 ± 34 0.125 ± 0.003
COMBI-0.75 50 ± 5 1.2 ± 0.2 47 ± 6 8 ± 3 22 ± 5 911 ± 41 0.112 ± 0.006

One week of recovery after the treatment administration

ET-LPS_rec 405 ± 98**** 37 ± 9**** 261 ± 153**** 70 ± 16**** 58 ± 11**** - -
IV-vehicle_rec 42 ± 7 6.1 ± 0.7 51 ± 11 11 ± 3 20 ± 4 953 ± 31 0.119 ± 0.006

DPI-0.5_rec 48 ± 8 8 ± 2 30 ± 5 15 ± 3 15 ± 5 1039 ± 37 0.131 ± 0.006
IV-CARB-PTX_rec 67 ± 33 6.1 ± 0.5 46 ± 12 9 ± 4 9 ± 1 884 ± 43 0.12 ± 0.01

COMBI-1_rec 49 ± 7 7 ± 1 16 ± 4 3 ± 1 18 ± 6 907 ± 39 0.126 ± 0.005
COMBI-1-24h_rec 67 ± 21 6.7 ± 0.9 35 ± 7 3 ± 1 12 ± 2 923 ± 31 0.124 ± 0.005

IV-CARB-PTX-0.75_rec 22 ± 2 4.6 ± 0.2 26 ± 2 7 ± 4 7 ± 3 1013 ± 39 0.135 ± 0.007
COMBI-0.75_rec 53 ± 12 9 ± 2 26 ± 5 5 ± 2 21 ± 6 1005 ± 33 0.14 ± 0.01
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TNF-α, IL-6 and IL-1β 

TNF-α, IL-6 and IL-1β were quantified to evaluate pro-inflammatory responses following the 

treatment administration. As expected, all positive control groups (ET-LPS) were significantly 

higher than the IV-vehicle groups (p < 0.0001, Table 18). Following the administration of DPI-

0.5, IV doublets and their combinations, at all doses and regimens, no significant increase was 

observed at either sampling time. Moreover, TNF-α, IL-6 and IL-1β levels were all lower one 

week later (Table 18).  

 

3.4.2. Cytotoxicity 

3.4.2.1. Protein content 

Following the administration of the IV doublets or DPI-0.5, protein concentration levels in 

BALF increased, dose-dependently. However, these were not significant in comparison with 

the IV-vehicle group 24h after the last treatment administration (p > 0.05, DPI-0.5: 300 ± 81 

𝜇g/mL, IV-CARB-PTX: 151 ± 56 𝜇g/mL, IV-CARB-PTX-0.75: 91 ± 29 𝜇g/mL vs. 56 ± 23 

𝜇g/mL), which remained high but still not significant after one week of recovery (p > 0.05, 

Figure 82.B). Although non-significant, DPI-0.5 protein concentration was more than 5-fold 

higher than in the IV-vehicle group and 2- and 3-fold higher than the IV-CARB-PTX and IV-

CARB-PTX-0.75 groups, respectively, 24h after the last treatment administration.  

The combination of both DPI-0.5 and IV-CARB-PTX irrespective of the dose or regimen 

showed higher protein concentrations than the IV-vehicle group (COMBI-1: 252 ± 74 𝜇g/mL, 

COMBI-1-24: 369 ± 86 𝜇g/mL, COMBI-0.75: 337 ± 78 𝜇g/mL vs. 56 ± 23 𝜇g/mL, Figure 

82.B). However, this was only significant for COMBI-1-24h and COMBI-0.75 at 24h after the 

last treatment administration (p < 0.05) but not after one week of recovery (p > 0.05, Figure 

82.B). None of the combination groups increased significantly the total protein concentration 

in comparison with their respective IV doublets, 24h after the treatment. However, after one 

week of recovery, only the COMBI-1 presented a total protein concentration significantly 

higher than the IV-CARB-PTX (p < 0.05, Figure 82.B). This was due to the addition of DPI-

0.5 the same day as its co-administration with CARB-PTX-IV would have led to a cumulative 

cytotoxicity from both CARB-PTX-IV and CIS-DPI-ET leading to potentially higher protein 

content for this group. 

 

3.4.2.2. Lactate dehydrogenase activity 

As observed for the protein concentration evaluation, the LDH activity was higher following 

the administration of IV doublets and DPI-0.5 than for the IV-vehicle group but without 
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significant difference (p > 0.05, Figure 82.C), at both sampling times. However, all 

combination groups increased significantly the LDH ratios 24h after the last treatment 

administration (COMBI-1: 4.2 ± 0.9, COMBI-1-24h: 6 ± 1, COMBI-0.75: 1.8 ± 0.5, vs. IV-

vehicle group: 1) except for COMBI-0.75 (p > 0.05). These groups were all significantly higher 

after one week of recovery (p < 0.05, Figure 82.C) when compared to the IV-vehicle group. 

Moreover, a significant increase in LDH activity was shown for COMBI-1-24h when compared 

to IV-CARB-PTX 24h after the last treatment administration (p < 0.01). However, this increase 

was not maintained after one week of recovery (p > 0.05, Figure 82.C). 

 

3.4.3. Histopathological analysis 

As previously observed during the evaluation of the pro-inflammatory cytokines and 

chemokines as well as during the cytotoxicity evaluation (Table 18), no major lung damage 

was observed for IV doublets and DPI-0.5 administered alone or in combinations. The scores 

of all the adverse observations were less than 1 on a severity score scale of 0-5 and occurred in 

a maximum of 45% of the mice (Figure 83.B).  

 

 

Figure 83: Histopathology of lung tissue exposed to IV doublets, ET monotherapy and their combinations. 
Representative images of treated groups (A) and heat map of adverse observations (in scale of proportion of mice 
concerned) and severity scores (from 0 to 5) depending on lung tissue histopathology (B) (Optical microscopy, 
400 x). The groups’ abbreviations are described in Figure 78. 
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Acute bronchopneumonia (AB) 0 0.2 0 0 0.1 0 0 0.1 0 0 0 0.2 0 0
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3.4.4. Vacuolation and perivascular oedema 

None of the groups displayed BEV or perivascular oedema.  

 

3.4.5. Intra-alveolar haemorrhage 

All the groups except CARB-PTX-0.75, even the IV-vehicle groups, displayed intra-alveolar 

haemorrhage. This was certainly related to the technique of sampling as blood may have not 

been completely removed before the paraffin-embedding. This could be also attributed to the 

BALF collection procedure. However, intra-alveolar haemorrhage seemed to be more intensely 

and frequently encountered for some groups such as COMBI-1, CARB-PTX-IV_rec, COMBI-

1-rec and COMBI-0.75_rec than for the IV-vehicle (Figure 83.B).  

 

3.4.6. Luminal alveolar macrophage 

In terms of luminal AM, which can be a sign of ongoing acute inflammation, DPI-0.5 and IV 

doublet groups showed a score of 0/5 24h after the last administration (Figure 83). They also 

showed this after one week of recovery except for DPI-0.5_rec, which had a score of 0.1/5. 

However, once results for each combination were combined, a score of 0.1/5 was observed for 

all combinations for 7% of mice (COMBI-1, COMBI-1-24h and COMBI-1-0.75) 24h after the 

last treatment administration (Figure 83.B). This increased to 0.3/5 for COMBI-1_rec and 

COMBI-1-24h_rec for 27% and 23% of mice, respectively. However, for COMBI-0.75, the 

initial score of 0.1/5 was maintained after one week of recovery for 7% of mice (Figure 83.B). 

 

3.4.7. Acute bronchopneumonia 

AB was scored at 0/5 for DPI-0.5 and IV doublets at both doses and sampling times. This was 

also scored at 0.1/5 for COMBI-1, 0/5 for COMBI-1-24h and 0.1/5 for COMBI-0.75 24h after 

the last treatment administration (Figure 83.B). This was observed for 13% of mice, for both 

groups and was already reported following cisplatin nebulization [77]. However, this 

observation was reversible within one week for the lower-dosed regimen of both groups 

(COMBI-1 and COMBI-0.75) and was not reversible for the highest dosed group (0.2/5 for 

COMBI-1-24h) (Figure 83.B). 

 

3.4.8. Intra-alveolar fibrin 

Intra-alveolar fibrin was scored at 0/5 for DPI-0.5 IV doublets at both sampling times (Figure 

83.B). For the combination groups (COMBI-1, COMBI-1-24h and COMBI-0.75), this showed 



Experimental part IV: Evaluation of the combination with IV carboplatin-paclitaxel 

 225 

a low score of 0.1/5 and was observed for only for 7% of the mice and was maintained after 

one week of recovery except for COMBI-1 (Figure 83.B).  

 

3.5.  Evaluation of nephrotoxicity   
The DLT of cisplatin is cumulative nephrotoxicity. It is therefore important that DPI-0.5 does 

not induce nephrotoxicity as this treatment is designed to be administered during off-cycles as 

a complement to IV doublets. Moreover, it is important to verify that there is no accumulation 

of toxicity on the kidneys using the combinations as carboplatin can also impact their function 

[88]. 

 

3.5.1. Plasma biomarkers 

3.5.1.1. Neutrophil-gelatinase associated lipocalin 

IV doublets and DPI-0.5 

The repeated administration of DPI-0.5 did not induce any major significant NGAL difference 

in comparison with the IV-vehicle group (p > 0.05), both 24h after the last administration (107 

± 32 pg/mL vs. 300 ± 35 pg/mL) and after one week of recovery (Figure 84.A). IV doublets 

showed a dose-dependent but non-significant increase in NGAL when compared to the IV-

vehicle group 24h after the last treatment administration (IV-CARB-PTX: 602 ± 108 pg/mL, 

IV-CARB-PTX-0.75: 539 ± 43 pg/mL vs. 300 ± 35 pg/mL). The NGAL concentrations 

decreased for all groups and were all non-significant after one week of recovery (p > 0.05, 

Figure 84.A). 

 

Combinations 

The co-administration of DPI-0.5 and IV-CARB-PTX, at both doses and regimens, increased 

NGAL concentrations to higher concentrations than with the vehicle group-IV (COMBI-1: 939 

± 287 pg/mL, COMBI-1-24h: 575 ± 45 pg/mL, COMBI-0.75: 715 ± 72 pg/mL vs. 300 ± 35 

pg/mL). The increase was significant only for COMBI-1 (p < 0.01, Figure 84.A), 24h after the 

last treatment administration. These increases were all reversible after one week of recovery 

(Figure 84.A). This result was expected, as COMBI-1 was the most highly dosed regimen in 

which DPI-0.5 and IV doublets administrations were less spaced. In comparison with their 

relative IV groups, all combinations showed a non-significant increase in NGAL concentration 

at both sampling times (Figure 84.A).  
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Figure 84: Evaluation of plasma NGAL (A) 24h following the last treatment administration and after one week of 
recovery (_rec). The groups’ abbreviations are described in Figure 78. All results are expressed as means ± SEM 
(n=8-15). The statistical analyses were performed vs. the IV-vehicle group (black) or vs. the selected groups as 
illustrated (red), using one-way ANOVA and Bonferroni’s post-hoc test (** for p < 0.01). Representative renal 
tissue histological analyses (HE, magnification 400 x) in selected mice groups (B). 

 

3.5.1.2. Cystatin C and creatinine 

The repeated administration of DPI-0.5, IV doublets and their combinations did not induce 

higher cystatin C or creatinine levels when compared to the IV-vehicle group, at either sampling 

time (p > 0.05, Table 18).  

 

3.5.2. Histopathological analysis 

Following the analysis of PAS and HE staining, no AKI was noticed for all groups of all doses 

and regimens at both sampling times (Figure 84.A). These results confirmed observations 

during the plasma biomarker evaluation.  

 

3.6.  Evaluation of myelotoxicity  
Myelosuppression is an adverse effect often responsible for the interruption of the treatment by 

3 weeks, which it is the time necessary to renew bone-marrow stem cells [289]. Therefore, it is 

crucial that the CIS-DPI-50 does not induce cumulative myelosuppression if it is administered 

during the off-cycles of IV chemotherapy. To verify this, the total numbers of WBC, RBC and 

PLT, and their related parameters, were determined 24h after the treatment administration 

regimen and after one week of recovery. 
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To improve the clarity of the figures, WBC results are represented in Figure 85.A without the 

statistical analyses specified hereunder.  

 

 
Figure 85: Evaluation of the differentiated WBC count of LYM, GRA, EOS and MON (A), the total RBC (B) and 
the total PLT (C) in blood, 24h following the last treatment administration and after one week of recovery (_rec). 
The groups’ abbreviations are described in Figure 78. All results are expressed as means ± SEM (n=8-15). The 
statistical analyses were performed vs. the IV-vehicle group (black) or vs. the selected groups as illustrated (red), 
using one-way ANOVA and Bonferroni’s post-hoc test (**** for p < 0.0001, *** for p < 0.001, ** for p < 0.01 
and * for p < 0.05). 

 

3.6.1. White blood cells 

3.6.1.1. IV doublets and DPI-0.5 

The administration of DPI-0.5 did not induce any leukopenia or WBC increase in comparison 

with the IV-vehicle group (p > 0.05, Figure 85.A). The administration of the IV doublets 

induced a non-significant slight decrease in the total WBC vs. the IV-vehicle group (IV-CARB-

PTX: 4.5 ± 0.5 x 103 cells/mm3 and IV-CARB-PTX-0.75: 4.1 ± 0.5 x 103 cells/mm3, 

respectively vs. 5.8 ± 0.9 x 103 cells/mm3). These differences were all reversible after the 

recovery week (p > 0.05). However, it should be noted that for the positive ET-LPS_rec groups, 

the proportions of GRA and LYM were significantly higher in comparison to the IV-vehicle 

group (p < 0.001, Figure 85.A). 
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3.6.1.2. Combinations 

The administration of COMBI-1 increased significantly the total WBC count vs. the IV-vehicle 

group: 10 ± 2 x 103 cells/mm3 vs. 5.8 ± 0.9 x 103 cells/mm3 (p < 0.05, Figure 85.A) 24h after 

the last treatment administration. This was observed for all the different WBC but was only 

significant for the total number of LYM (p < 0.05) 24h after the last treatment administration. 

This increase was reversible after one week of recovery as no significant difference was 

observed between this group and the IV-vehicle group (4.8 ± 0.8 x 103 cells/mm3 vs. 4.0 ± 0.5 

x 103 cells/mm3) (p > 0.05, Figure 85.A). Moreover, after one week of recovery, the proportion 

of LYM remained significant and the proportion of GRA became significant for COMBI-1 in 

comparison to the IV-vehicle group (p < 0.05 and p < 0.01, respectively). The total WBC count 

of COMBI-1 was very significant when compared to IV-CARB-PTX (p < 0.01, Figure 85.A) 

24 h after the last treatment administration. This was related to higher LYM (p < 0.01), GRA 

(p < 0.05) and MON (p < 0.05) for COMBI-1 in comparison with IV-CARB-PTX. In contrast, 

this was not the case for COMBI-1-24h or COMBI-0.75 24h after the last treatment 

administration as no significant difference was observed vs. the IV-vehicle group or their 

respective IV doublets (p > 0.05, Figure 85.A). 

 

Moreover, the difference in terms of WBC counts 24h after the last treatment administration 

between COMBI-1-24h and COMBI-1 or between COMBI-0.75 and COMBI-1 was 

significant, in both cases (p < 0.001, p < 0.01, respectively, Figure 85.A). This was related to 

the increase in LYM (p < 0.001) and GRA (p < 0.05) for COMBI-1 and to the increase in LYM 

(p < 0.01) for COMBI-0.75 when compared to COMBI-1-24h. All differences observed 

between COMBI-1-24h and COMBI-1 or between COMBI-0.75 and COMBI-1 were reversible 

one week later (p > 0.05, Figure 85.A). The 24h delay and the dose reduction therefore both 

seemed useful to limit the inflammation.  

 

3.6.2. Red blood cells 

3.6.2.1. IV doublets and DPI-0.5 

The administration of DPI-0.5 or IV doublets did not show any significant difference in terms 

of total RBC count, Hb and Ht 24h after the last treatment administration with the IV-vehicle 

group. However, after one week of recovery, total RBC count, Hb and Ht were significantly 

higher for the IV doublets at both doses (IV-CARB-PTX and IV-CARB-PTX-0.75) (p < 

0.0001, Figure 85.A and Table 19).  
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Moreover, both IV doublets were also characterized by significantly higher MCV (i.e. 

macrocytosis) after one week of recovery in comparison with the IV-vehicle group (p < 0.001 

for IV-CARB-PTX and p < 0.01 for IV-CARB-PTX-0.75). In addition, the RDW of IV 

doublets was significantly different (p < 0.01, Table 19).  

 
Table 19: Evaluation of RBC, WBC and PLT parameters in plasma 24h following the last treatment administration 
and after one week of recovery (_rec). The groups’ abbreviations are described in Figure 78. All results are 
expressed as means ± SEM (n=8-15). The statistical analyses were performed vs. the IV-vehicle-IV group using 
one-way ANOVA and Bonferroni’s post-hoc test (**** for p < 0.0001, *** for p < 0.001, ** for p < 0.01 and * 
for p < 0.05). 

 

 

3.6.2.2. Combinations 

COMBI-1 induced significantly higher numbers of RBC (10.6 ± 0.7 x 106 cells/mm3 vs. 9.1 ± 

0.2 x 106 cells/mm3, p < 0.01, Figure 85.B), Hb (18 ± 1 g/dL vs. 15.5 ± 0.8 g/dL, p < 0.0001) 

and Ht (54 ± 11% vs. 45.2 ± 0.8%, p < 0.001) than IV-vehicle group, 24h after the last treatment 

administration. This increase was reversible after one week of recovery as no significance 

difference was observed with the IV-vehicle group (Table 19). However, the RDW was 

significantly higher for COMBI-1 in comparison with the IV-vehicle group (p < 0.05, Table 

19). 

Total RBC count, Hb and Ht of COMBI-1 were also significantly higher than for IV-CARB-

PTX (p < 0.01, p < 0.0001 and p < 0.001, respectively) and COMBI-1-24h (p < 0.0001, for 

all), 24h after the last treatment administration (Figure 85.B and Table 19). 

Consequently, the administration of COMBI-1 seemed to induce an increased number of RBC 

(polycythaemia) 24h after the last treatment administration. This was much earlier than with 

both IV doublets (IV-CARB-PTX and IV-CARB-PTX-0.75).  

Parameters MCHC
(g/dL)

Hb
(g/dL)

Ht 
(%)

MCV
(%)

RDW
(!m3)

MCH 
(pg)

MPV
(!m3)

24h after the treatment administration
ET-LPS 34.8 ± 0.4 15.6 ± 0.2 44.9 ± 0.9 49.1 ± 0.2 12.7 ± 0.1 17.1 ± 0.2 6.1 ± 0.1

IV-vehicle 34.3 ± 0.2 15.5 ± 0.3 45.2 ± 0.8 49.3 ± 0.2 12.75 ± 0.07 16.87 ± 0.08 6.0 ± 0.1
DPI-0.5 34.4 ± 0.2 15.4 ± 0.2 44.8 ± 0.6 48.8 ± 0.1 12.80 ± 0.06 16.85 ± 0.08 6.18 ± 0.07

IV-CARB-PTX 34.5 ± 0.2 15.5 ± 0.2 44.9 ± 0.7 49.8 ± 0.3 13.00 ± 0.08 17.15 ± 0.08 6.1 ± 0.1
COMBI-1 34.3 ± 0.1 18 ± 1**** 54 ± 4 *** 50.2 ± 0.2** 13.0 ± 0.1 17.2 ± 0.1 6.2 ± 0.1

COMBI-1-24h 33.8 ± 0.2 14.8 ± 0.2 43.9 ± 0.5 50.2 ± 0.1** 12.96 ± 0.06 16.93 ± 0.09 6.3 ± 0.1
IV-CARB-PTX-0.75 34.3 ± 0.2 15.1 ± 0.2 44 ± 2 50.0 ± 0.2 13.2 ± 0.1** 17.2 ± 0.1 6.00 ± 0.08

COMBI-0.75 34.1 ± 0.1 15.4 ± 0.3 45.2 ± 0.9 49.9 ± 0.2 12.92 ± 0.08 16.95 ± 0.08 6.4 ± 0.1
One-week recovery after the treatment administration

ET-LPS_rec 34.5 ± 0.4 16.1 ± 0.5 47 ± 2 49.0 ± 0.2 12.90 ± 0.07 17.0 ± 0.2 6.5 ± 0.2**
IV-vehicle_rec 34.4 ± 0.2 15.8 ± 0.3 46 ± 1 49.3 ± 0.2 12.95 ± 0.08 16.9 ± 0.1 6.03 ± 0.06

DPI-0.5_rec 34.7 ± 0.2 15.3 ± 0.1 44.0 ± 0.5 49.5 ± 0.1 12.89 ± 0.05 17.2 ± 0.1 5.86 ± 0.06
IV-CARB-PTX_rec 33.8 ± 0.2 19.4 ± 0.6**** 57 ± 2**** 50.8 ± 0.3*** 14.1 ± 0.2**** 17.2 ± 0.1 6.3 ± 0.2

COMBI-1_rec 34.6 ± 0.3 15.7 ± 0.3 46 ± 1 50.2 ± 0.2 13.6 ± 0.1* 17.4 ± 0.2 6.00 ± 0.06
COMBI-1-24h_rec 33.8 ± 0.3 15.2 ± 0.2 45.1 ± 0.6 50.5 ± 0.2** 13.5 ± 0.1 17.1 ± 0.1 6.07 ± 0.07

IV-CARB-PTX-0.75_rec 33.8 ± 0.2 19.5 ± 0.3**** 58 ± 1**** 50.6 ± 0.2** 13.3 ± 0.08 17.10 ± 0.09 6.03 ± 0.08
COMBI-0.75_rec 34.2 ± 0.2 15.4 ± 0.3 44.9 ± 0.9 49.7 ± 0.4 13.34 ± 0.08 17.0 ± 0.2 6.09 ± 0.07
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COMBI-1-24h did not increase significantly RBC, MCHC, Hb, Ht or RDW in comparison with 

the IV-vehicle group or IV-CARB-PTX at either sampling time (p > 0.05, Figure 85.B and 

Table 19). However, both COMBI-1 and COMBI-1-24h were characterized by a significant 

increase in the MCV, in comparison with the IV-vehicle group (p < 0.01) although not with the 

IV-CARB-PTX group (p > 0.05), 24h after the last treatment administration. On the other hand, 

the MCV increase was maintained for COMBI-1-24h after one week of recovery in comparison 

to the IV-vehicle group (p < 0.01, Table 19). COMBI-0.75 did not induce any increase in terms 

of RBC count or their related parameters (Figure 85.B and Table 19), for either sampling time. 

It should be noted that for all groups, MCH and MHCH were similar to those for the IV-vehicle 

group.  

 

3.6.3. Platelets 

Thrombocytopenia is one of the most common cumulative side effects of CARB-PTX doublet 

chemotherapy [152–154,290]. It was therefore mandatory to investigate total PLT count and 

MPV for all the tested groups.  

 

3.6.3.1. DPI-0.5 and IV doublets 

DPI-0.5 did not decrease the total PLT count as no significant difference with the IV-vehicle 

group was observed at either sampling time (p > 0.05, Figure 85.C). On the other hand, the 

administration of IV-CARB-PTX induced a significant decrease in total PLT count, in 

comparison with the IV-vehicle group (p < 0.001), which remained one week after 

administration (p < 0.0001, Figure 85.C). In contrast, this was not the case for IV-CARB-PTX-

0.75, as no significant difference was observed with the IV-vehicle group (p > 0.05) 24h after 

the last treatment administration, although this was the case after one week of recovery (p < 

0.0001, Figure 85.C).  

None of the DPI-0.5 or IV doublets increased MPV in comparison with the IV-vehicle group 

at either sampling time (p > 0.05, Table 19).  

 

3.6.3.2. Combinations 

The administration of COMBI-1 or COMBI-0.75 led to a significantly lower PLT count than 

for the IV-vehicle group 24h after the last administration and was proportional to the 

administered dose (p < 0.0001 and p < 0.05, respectively). However, these lower PLT counts 
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were reversible after one week of recovery with no significant difference with the IV-vehicle 

group (p > 0.05, Figure 85.C).  

COMBI-1-24h showed no significant difference in total PLT count compared with the IV-

vehicle group at either sampling time (p > 0.05). Moreover, COMBI-1-24h had a significantly 

higher total PLT count than COMBI-1, 24h after the last administration (p < 0.001, Figure 

85.C). No significant difference was observed between the combination groups and their 

respective IV doublets 24h after the treatment. However, a significant difference was observed 

for all the combination groups one week later, as the decreases observed with IV doublets were 

significantly higher than with their respective combination groups (COMBI-1 (p < 0.0001), 

COMBI-1-24h (p < 0.001) vs. IV-CARB-PTX, and COMBI-0.75 vs. IV-CARB-PTX-0.75 (p 

< 0.0001, Figure 85.C). 

None of the combination groups increased MPV in comparison with the IV-vehicle group at 

either sampling time (p > 0.05, Table 19).  

 

 Discussion 
It was fundamental to verify that the addition of DPI-0.5 during IV doublet off-cycles did not 

impair general tolerance (i.e. bw losses) or pulmonary, renal and haematological tolerance. 

Indeed, these resting cycles are crucial for recovery before the administration of the following 

treatment cycle. The bw profiles demonstrated limited bw losses during the treatment 

administration and increased bw during recovery. This matched the general tolerance cited 

above.  

 

The investigation of the pulmonary tolerance of DPI-0.5 and IV doublets separately and in 

combination was necessary as platinum-based agents and taxanes have been reported to induce 

hypersensitive reactions in lungs. This occurred with acute onset of bronchospasm, dyspnoea, 

cough and hypotension, leading to treatment discontinuation [77]. Indeed, 30% of patients 

treated with paclitaxel have developed, within the first 10 minutes of infusion, acute pneumonia 

and hypersensitivity pneumonitis in addition to the reactions described above [77].  

In our study, pulmonary inflammation and cytotoxicity were evaluated directly in BALF to 

increase the specificity of the lung-related tolerance. As inflammatory cells are involved in the 

earliest phase of inflammation, BALF-packed cells were evaluated in terms of differential and 

total cell counts [151,163]. A higher total cell recruitment (total BALF cell analysis) was 

detected for the groups exposed to DPI-0.5 locally (DPI-0.5, COMBI-1, COMBI-1-24h and 
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COMBI-0.75). This recruitment was related to higher NT-GRA cell proportions in comparison 

to their respective IV doublets (Figure 81 and Figure 82). This demonstrated a more intense 

inflammation for these groups related to the prolonged exposure to cisplatin following DPI-0.5 

administration. Indeed, NT-GRA are the most common cells among GRA and are recruited at 

the site of inflammation to help remove phagocytosis debris by releasing ROS, antimicrobial 

proteins and degradative enzymes [267]. 

 

It should be noted that in Experimental part III-section 3.2, we demonstrated that the 

administration of the vehicle (used for the preparation of CIS-DPI-50 blend) following the 

scheme described in Figure 55 did not induce any inflammation in mice. Indeed, the 

administration of the diluent did not lead to any bw loss, lung inflammatory reaction (i.e. no 

increase in pro-inflammatory cytokines, chemokines, or proportion of NT-GRA in BALF), lung 

cytotoxicity (i.e. no increase in protein content) or AKI (i.e. no increase in NGAL, cystatin-c, 

creatinine). Consequently, the adverse effects observed in lungs and kidneys following DPI-0.5 

administration were only attributed to cisplatin, not to the excipients or to the technique of 

administration. The mechanism for the generation of pulmonary injury following the 

administration of cytotoxic drug was already discussed in Experimental part III-section 3.2.  

 

As cell recruitment occurs using specific mouse chemokines, CXCL1 and CXCL2 were also 

quantified in BALF [264]. However, the observed lung inflammatory reactions did not seem to 

be related to higher CXCL1 and/or CXCL2 levels (Table 18). This might have been related to 

the fact that NT-GRA had already been retrieved in BALF and needed no further recruitment. 

Moreover, these chemokines may have increased gradually during the treatment administration 

and may have normalized once NT-GRA were recruited in BALF. Indeed, these chemokines 

increase in the early phase of inflammation and also seem to have an active role in the regulation 

and homeostasis of NT-GRA recruitment [291,292]. As pro-inflammatory cytokines are well-

known to take an active part in the generation of acute inflammation, TNF-α, IL-6 and IL-1β 

were quantified in BALF supernatant. Indeed, these cytokines are the most involved in 

inflammation in both human and mouse models [133,163]. In our study, except for the positive 

control (ET-LPS), none of the treated groups demonstrated a higher lung inflammation (Table 

18). However, in Experimental part III, in which DPI-0.5 and CIS-IV were combined, a higher 

pulmonary inflammation was reported following their administration on the same day at their 

MTD (i.e. 0.5 mg/kg for DPI-0.5 and 2 mg/kg for CIS-IV_2) in terms of NT-GRA recruitment, 

TNF-α and IL-6 levels. It has been reported that the administration of cisplatin using 
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nebulization through the ET route was responsible for severe pneumonitis and mild to moderate 

fibrosis during a preclinical study on dogs [278]. Moreover, its administration in a phase I study 

was correlated to dyspnoea, bronchitis and hoarseness, which were scored 1-2 above 4 [178]. 

This may have been avoided in our study by developing cisplatin as a controlled-release 

formulation.  

 

Lung cytotoxicity was evaluated by quantifying the LDH activity and total protein content. 

Cytotoxicity leads to cell rupture, leading to the release of their contents into the extracellular 

compartment. The determination of the total protein content is therefore correlated to cell lysis 

and to cytotoxicity. By the same logic, LDH is an enzyme that is retrieved in the cytoplasm of 

different tissues and increases in the case of cell rupture or death. As its concentration is up to 

500-fold higher in lung tissue than in plasma, it was therefore interesting to quantify LDH in 

BALF [265]. Results tended to show that DPI-0.5 administered using the ET route seemed to 

induce higher cytotoxicity in BALF than the IV doublets (Figure 82). These results were 

similar to those obtained for DPI-0.5 and CIS-IV during our previous preclinical study. This 

can be explained by a more prolonged and more frequent exposure to the cytotoxic drug 

following DPI-0.5 in comparison with IV doublets. Considering both these biomarkers, the 

combination groups seemed to be characterized by higher protein content when compared to 

their relative IV doublets. This was predictable as cytotoxicity is related to the total cytotoxic 

drug dose (higher dose for combinations vs. IV doublets or DPI-0.5).  

The histopathological analyses did not demonstrate any major lung damage for any of the 

groups and confirmed the results obtained with the pulmonary biomarkers. Indeed, BEV (score 

0/5), perivascular oedema (score 0/5), major intra-alveolar haemorrhage (score 0.7/5), AB 

(score 0.2/5) and intra-alveolar fibrin (0.1/5) were the maximum observed scores and were all 

less than 1 (Figure 83). Luminal AM investigation in lung sections demonstrated a slight 

transient increase for the combination groups. The recruitment of AM related to the 

administration of DPI-0.5, as observed during BALF cell counts, was to ensure phagocytosis 

as this is the main innate defence mechanism (Figure 81) [163]. Moreover, an increased blood 

congestion and a higher blood flow are observed in inflammation to ensure inflammatory cell 

recruitment and extravasation [293], which may explain the intensified intra-alveolar 

haemorrhage and luminal AM observations in lung sections. Furthermore, “tissue factor” is an 

integral plasma membrane protein expressed by AM, lung epithelium and fibroblasts, which 

increases in lung or pleural injuries to initiate the extrinsic pathway of coagulation [294]. In the 

sites of injury, this pro-coagulation factor activates thrombin leading to localized fibrin sections 
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[294]. This is a well-known reaction to inflammation [294] and may explain the slight intra-

alveolar fibrin observations.  

These results seemed to demonstrate a good pulmonary tolerance of all combinations. Indeed, 

except for total BALF cell and NT-GRA proportion increases, DPI-0.5, IV doublets and their 

combinations at their MTD, administered on the same day, did not seem to induce acute 

pulmonary inflammation. However, these combination groups seemed to induce a higher 

cytotoxicity than their respective IV doublets (COMBI-1-24h vs. IV-CARB-PTX), which 

would be favourable for treatment efficacy. This tended to be associated to higher but still light 

lung damage for these groups in comparison to IV doublets. It is important to report that higher 

lung inflammation was observed following the administration of CIS-IV_2 at its MTD (i.e. 2.0 

mg/kg) when combined with DPI-0.5, the same day or 24h later in Experimental part III. All 

lung-related inflammatory reactions were reversible within one week of recovery, except for 

NT-GRA recruitment. The reported inflammation was avoided only when the CIS-IV_2 dose 

was reduced by 25% (i.e. CIS-IV_1.5). The combination of CARB-PTX IV doublets and DPI-

0.5 seemed to be overall better tolerated by the lungs than the previous CIS-IV and DPI-0.5 

combinations. Indeed, while the combination of IV-CARB-PTX and DPI-0.5 did not induce 

higher pro-inflammatory cytokines, the combination of CIS-IV and DPI-0.5 induced an 

irreversible increase in TNF-α levels and a reversible increase in IL-6 levels. Moreover, luminal 

AM observation was scored higher for the combination of CIS-IV and DPI-0.5 than IV-CARB-

PTX and DPI-0.5 (2/5 vs. 0.1/5, respectively), demonstrating a more intense phagocytotic 

reaction for this combination. These differences may be related to the fact that carboplatin has 

a slower rate of aquation and therefore a lower cytotoxic activity than cisplatin, leading to a 

better overall toxicity profile [87,93,295]. Therefore, considering only lung-related 

inflammatory reactions, the co-administration of IV-CARB-PTX and DPI-0.5 the same day 

should be considered while the combination of CIS-IV_2 at its MTD and DPI-0.5 on the same 

day should be avoided.  

 

As described previously, the investigation of AKI is mandatory to assess the safety of the 

combination groups as platinum compounds are reported to be highly nephrotoxic [88]. To 

evaluate early AKI, novel biomarkers that have already proven their specificity and sensitivity 

in both preclinical and clinical studies were selected [137]. In Experimental part III of this 

work, AKI was detected 24h after its induction using NGAL, cystatin C and creatinine in 

plasma. As previously discussed, AKI biomarkers are divided into tubule-function biomarkers 

(cystatin C, creatinine) and kidney-damage biomarkers (NGAL) [137] and should be both 
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considered for AKI assessment [136]. On the one hand, the functional biomarker cystatin C is 

freely filtered and almost completely reabsorbed and degraded in the proximal tubule. 

Therefore, it increases if there is a filtration defect [137,142]. On the other hand, NGAL is 

secreted by NT-GRA and kidney tubular cells in the early stages of renal damage or 

inflammation [137,142,143]. 

 

The administration of DPI-0.5 following three administrations a cycle for two consecutive 

cycles was well-tolerated by the kidneys as no early or delayed AKI was notified (Figure 84 

and Table 18), as already demonstrated in Experimental part III-section 3.3.3. Indeed, no 

significant increase in NGAL, cystatin C, or creatinine was identified following the 

administration of DPI-0.5 at 0.5 mg/kg or even at 1 mg/kg. Moreover, the administration of IV-

CARB-PTX at its MTD did not seem to induce AKI, whereas this was observed following the 

administration of CIS-IV_2 at its MTD. It is widely known that, unlike cisplatin, carboplatin 

does not interact with the OCT2. This results in a lower concentration of carboplatin in the 

proximal tubule cells than cisplatin, leading to less renal damage [87].  

The combination of DPI-0.5 and CARX-PTX IV the same day induced higher NGAL levels, 

but with similar and non-significant cystatin C and creatinine levels, resulting in significantly 

higher damage and/or inflammation than with the IV-vehicle group. However, this increase was 

reversible within one week, and was not significantly different from IV-CARB-PTX. In 

addition, no renal injury or higher plasma AKI biomarkers were observed for the other groups 

(Figure 84 and Table 18). This showed that the strategies of dose reduction by 25% or a delay 

in administrations were promising to avoid any major biomarker increase when compared to 

groups treated with IV doublets. In contrast, the combination of DPI-0.5 and CIS-IV_2 at their 

respective MTD, the same day or 24h later, induced non-reversible AKI, with increases in 

NGAL, cystatin C and creatinine levels, as demonstrated in Experimental part II-section 3.3.4. 

It was mandatory to reduce the IV dose by 25% and stagger the administrations by 24h to avoid 

AKI. As expected, the combinations with CIS-IV seemed to induce higher AKI than those with 

IV-CARB-PTX as no dose or regimen adaptations were required. These last results validated 

our preclinical AKI model and confirmed its appropriateness, as carboplatin is widely described 

to be less nephrotoxic than cisplatin [152].  

Last but not least, haematological tolerance was assessed to ensure that the addition of DPI-0.5 

did not impair the regeneration of bone-marrow stem cells that normally occurs during the off-

cycles [289]. Indeed, paclitaxel causes myelosuppression by preventing depolymerization as it 

binds strongly with bone marrow cells microtubules leading to inhibition of mitosis and to 
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apoptosis [147]. In contrast, platinum drugs binds to bone marrow cells’ DNA leading to DNA 

damage during replication [147]. This leads to leukopenia (reduced levels of WBC), 

neutropenia, thrombocytopenia (reduced levels of PLT) and anaemia (reduced levels of RBC) 

[115] and remains one of the primary causes of morbidity and mortality during cancer treatment 

[146]. To evaluate myelotoxicity, which is the CARB-PTX DLT, total cell counts of WBC, 

RBC and PLT as well as their related parameters were investigated.  

Except for ET-LPS and COMBI-1, no significant difference in terms of WBC counts in any 

group with IV-vehicle was reported 24h after the last administration or after one week of 

recovery (Figure 85.A). The significantly higher MON, GRA and LYM retrieved in the blood 

for COMBI-1 in comparison with IV-CARB-PTX seemed to be related to the AM and NT-

GRA recruitments detected in BALF following DPI-0.5 administrations, 24h after the last 

administration (Figure 81, Figure 82.A and Figure 83.A). This increase was intensified when 

combined on the same day with IV-CARB-PTX, as discussed previously and with regard to the 

result obtained with ET-LPS groups (higher MON, GRA and LYM than in the IV-vehicle 

group). Indeed, MON, the principal immune effector cells, are retrieved in circulating blood 

(40%) and in all tissues in a steady state (60%) [151]. They are capable of differentiating into 

macrophages or dendritic cells as soon as they cross the endothelium [296]. In the case of 

inflammation, their number is increased to ensure phagocytosis [163]. Following this innate 

response, dendritic cells can migrate to lymph nodes and induce an immune reaction by 

stimulating LYM. In parallel, GRA basophils release histamine and serotonin to maintain the 

acute-phase response [163]. This explains how MON, GRA (mainly NT-GRA and basophils) 

and LYM were recruited in the early phase of pulmonary inflammation following DPI-0.5 

administration and how they were retrieved in both blood and BALF (Figure 81, Figure 82.A 

and Figure 83.A).  

One week later, both total BALF cells and WBC counts for COMBI-1 were reversible and 

similar to those of the IV-vehicle group. However, the proportion of GRA and LYM in blood 

remained significantly higher than the baseline and for IV doublets, as observed for the NT-

GRA proportion in BALF (Figure 81.A and Figure 82.A). The similarity between these trends 

confirmed that the WBC count increases seemed related to pulmonary inflammation.  

The evaluation of anaemia demonstrated a higher RBC count (polycythaemia), MCHC, Hb, Ht 

and RDW for COMBI-1 one week earlier than for the IV doublets, while no significant 

difference was reported with the other combination groups (Figure 85.B and Table 19). In 

addition, as described above, COMBI-1 also induced an increased plasma GRA proportion in 

the blood (Figure 85.A). It has been reported that both of these observations are increased as a 
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response to anaemia, as erythropoietin production is raised and may be detected from a higher 

RBC count, Hb and Ht, describing polycythaemia [151]. Indeed, it has been described that an 

increase in RBC count (polycythaemia) is observed 7-14 days after an acute drop due to bone-

marrow erythrocyte production, depending on the species [149]. This may explain why the 

RBC counts of IV doublets were higher after one week of recovery. The last IV administration 

could have led to a drop in RBC and to their generation 7 days later, which corresponded to the 

results from the second sampling time (Figure 85.B). 

The observed anaemia might be attributed to carboplatin as it is was reported that carboplatin 

was able to destroy mature RBC (haemolysis) through three different mechanisms [149]. 

Moreover, higher MCV (macrocytosis) was found in the mice treated with COMBI-1 and 

COMBI-1-24 (Table 19) and is described as often associated with polycythaemia in mice 

undergoing exuberant regenerative responses to anaemia [151]. Reports of macrocytosis for 

patients undergoing chemotherapy remain rare but it is has been associated with patients 

undergoing antimetabolite-based chemotherapy treatment [297]. However, a recent study 

reported that macrocytosis was also associated with CARB-PTX doublet in ovarian cancer 

patients [298].  

 

Thrombocytopenia was investigated by means of PLT count. The results from IV-CARB-PTX 

and IV-CARB-PTX-0.75 24h after the last treatment demonstrated that the strategy of dose 

reduction of 25%, as in clinical practice, was successful to prevent a PLT count drop (Figure 

85.C). Moreover, the strategy of delaying the administrations by 24h was also promising as no 

significant difference in PLT counts was observed for COMBI-1-24h in comparison with the 

IV-vehicle group, at either sampling time. However, PLT count decrease was observed and/or 

worsened one week later for the IV doublet groups. This has already been observed 24h after 

the last administration for IV-CARB-PTX, COMBI-1 and COMBI-0.75. For the RBC count, 

our hypothesis is that the addition of DPI-0.5 may have led to earlier thrombocytopenia for the 

combination groups, which was reversible within one week. Moreover, no significance 

difference in MPV was observed for any group at either sampling time. This showed that no 

higher PLT production due to hypoxia-induced thrombocytopenia was observed [151], which 

was consistent with our previous observations.  

 

Furthermore, it was interesting to observe that total PLT counts for ET-LPS_rec were 

significantly lower than for the IV-vehicle group (p < 0.01, 703 ± 62 x 103 cells/mm3 vs. 930 ± 

39 x 103 cells/mm3, Figure 85.C). PLT are known to be recruited at the site of inflammation as 
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they have important roles in the inflammation initiation by (i) secreting adhesion molecules to 

aggregate with WBC and (ii) stimulating NT-GRA, MON and LYM using chemotactic 

chemokines for WBC to form aggregates and launch inflammation [299]. Consequently, a 

reduced number of circulating PLT could be available for cell count if there is local 

inflammation [299]. This is also a hypothesis for the reduction in PLT for COMBI-1 and 

COMBI-0.75 24h after the last administration (Figure 85.C).  

 

The comparison between COMBI-1 and COMBI-1-24h in terms of pulmonary and 

haematological tolerance was interesting for the evaluation of the added value of the 24h delay 

between IV doublets and DPI-0.5 administration in the design of the regimens. A significantly 

lower proportion of NT-GRA in BALF (p < 0.05) together with lower WBC (p < 0.001) and 

PLT counts (p < 0.01) in blood were detected for COMBI-1-24h in comparison with COMBI-

1. This demonstrated that staggering the administrations by 24h seemed to avoid (i) the 

recruitment of pro-inflammatory cells in BALF (especially NT-GRA) and consequently in 

blood (WBC count) as well as (ii) the sequestration of PLT in the lungs leading to higher PLT 

in blood available for count.  

 

Considering all these results, even if the combination groups (COMBI-1, COMBI-0.75) 

induced thrombocytopenia, the addition of DPI-0.5 to IV chemotherapy did not induce higher 

thrombocytopenia than was observed with IV doublets. Therefore thrombocytopenia induced 

by COMBI-1 and COMBI-0.75 was considered as light. This result was not surprising as DPI-

0.5 alone did not induce any form of thrombocytopenia. Moreover, considering all the mouse 

groups and all the blood parameters, total WBC counts ranged between 2.9 ± 0.2 x 103 and 10 

± 2 x 103 cells/mm3 and PLT counts between 507 ± 38 x 103 and 958 ± 33 x 103 cells/mm3. 

These values are still considered as normal for BALB/c mice, as described in the literature 

(WBC: ~ 3-13 x 103 cells/mm3 and PLT: ~ 400-1600 x 103 cells /mm3) [300,301]. This showed 

that the significant fluctuations from the treated groups in comparison with the IV-vehicle group 

do not describe major toxicities for these combinations. These combinations can therefore be 

considered as potential therapeutic options. 

 

Overall, the co-administration of DPI-0.5 and IV doublets, regardless of the regimen and doses, 

did not induce any major bw losses or pulmonary, renal or haematological toxicities. Therefore 

these groups should be considered as possible therapeutic options as they were all associated 

with higher pulmonary cytotoxicity. It is probable that the strategies of dose reduction by 25% 
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or a delay in administrations would hinder the full potential of CIS-DPI-ET and CARB-PTX-

IV combinations. Indeed, a 24h-delay would further give to the tumour the opportunity to grow 

(i.e. as it is not exposed to cisplatin locally) than if both administrations (CIS-PDI-ET and 

CARB-PTX-IV) were performed the same day. In a similar way, a 25%-reduced IV dose would 

lead to a lower efficacy than a total IV dose, as there is a clear established dose-response 

relationship for cytotoxic drugs. However, even considering both of these strategies, a 

therapeutic intensification is expected, in comparison to the well-spaced conventional 

chemotherapy cycles [24].  

However, these groups demonstrated several differences. Indeed, COMBI-1 induced 

significantly higher BALF cell counts, in part due to the recruitment of the NT-GRA proportion 

in BALF in comparison with IV-CARB-PTX. This was related to higher MON, LYM and GRA 

in blood than IV-CARB-PTX. Moreover, regenerative anaemia (polycythaemia and 

macrocytosis) was observed one week earlier than with IV-CARB-PTX. Although 

thrombocytopenia was detected for this group (COMBI-1), this was not significantly different 

from its occurrence with IV-CARB-PTX. Consequently, except for a recruitment of pro-

inflammatory cells in BALF and inducement of regenerative anaemia earlier than the IV 

chemotherapy, COMBI-1 did not induce any other toxicity than with IV-CARB-PTX.  

 

Furthermore, the strategy of reducing the CARB-PTX dose by 25% (IV-CARB-PTX-0.75) also 

increased the proportion of NT-GRA in BALF in comparison with IV doublets, in a lower 

proportion than COMBI-1, with no major WBC, RBC or PLT count differences with IV-

CARB-PTX-0.75. However, the strategy of delaying the administrations by 24h (COMBI-1-

24h) seemed to avoid pro-inflammatory cell (mostly NT-GRA) recruitment in BALF as well as 

WBC, RBC and PLT differences in comparison with IV-CARB-PTX. Moreover, none of these 

groups demonstrated higher AKI in comparison to IV doublets. Consequently, all these 

combination groups seemed interesting to be investigated in future efficacy studies. 

 

 Conclusion 
The administration of a controlled-release cisplatin-based DPI formulation (CIS-DPI-50) in the 

lungs three times a week for 2 consecutive weeks, did not lead to any sign of myelotoxicity, 

AKI or pulmonary inflammation except for a transient NT-GRA increase. The addition of DPI-

0.5 to IV-CARB-PTX on the same day at their MTD induced a higher WBC and BALF cell 

counts, a higher NT-GRA proportion in BALF and earlier regenerative anaemia than with IV-
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CARB-PTX alone. The strategy of IV dose reduction by 25% and the separation of DPI-0.5 

and IV-CARB-PTX administration by 24h avoided regenerative anaemia and/or BALF and 

WBC increase when compared to their respective IV doublets. Interestingly, all the 

combination groups induced non-reversible higher cytotoxicity (total protein concentration and 

LDH activity) than the non-treated groups. These combination strategies were well-tolerated 

overall and should be considered for the evaluation of their efficacy on preclinical lung 

carcinoma models. Indeed, it could be interesting to identify their potential in comparison with 

the combinations with IV-cisplatin based chemotherapy. 
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This work has demonstrated the feasibility of optimizing and administering a cisplatin-based 

DPI (CIS-DPI-50) with controlled-release and lung-retention properties during the off-cycles 

encountered with the conventional IV chemotherapy, in terms of tolerance and efficacy in mice. 

Regarding the in vivo results generated so far, this treatment intensification should be 

considered for lung cancer therapy, as its added value in terms of efficacy tended to be 

demonstrated in a preclinical model with no higher toxicities than the conventional treatment 

alone. These general conclusions were supported by the results generated in the four parts of 

this work.  

 

In the first experimental part of this work, we optimized the cisplatin-based DPI formulation 

developed by Vincent Levet during his thesis. This optimization consisted of the replacement 

of TS by HCO, a more hydrophilic lipid than TS. Thanks to its higher hydrophilicity, HCO 

allowed us to produce the powder with an initial concentration 2-fold higher than that developed 

so far by Levet et al. [187], thus reducing the manufacturing time. In addition, unlike TS, this 

pharmaceutical-grade excipient is already used for other delivery routes and considered as 

GRAS by the FDA, and so should necessitate fewer experiments to be accepted for inhalation 

than non-recognized excipients. However, the safety and tolerability of this excipient should be 

investigated following ICH guidelines prior to the clinical stage. Moreover, as expected, this 

higher hydrophilicity led to a quicker cisplatin burst effect during the in vitro release, which 

had an impact on the PK parameters. This impact led to a higher clearance in vivo from mouse 

lungs into the blood than with the formulation developed with Levet et al., which demonstrated 

a lower release fraction from the particles. However, even with this higher burst effect, the 

controlled-release and the lung-retention properties were maintained with a lung Ta comprised 

between the immediate- and controlled-release DPI developed by Levet et al. Indeed, as the 

previous formulation administered at its MTD in the M109-HiFR lung carcinoma orthotopic 

mouse model showed a level of significance lower than those obtained with CIS-IV, we aimed 

to increase the cisplatin release from the microparticles to boost its efficacy while maintaining 

a good tolerance. 

In addition, CIS-DPI-50 was produced using scalable processes over three batches and showed 

low variations among them, with interesting in vitro characteristics. CIS-DPI-50 was 

characterized by good aerodynamic performance with low dependency on air flow using a 

single-dose low-resistance RS.01 inhaler, selected from four devices. Indeed, CIS-DPI-50 

showed good aerosolization and aerodynamic performance even at 40 L/min. This is crucial as 

lung cancer patients often have impaired lung function, leading to lower inspiratory peak 
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airflow. Moreover, the stability data generated over 6 months at normal conditions (25°C, 60% 

RH) showed limited variations over time, mainly due to the stabilisation of the β-form of HCO 

as well as the crystalline state of cisplatin, and to the limited residual solvent content. However, 

the stability of this formulation over drastic conditions (40°C, 75% RH), as recommended by 

the FDA, should be further investigated. The PK study conducted on healthy mice showed 

interesting lung retention with limited systemic and renal exposure, in comparison to CIS-IV. 

This confirmed the lung targeting of this formulation administered using the ET route.  

An important perspective from the formulation side would be the scale-up of the process to 

produce clinical batches, as well as the evaluation of the effect of industrial capsule-filling on 

the in vitro characteristics prior to the clinical stage.  

 

The second part of this work aimed to characterize the biodistribution of CIS-DPI-50 on LLC1-

Luc-grafted mice and to investigate whether the potential of CIS-DPI-50 in tumour targeting 

would be demonstrated. A single administration of CIS-DPI-50 at 0.5 mg/kg in LLC1-Luc-

grafted mice showed a prolonged tumour exposure, with limited exposure in tumour-free lungs 

and plasma, in contrast to that was observed for CIS-IV even at a 4-fold higher dose. Moreover, 

this part also aimed to select the regimen of administration of CIS-DPI-50 as a monotherapy 

that can be combined to the conventional chemotherapy IV treatment. This was achievable by 

finding the best balance between tolerance and efficacy.  

The repeated administrations of CIS-DPI-50 in LLC1-Luc-grafted mice following different 

doses and schemes of administration were well tolerated overall with limited bw losses and 

good pulmonary tolerance of tumour-free lungs. These regimens did not show any significant 

difference in terms of cisplatin activity, or tumour size in comparison to untreated groups, due 

to the lack of sensitivity of LLC1-Luc to cisplatin. Moreover, they showed similar 

concentrations in the tumour, tumour-free lungs, kidneys and plasma than a single 

administration of CIS-DPI-50. This was observed for all the regimen over a one-cycle 

treatment. Following the second cycle, the platinum accumulation was more intense in tumour-

free lungs, kidneys and plasma and lower in tumours. This was correlated to limited penetration 

in the increased tumour mass, but also, and more importantly, to the moribund overall condition 

of the animals, mostly due to the lack of sensitivity of LLC1-Luc to cisplatin. Therefore, the 

regimens with the lowest cumulative dose (0.5 mg/kg administered three times/cycle and 0.3 

mg/kg administered five times/cycle) were selected to be combined with IV chemotherapy as 

this treatment can on its own induce DLT. These regimens were evaluated in terms of efficacy 

on the M109-HiFR-Luc2 model, which is more sensitive to cisplatin than LLC1-Luc. Results 
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showed no difference in terms of tumour size, proportion of responders and survival but with 

higher platinum in kidneys for the groups treated every day. Therefore, the regimen with the 

more spaced administrations was selected to avoid cumulative toxicities, as it is intended to be 

combined to the conventional treatment, which is already highly nephrotoxic.  

 

Consequently, following the results generated, it was essential to investigate the tolerance in 

tumour-free lungs and in kidneys of repeated administration of CIS-DPI-50 at the selected 

regimen. Therefore, the third part of this work focused on the evaluation of the pulmonary and 

renal tolerance using early biomarkers (chemokines, cytokines) of inflammation and 

cytotoxicity in BALF (lung tolerance), and in plasma (renal tolerance), along with a lung and 

renal tissue histological investigation. 

Except for NT-GRA recruitment, results from this first investigation regarding the use of 

monotherapies showed a better pulmonary and renal tolerance profile of repeated CIS-DPI-50 

at 1 mg/kg than with CIS-IV at 2 mg/mL. This was certainly attributed to the controlled release 

of cisplatin from CIS-DPI-50 particles in comparison with the total solubilized fraction of 

cisplatin following CIS-IV_2 injection. However, the next step of the development is a 

preclinical toxicity programme following ICH guidelines on the formulation prior to a first-in-

human study. 

 

As we aim to combine a CIS-DPI-50 monotherapy regimen to CIS-IV, it was useful to evaluate 

both pulmonary and renal tolerance of these combined regimens to select the one with the 

lowest tolerance impairment. Results from that study showed pulmonary and renal tolerance 

impairment for the group treated with CIS-DPI-50 and CIS-IV at their respective MTDs. 

Fractionating the total dose between IV and DPI (i.e. decreasing the IV dose by 25%) was a 

good strategy to improve lung tolerance and to allow AKI be reversible within one week. 

Staggering CIS-DPI-50 from IV administrations by 24h was enough to prevent any signs of 

AKI, as no difference was observed with the longer staggering of 48h. Considering the results 

provided in the second part, in terms of platinum accumulation in grafted mice, the evaluation 

of pulmonary and renal tolerance on grafted mice should be investigated in future studies. 

Indeed, following repeated administrations of CIS-DPI-50, higher platinum concentrations 

were retrieved in plasma and kidneys, which could be attributed to the effect of repeated 

treatment administration, to an impaired clearance function due to the presence of tumours, 

and/or to the degradation of the overall condition. The tolerance results that we obtained in 

healthy mice could be interesting to compare to those obtained in grafted mice. Moreover, it 
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could be interesting to investigate AKI using urinary biomarkers during the preclinical toxicity 

programme following ICH guidelines. Indeed, they can provide complementary indications on 

the initiation, progression and reversibility of AKI. This could be evaluated in rats to overcome 

the limitations encountered with mice in terms of urine volumes and availability.  

 

The combined regimen selected during the tolerance study (CIS-IV dose reduced by 25%, with 

a staggering of 24h from CIS-IV administration) was therefore selected to assess its efficacy in 

the M109-HiFR-Luc2 lung carcinoma model. Results from this study tended to show an 

improvement in terms of tumour growth, percentage of responders and survival. This was 

encouraging and demonstrated that the selected CIS-DPI-50 could be a good strategy to be 

proposed as an add-on treatment to intensify the therapeutic response of cisplatin-based 

doublets in lung cancer therapy. This perspective also involves the addition of CIS-DPI-50 

during the off-cycles encountered with pemetrexed-cisplatin for SCLC patients. Indeed, as 

mentioned in the introductory part of this work, conventional chemotherapy remains the most 

recommended therapeutic option for these patients.  

 

It should be taken into account that the M109-HiFR lung carcinoma model is very aggressive 

and the potential of CIS-DPI-50 could have been hindered. Indeed, it should be interesting to 

evaluate the efficacy of the combination between CIS-DPI-50 and the conventional 

chemotherapy treatment in a model that offers the possibility to administer several cycles of 

administration (i.e. slower tumour progression). In this case, the doses could be adapted to limit 

the accumulation of toxicities. Moreover, it could be interesting to monitor biomarker levels 

repeatedly by sampling blood during the treatment cycle (i.e., not just at the end of each cycle). 

This was not achievable in mice, but may be considered during preclinical studies on healthy 

rats, for example. Moreover, it could be interesting to consider the administration of CIS-DPI-

50 every day as this tended to demonstrate a higher platinum accumulation in the tumour and 

would therefore be related to an increased efficacy. However, this can be achievable only if 

both pulmonary and renal tolerance are maintained. Last but not least, it is important to mention 

that it was not possible to monitor mouse hydration before, during and after the treatment 

administration, which is performed for humans following the administration of IV cisplatin. 

Therefore, it is probable that with an appropriate hydration protocol in humans, the adaptations 

in terms of dose reductions and delays needed in mice will not be required. However, the 

optimization of the hydration protocol should be closely managed in clinics.  
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Moreover, considering the adaptations that were needed to avoid cumulative toxicities and were 

reported in our previous study, it is possible that the potential of the combination of CIS-DPI-

50 with the conventional chemotherapy treatment would have been limited. Therefore, it was 

interesting to evaluate the combination of CIS-DPI-50 with a less nephrotoxic drug such as 

carboplatin, which would necessitate fewer adjustments (i.e. dose adjustment and 

administration delays).   

As carboplatin is intended to be combined to paclitaxel in the conventional chemotherapy 

doublet, and as they have both the same DLT (i.e. myelosuppression), it was mandatory to 

investigate the myelosuppression in addition to the pulmonary and renal tolerance. The overall 

results from this tolerance study showed that the combinations composed of CIS-DPI-50 and 

carboplatin-paclitaxel IV doublet were better tolerated in general (bw), as well as in terms of 

pulmonary and renal tolerance, than those obtained in combination with IV cisplatin. The 

addition of CIS-DPI-50 to the carboplatin-paclitaxel doublet the same day at their respective 

MTD showed higher WBC counts in plasma and BALF with a higher neutrophil (mainly 

granulocytes) proportion in BALF and earlier regenerative anaemia than with the IV doublet 

alone. However, all these observations were reversible in one week. The reduction of the IV 

dose by 25% and the staggering of CIS-DPI-50 administration from the IV-doublet by 24h 

avoided regenerative anaemia and/or BALF and WBC increase when compared to their 

respective IV doublets. Above all, all the combination groups induced non-reversible higher 

cytotoxicity (total protein concentration and LDH activity) than the non-treated groups, 

demonstrating their potential in terms of efficacy for lung cancer therapy.   

 

An overall perspective for these regimens is the evaluation of their efficacy once combined 

with immunotherapy, and more specifically with immune checkpoint inhibitors. Indeed, as this 

carboplatin-paclitaxel IV doublet remains a first-line therapy for advanced or metastatic disease 

in combination with immunotherapy (in the case of PD-L1, tumour proportion score < 50% ) 

[24], it could be interesting to evaluate the added value of a localized treatment in grafted mice. 

This is interesting as increased CD3 staining was observed for the groups treated with CIS-

DPI-50 in comparison to untreated grafted mice. The quantification of CD3, as a positive 

fraction area as performed for caspase 3, could be done to evaluate the involvement of the 

immune system following the administration of CIS-DPI-50. This can also be assessed for CD8 

marker to specifically identify cytotoxic T LYM, that play a crucial role in killing tumour cells 

[53]. This is particularly interesting considering that cisplatin has immunomodulatory 

properties and can contribute to transforming cold tumours (i.e. lacking pre-existing tumour T 
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LYM) to hot and immunologically active tumours [302]. This can be done through the 

recruitment of antigen-presenting cells (e.g. dendritic cells) as well as the stimulation of TLR4 

receptors, thus inducing a pro-inflammatory state [101].  

 

Moreover, this perspective is promising as preliminary results from the combination of repeated 

CIS-DPI-50 with anti-PD-1 showed a significantly faster response to the treatment in terms of 

tumour size, along with a reduced tumour growth, than reported for anti-PD-1 monotherapy 

alone. This was confirmed by the proportion of responders, which was higher for the 

combination group in comparison to anti-PD-1 alone. Moreover, reports from the KEYNOTE-

042 study showed that the anti-tumour response to immunotherapy is often delayed by more 

than 6 months, leading to a higher efficacy in groups treated with conventional chemotherapy 

than those treated with immunotherapy alone [303]. Therefore, the combination of CIS-DPI-

50-carboplatin/paclitaxel regimen and immunotherapy could lead to an earlier anti-tumour 

response, preventing tumour growth in NSCLC patients with a PD-L1 tumour proportion score 

of < 50% thus increasing its efficacy. Another possible combination is of CIS-DPI-50 and anti-

PD-L1 for lung cancer patients with a tumour proportion score of > 50%.  

 

This work showed the feasibility of combining a localized cisplatin-based DPI treatment with 

conventional IV chemotherapy (cisplatin and with carboplatin-paclitaxel doublets) in terms of 

tolerance. Efficacy results tended to demonstrate its potential in combination with IV 

chemotherapy (cisplatin-paclitaxel doublet) in an aggressive lung carcinoma model on mice. 

However, this work opens the door to a wide range of combinations with other therapies to 

select the indications for which cisplatin-based inhaled chemotherapy would be the most 

effective and most suitable option considering the different lung cancer stages. 
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References: [1] Sakaida E et al, Jpn J Clin Oncol 2016 - [2] Levet V et al, Int J Pharm 2016.  

INTRODUCTION

MATERIALS AND METHODS

RESULTS AND DISCUSSION

CONCLUSION

GastroPlusTM (SimulationPlus, Lancaster, USA) is a software that helps in optimizing the drug formulation by predicting its likely in vivo behavior relying on only in vitro data.
This software has an Additional Dosage Routes Module (ADRMTM) and more specifically the Nasal pulmonary module that can simulate solution and powder biodistribution
after pulmonary administration. The model considers four pulmonary compartments (extra-thoracic, thoracic, bronchiolar, alveolar-interstitial) that are connected to the
stomach, to the systemic compartment and/or to the lymph. This module takes into account the specifications of the compound (i.e. pulmonary permeability, PP and
systemic/lymph absorption rate, SAR) but also the specific physiology of each compartment, along with its enzymes and transporters.

Cisplatin (CIS) is one of the most widely used drugs in lung cancer chemotherapy[1]. However, this drug is nephrotoxic which imposes massive hydration of patients before,
during and after intravenous administration[1]. To benefit from its efficacy and to reduce its toxicity, new inhalable treatments are developed[2].These treatments aim to develop
CIS solution (SOL) and CIS for dry powder inhaler (DPI) that can be administered directly into the lungs. The pulmonary route delivers CIS in the tumour environment
directly, which reduces the amount that goes to the systemic compartment and causes nephrotoxicity.

The aim of our work was to develop a pulmonary model in mice that is able to predict CIS pharmacokinetic (PK) parameters considering only in vitro data (i.e. CIS
physico-chemical parameters, DPI release profile). This simulation could help us develop more quickly advanced CIS formulations presenting a suitable PK profile to treat lung
cancer more efficiently.

CIS physico-chemical 
parameters 

IV-SOL – default values

ADRMTM

Nasal 

pulmonary 

Module

Default pulmonary parameters
EN-SOL simulation

EN-SOL – default values

Optimization of pulmonary parameters :
- Pulmonary permeability (PP)
- Systemic Absorption Rate (SAR)

EN-SOL simulation
EN-SOL – optimized values

EN-DPI simulation

EN-DPI simulation
EN-DPI – default values

IV simulationCIS-SOL administration 
to mice using 

intravenous (IV) route

Platinum plasmatic concentration vs time

IV-SOL – In vivo data
EN-SOL – In vivo data

CIS SOL and DPI 
administration to mice using 

endotracheal (EN) route

EN-DPI – In vivo data

PKPlusTM module  

PK parameters calculation

In vitro CIS release 
profile from DPI 

Figure 1. Plasma concentration vs time profile simulated by GastroPlusTM using default (blue) and optimized (red) parameters after IV (A)
and EN administration of a CIS solution (B) and EN administration of CIS-DPI (C) compared to the in vivo data (grey dots). The table shows
the default and optimized PK parameters compared to the in vivo data observed after IV, EN or DPI administrations. *Mean ± SD

Table 1. Pulmonary permeability (PP) and systemic absorption rate (SAR) values used for the default and optimized simulations.

IV-SOL administration values EN-SOL administration values EN-DPI administration values

PK parameters In vivo Default In vivo Default Optimized In vivo Default Optimized

Cmax (!g/mL) 0.9 ± 0.4* 1.20 0.17 ± 0.06* 0.03 0.11 0.13 ± 0.05* 0.05 0.17
Tmax (h) 0.08 0.00 0.50 1.70 0.10 0.50 1.60 0.16

AUC (!g.h/mL) 6.31 5.42 0.99 0.98 1.05 1.47 1.60 1.71

Pulmonary compartment
Default values Optimized values

PP (cm/s) SAR (1/s) PP (cm/s) SAR (1/s)

Extra-thoracic 1.38.10-6 4.82.10-5 1.38.10-5 4.82.10-3

Thoracic 7.38.10-6 4.82.10-5 7.38.10-5 4.82.10-3

Bronchiolar 5.57.10-6 4.82.10-5 5.57.10-5 4.82.10-3

Alveolar-interstitial 3.05.10-4 4.82.10-5 3.05.10-2 4.82.10-3

§ The IV-SOL default values obtained match the IV-SOL –

In vivo data (Fig.1.A) using only CIS physico-chemical
parameters.

§ The 5-minutes shift (Tmax : 0.08 h vs 0.00 h) observed
corresponded to the time required to take the blood
samples from the mice during the in vivo experiment.

§ The default pulmonary parameters are not adequate to
reach the in vivo data after EN administration for both
SOL and DPI formulations (Fig.1.B and Fig.1.C).

§ The optimization of the pulmonary parameters showed
that the PP and the SAR were 10 and 100-fold higher
than the default parameters (Table 1).

§ The optimized values obtained using optimized
pulmonary parameters are closer to the EN-SOL and EN-
DPI- In vivo data than the default values (Fig.1.B and

Fig.1.C).
§ The GastroPlusTM predicted results show that CIS from

the EN-DPI takes more time to reach the bloodstream
than from the EN-SOL (Tmax : 0.16 h vs 0.10 h) due to
the dissolution step of the powder. This is something
that can barely be observed in vivo.

Distribution and 

clearance data

Intravenous model 

Endotracheal model 

The cisplatin PK parameters were successfully predicted by the GastroPlusTM after an IV administration. The adjustment of the pulmonary permeability and the systemic
absorption rate was mandatory to reach the in vivo data for both solution and immediate-release DPI administered by the EN route. The pulmonary permeability can be
verified, as a complement, using in vitro tests on Calu-3 monolayers. We are aiming now to develop a model that can predict the PK parameters after an EN administration of
a controlled-release DPI formulation by implementing the software.

1. Converting plasmatic concentration 

vs time profiles into PK parameters
2. Establishment of IV and EN simulations
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INTRODUCTION

RESULTS AND DISCUSSION

CONCLUSION

Pulmonary tolerance evaluation Renal tolerance evaluation

EN-sa
lin

e_
A

Veh
icl

e-D
PI_A

CIS-D
PI-0

.5_
A

CIS-D
PI-1

.0_
A

IV-sa
lin

e_
A

CIS-IV
_A

EN-sa
lin

e_
B

Veh
icl

e-D
PI_B

CIS-D
PI-0

.5_
B

CIS-D
PI-1

.0_
B

IV-sa
lin

e_
B

CIS-IV
_B

0

500

1000

1500
N

G
A

L 
(p

g/
m

L)

EN-sa
lin

e_
A

Veh
icl

e-D
PI_A

CIS-D
PI-0

.5_
A

CIS-D
PI-1

.0_
A

IV-sa
lin

e_
A

CIS-IV
_A

EN-sa
lin

e_
B

Veh
icl

e-D
PI_B

CIS-D
PI-0

.5_
B

CIS-D
PI-1

.0_
B

IV-sa
lin

e_
B

CIS-IV
_B

0

500

1000

1500

C
ys

ta
tin

-c
 (p

g/
m

L)

EN-sa
lin

e_
A

Veh
icl

e-D
PI_A

CIS-D
PI-0

.5_
A

CIS-D
PI-1

.0_
A

IV-sa
lin

e_
A

CIS-IV
_A

EN-sa
lin

e_
B

Veh
icl

e-D
PI_B

CIS-D
PI-0

.5_
B

CIS-D
PI-1

.0_
B

IV-sa
lin

e_
B

CIS-IV
_B

0.00

0.05

0.10

0.15

C
re

at
in

in
e 

(m
g/

dl
)

Figure 3. Evaluation of Creatinine, NGAL and Cystatin-C in
plasma. All the results are expressed as means ± SEM (N=4-7)

Figure 2. (A) Evaluation of pro-inflammatory cytokines (TNF- α, IL-6 and IL-1-ß), (B) polymorphonuclear neutrophils (PMN) determined as a proportion 
on 200 counted cells, chemokines (CXCL1 and CXCL2), (C) Protein content and the LDH activity as a proportion of LDH/LDH Negative control , in BALF. All 
the results are expressed as means ± SEM (N=4-7). The statistical analysis was performed vs the control groups using one-way ANOVA and 
Bonferroni’s post-test (*** for p < 0.001, ** for p < 0.01 and * for p < 0.05). Limit of quantification (LOQ) for CXCL2: 7.6 pg/mL, CXCL1, IL-1ß and IL-6: 
15.6 pg/mL, TNF-α: 31.3 pg/mL from the manufacturer’s kit. 

Inflammation Cytotoxicity

A C

1 3 5 8 10 12 13 15 16 18 19 21 22
OFFCycle 1 Cycle 2 OFF

Sampling IV-A Sampling IV-B

Figure 1. Scheme of administration and follow-up

Endotracheal (ET) administration Intravenous (IV) administration

Despite the recent advances in targeted therapies and immunotherapy, lung cancer is still the most frequent and deadliest cancer worldwide1.
Cisplatin (CIS) remains one of the most widely used drug in conventional chemotherapy2. As it is a cytotoxic drug, its toxicity is directly related to its efficacy: it
induces acute kidney injury (AKI) and its administration imposes several hours of hydration and extensive resting cycles2. Administrating into the lungs to treat
lung cancer can be a promising strategy to deliver CIS directly to its site of action while limiting its systemic adverse effects. Clinical studies have shown that
delivering CIS by nebulization was well-tolerated but the maximum tolerated dose (MTD) was never reached, mainly due to poor delivery performance of
nebulizers2. Therefore, these approaches were insufficient to combat lung tumors2. A controlled-released cisplatin-based dry powder inhaler (CIS-DPI)
formulation can be an encouraging strategy to treat lung cancer as high amounts of CIS can be delivered locally for several hours to expose the tumour to CIS
while reducing the local but also the renal toxicity.
Therefore, the aim of this work is to evaluate the pulmonary and renal tolerance of CIS-DPI. Pulmonary tolerance was evaluated using pro-inflammatory
cytokines (TNF-α, IL-6, IL-1-ß), total and differential cell count, and polymorphonuclear neutrophils (PMN) recruitment chemokines (CXCL1, CXCL2). Lung
cytotoxicity was evaluated using the total protein content assay and the lactate dehydrogenase (LDH) activity in bronchoalveolar lavage fluids (BALF). CIS-DPI AKI
was assessed using plasma biomarkers NGAL, cystatin-c and creatinine and was compared to CIS that was administered using the IV route (CIS-IV).

References: [1] Bray F et al, Cancer J. Clin 2018 - [2] Levet V et al, Int J Pharm 2017.

• CIS-DPI tended to increase transiently the total number of BALF cells, 24h after the last
dose.

• No significative increase was observed for the pro-inflammatory cytokines when
compared to the negative control (TNF- α, IL-6, IL-1-ß)( Fig.2A).

• CIS-DPI-0.5 and CIS-DPI-1.0 induced a significative but transient recruitment of
PMN in BALF (Fig.2B). This increase was related to a non-significative dose-dependent
increase of CXCL1 and CXCL2 (Fig.2B).

• In terms of cytotoxicity, both LDH/LDH Negative control and protein content seemed to
increase dose-dependently and normalized one-week later for all the groups except for
CIS-DPI-0.5-B (i.e. protein content after recovery) (Fig.2C) .

• In terms of AKI, no significant increases of plasma creatinine, cystatin-c nor NGAL were
observed for all the groups (Fig.3).

• NGAL concentrations showed that the administration of CIS by IV seemed to have a
higher but non-significative impact on AKI than by ET, for the same cumulative dose,
when compared to their respective negative controls (CIS-DPI-0.5_A: 46% vs CIS-
IV_A: 53%) (Fig.3). This difference was even higher one week later (CIS-DPI-0.5_A:
51% vs CIS-IV_A: 87%) (Fig.3).

• No difference between the NGAL concentrations was observed among the ET groups
(Vehicle-DPI_A: 545 ± 46 pg/mL, CIS-DPI-0.5: 488 ± 74 pg/mL and CIS-DPI-1.0 : 396 ±
61 pg/mL).

• Negative control : Saline : EN-saline
• Vehicle : Vehicle-DPI_A
• CIS-DPI at 0.5 mg/kg: CIS-DPI-0.5
• CIS-DPI at 1 mg/kg: CIS-DPI-1.0

• Negative control : Saline : IV-saline
• CIS-IV at 1.5 mg/kg: CIS-IV-1.5

Despite a transient increase in PMN, the repeated ET administration of CIS-DPI at 0.5 mg/kg and 1.0 mg/kg during 2 weeks was well-tolerated. CIS-IV at 1.5 mg/kg started to show an 
early sign of AKI. Nevertheless CIS was better tolerated by the kidneys when administered using the ET route than by IV. As the body weight loss and the PMN increase were reversible 
within one-week, separating ET treatment cycles can still be a promising approach to enhance local chemotherapy tolerance. 
Future studies will evaluate the feasibility of combining the administration of CIS by ET and IV in terms of local and systemic tolerance as well as their efficacy on a murine lung 
carcinoma model. 

Days 

Sampling EN-A Sampling EN-B

• Positive control administration: LPS_A or LPS_B
Recovery

Recovery

• Repeated ET and IV schemes were well-tolerated with body weight loss below 5%, except for CIS-DPI-1.0 (-7 ± 3%). All the body weights increased during the recovery week. 
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Optimization of Cisplatin-based Regimens Combining Pulmonary 
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INTRODUCTION

RESULTS AND DISCUSSION

CONCLUSION

Renal tolerance evaluation on healthy mice

Antitumor efficacy evaluation on M109 HiFr lung carcinoma model

Intra-pulmonary 
implantation

Randomization
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Treatment administration : COMBI-2

Survival analysis

Bioluminescence analysis
CIS-PTX-IV : Platinum doublet 

(CIS : 1.5 mg/kg – PTX:10 mg/kg) CIS-DPI  (CIS : 0.5 mg/kg)
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CIS-DPI-0.5 (at 0.5 mg/kg)
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B

Figure 2. Evaluation of NGAL, cystatin-C and creatinine in plasma 24 h (A-groups) following the 
two-week treatment and after one-week recovery (B-groups). All the results are expressed as means 
± SEM (N=4-6). The statistical analyses were performed vs the negative control groups using one-
way ANOVA and Bonferroni’s post-test (*** for p < 0.001,** for p < 0.01 and * for p < 0.5). 

Figure 1. Toxicity study scheme of administration and sampling. 
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Figure 4. Evaluation of tumors’ bioluminescence signal intensities for (A) the negative control group 
(vehicle, n=4), (B) the group treated with platinum doublet (CIS-PTX-IV, n=8) and (C) the COMBI-2 
combination group (n=8) and the corresponded Kaplan-Meier survival curves (D). 
Each curve represents either a mice (A,B,C) or a group (D) (mean ± SEM) vs the randomization at 
day 3 (N=4–8). 

A B C

D

Lung cancer is the most frequent and deadliest cancer worldwide with a five-year relative survival rate of 20.6% [1]. This is related to a late diagnosis as 
approximately 57% of new patients are distant stage [1]. Intravenous (IV) chemotherapy doublet remains the backbone of the care combining a platinum 
compound (e.g. cisplatin (CIS)) with another anticancer drug (e.g. paclitaxel (PTX)), which can also be combined with immune checkpoint inhibitors 
[2]. 

Because of its cumulative and dose-dependent nephrotoxicity, CIS must be administered in well-spaced cycles (usually every 3–4 weeks) and requires 
six to eight hours of massive hydration before, during and after administration [3]. These off-cycles help the patient recover but permits to the tumor to 
regenerate and spread. 

Our strategy is to deliver a controlled-release dry powder inhaler CIS-based formulation (CIS-DPI) to the lungs during these resting cycles
to continuously expose the tumor to CIS. This can be promising as long as the combination of these two routes of administration does not increase the 
nephrotoxicity. 

The aim of our work is to evaluate the renal tolerance of different chemotherapy regimens and to assess the antitumor efficacy of the most frequent 
and best tolerated one. 

• During the toxicity study, body weight decreased transiently for all groups, reached 10% maximum
at the end of the administration cycles, and increased during the recovery week.

• CIS-IV and COMBI-1 both increased all the nephrotoxicity biomarkers when compared to the
negative control group. This increase was significant for COMBI-1 but not for CIS-IV (p>0.05, one-
way ANOVA, Figure 2).

à COMBI-1 therefore demonstrates that administering CIS-DPI while CIS-IV was not
completely cleared (within 4 h) increased the Cmax resulting in kidney injury [5].

• In contrast, no biomarkers have shown significant increase when the administration of CIS-IV
and CIS-DPI was delayed by 24 h or 48 h (COMBI-2 and COMBI-3, respectively). Interestingly,
Levet et al. showed that the platinum concentration in the kidneys after 24 h was very low and
similar to the concentration in the kidneys retrieved after 48 h following IV [4].

• All biomarkers levels in all groups decreased within the one-week recovery.

à COMBI-2 was preferred over COMBI-3 for the efficacy study assessment to treat the tumor
more often and to limit off-period.

• Tumor signal intensity of all the negative control mice increased continuously, leading to
death between day 17 and 21 (Figure 4A).

• CIS-PTX-IV temporarily reduced the tumor growth for most mice (7/8 mice) but had a tumor
regrowth beginning on day 21. Adding CIS-DPI to CIS-PTX-IV (i.e. applying the COMBI-2
regimen) increased the response rate to 100% (8/8 responders) and reduced the tumor
size (6/8 vs 4/8 for CIS-PTX-IV), from the size at randomization. The tumor regrowth was
observed on day 24 for the group treated with the combination.

à Adding CIS-DPI to the conventional treatment helped inhibit tumor growth (Figure 4D).

• Survival analysis showed that CIS-PTX-IV increased the median survivals by 10 days
when compared to the negative control (26 vs 16) and the addition of CIS-DPI prolonged
the median survival for another 5 days (26 vs 31, p=0.10, log-rank test, Figure 4E).

Figure 3. Efficacy study scheme of administration and follow-up. 

The administration of CIS the same day by inhalation and IV tended to increase nephrotoxicity biomarkers. However, delaying pulmonary administration by 24 h reduced biomarker levels 
associated with kidney injury. Efficacy model results showed reduced tumor growth using the combination of CIS-IV and CIS-DPI when compared to CIS-IV alone. 

Future studies will evaluate the tolerance and efficacy of CIS-DPI when combined to other conventional therapies and in other models of cancer. 

References: [1] SEER Cancer Statistics 1975-2016 - [2] Hirsch et al, The Lancet 2017 - [3] Sakaida et al, Jpn J Clin Oncol 2016. - [4] Levet et al, Int J Pharm 2017. - [5] Nagai et al, Cancer Chemother Pharmacol 1996.
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 Abstract for an oral presentation at Congrès de la Société 
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“Évaluation préclinique de la tolérance rénale suite à 

l’administration par voie systémique et par inhalation de cisplatine 

dans un modèle murin de cancer pulmonaire ” 
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This abstract was peer-reviewed and is published in “Journal de Néphrologie et Thérapeutique”. 

This oral presentation contained a section of the work presented in third experimental part. 
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Évaluation préclinique de la tolérance rénale suite à l’administration par voie 

systémique et par inhalation de cisplatine dans un modèle murin de cancer pulmonaire 

 

S. Chraibi1, E. De Prez2, R. Rosière1, F. Touzani2, M.H. Antoine2, N. Wauthoz1, K. 

Amighi1, J. Nortier2. 

 
1Laboratoire De Pharmacie Galénique Et Biopharmacie - Bruxelles (Belgique),  
2Laboratoire De Néphrologie Expérimentale - Bruxelles (Belgique) 

 

Introduction   

Malgré les progrès en immunothérapie et en thérapies ciblées, la chimiothérapie intraveineuse 

à base de cisplatine (CIS-IV) demeure le pilier central dans le traitement du cancer pulmonaire. 

Son administration est limitée par la néphrotoxicité dose-dépendante et cumulative, imposant 

des phases d’interruption de traitement durant lesquelles la fonction rénale se rétablit mais qui 

favorise la repopulation tumorale.  

 

Description claire et complète de l'expérience  

Une formulation à libération contrôlée et soutenue de cisplatine sous forme de poudre sèche 

pour inhalation (CIS-PSI) a été élaborée afin d’être administrée pendant les phases 

d’interruption et augmenter l’exposition de la tumeur au traitement. Cette stratégie a démontré 

son efficacité sur un modèle murin de cancer du poumon (XXX) mais n’est envisageable que 

si elle n’entraîne pas une néphrotoxicité accrue.   

Le but de notre travail a été (i) d’évaluer l’atteinte rénale aiguë (ARA) chez la souris suite à 

l’administration répétée des monothérapies (CIS-PSI, CIS-IV) et (ii) d’optimiser leurs 

combinaisons (doses et jours d’administration).  

 

Méthodes (explication détaillée de votre analyse)  

Un modèle d’ARA a été généré chez la souris et documenté à l’aide d’une cinétique de 

biomarqueurs sériques précoces (NGAL, Cystatine C vs. créatinine) (Fig. 1). Ensuite, les 

monothérapies ainsi que les combinaisons ont été évaluées en phase aiguë et après 1 semaine 

pour estimer l’intensité de l’ARA et sa réversibilité aux niveaux sérique et histologique.  

 

Résultats obtenus  
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Contrairement au CIS-IV, l’administration répétée du CIS-PSI n’a pas induit d’ARA, une 

libération prolongée du CIS ayant permis d’éviter toute augmentation du CMAX plasmatique. 

Des signes d’ARA ont été observés dès que CIS-IV et CIS-PSI étaient combinés à leurs doses 

maximales tolérées. En réduisant la dose du CIS-IV de 25% et en séparant les administrations 

de CIS-PSI de 24h, la survenue d’ARA a pu être évitée.  

 

Conclusion  

Une approche rigoureuse de toxicologie préclinique a permis d’optimiser une chimiothérapie 

originale combinant le CIS-PSI au CIS-IV conventionnel, évitant ainsi la survenue d’une ARA 

délétère.  
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 Article 1: Pulmonary and renal tolerance of cisplatin-based 

regimens combining intravenous and endotracheal routes for 

lung cancer treatment in mice 
 

 

International Journal of Pharmaceutics 599 (2021) 120425

Available online 27 February 2021
0378-5173/© 2021 Elsevier B.V. All rights reserved.

Pulmonary and renal tolerance of cisplatin-based regimens combining 
intravenous and endotracheal routes for lung cancer treatment in mice 

S. Chraibi a,*, R. Rosière a,b, E. De Prez c, M.H. Antoine c, M. Remmelink d, I. Langer e, J. Nortier c, 
K. Amighi a, N. Wauthoz a 

a Unit of Pharmaceutics and Biopharmaceutics, Faculty of Pharmacy, Université libre de Bruxelles (ULB), Brussels, Belgium 
b InhaTarget Therapeutics, Rue Auguste Piccard 37, Gosselies, Belgium 
c Laboratory of Experimental Nephrology, Faculty of Medicine, ULB, Brussels, Belgium 
d Department of Pathology, ULB, Hôpital Erasme, Brussels, Belgium 
e Institut de Recherche Interdisciplinaire en Biologie Humaine et Moléculaire (IRIBHM), ULB, Brussels, Belgium   

A R T I C L E  I N F O   

Keywords: 
Macrophages 
Polymorphonuclear neutrophils 
Pro-inflammatory cytokines 
Neutrophil-gelatinase associated lipocalin 
(NGAL) 
Cystatin c 
bronchoalveolar lavage fluid (BALF) 

A B S T R A C T   

Despite recent advances, platinum-based chemotherapy (partially composed of cisplatin, CIS) remains the 
backbone of non-small-cell lung cancer treatment. As CIS presents a cumulative and dose-limiting nephrotoxi-
city, it is currently administered with an interruption phase of 3–4 weeks between treatment cycles. During these 
periods, the patient recovers from the treatment side effects but so does the tumour. Our strategy is to increase 
the treatment frequency by delivering a cisplatin controlled-release dry powder for inhalation (CIS-DPI) 
formulation during these off-cycles to expose the tumour environment for longer to CIS, increasing its effec-
tiveness. This is promising as long as the pulmonary and renal toxicities remain acceptable. The aim of the 
present investigation was to evaluate the pulmonary and renal tolerance of CIS-DPI (three times per cycle) and 
CIS using the intravenous (IV) route (CIS-IV) (one time per cycle) as monotherapies and to optimize their 
combination in terms of dose and schedule. At the maximum tolerated dose (MTD), combining CIS-DPI and CIS- 
IV impaired the pulmonary and the renal tolerance. Therefore, pulmonary tolerance was improved when the CIS- 
IV dose was decreased by 25% (to 1.5 mg/kg) while maintaining the MTD for CIS-DPI. In addition to this dose 
adjustment, a delay of 24 h between CIS-DPI and CIS-IV administrations limited the acute kidney injury.   

1. Introduction 

Despite recent advances in new therapies (i.e. targeted therapy and 
immunotherapy), lung cancer remains the most frequent and deadliest 
cancer worldwide (18.4% of all cancer deaths in 2018) (Bray et al., 
2018). The 5-year relative survival rate is strongly related to the stage at 
diagnosis and varies from 57.4% for localized stages to 5.2% for distant 
stages in the USA (2009–2015) (National Cancer Institute, 2020). As 
57% of newly diagnosed patients already have distant metastasis, the 
overall 5-year relative survival remains low at 19.4% (USA, 2009–2015) 
(National Cancer Institute, 2020). 

To treat non-small cell lung cancer (NSCLC, 85% of lung cancers), 
platinum-based chemotherapy remains the backbone of care. It com-
bines a platinum compound (mostly cisplatin (CIS) or carboplatin) with 
another anti-cancer drug (e.g. paclitaxel, gemcitabine or pemetrexed). 
Platinum-based chemotherapy is highly recommended as an adjuvant 

therapy after surgery for resectable stage II and III cancers, and in 
combination with radiotherapy (and more recently also with immuno-
therapy) for unresectable stage III cancers (Duma et al., 2019; Passiglia 
et al., 2020). For patients with advanced diseases and with no specific 
genomic alterations at the tumour level, immunotherapy is the first-line 
therapy as monotherapy or in association with platinum-based chemo-
therapy (Hanna et al., 2020; Majem et al., 2019). 

Although platinum-based chemotherapy drugs are highly effective, 
they lack selectivity for tumour cells. Systemic distribution of the drugs 
through the intravenous (IV) route leads to heavy side effects (e.g. hair 
loss, digestive disorders) (American Cancer Society, 2020). Among 
them, some are dose-limiting such as the dose-dependent and cumula-
tive nephrotoxicity for CIS (Sakaida et al., 2016). This leads to admin-
istering CIS in well-spaced cycles (every 3–4 weeks, for a maximum of 
4–6 cycles) with massive hydration (at least 2 h before and 6 h after the 
6 h-8 h treatment administration) (Hayati et al., 2016; “NCCN Guide-
lines - NSCLC- Version 3.2020,” 2020; Sakaida et al., 2016). A significant 
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 Article 2: The combination of an innovative dry powder for 

inhalation and a standard cisplatin-based chemotherapy in view 

of therapeutics intensification against lung tumours 

 

European Journal of Pharmaceutics and Biopharmaceutics 164 (2021) 93–104

Available online 3 May 2021
0939-6411/© 2021 Elsevier B.V. All rights reserved.

The combination of an innovative dry powder for inhalation and a standard 
cisplatin-based chemotherapy in view of therapeutic intensification against 
lung tumours 

Selma Chraibi a, Rémi Rosière a,b,1,*, Lionel Larbanoix c, Pierre Gérard b, Ismael Hennia b, 
Sophie Laurent c, Marjorie Vermeersch c, Karim Amighi a, Nathalie Wauthoz a 

a Unit of Pharmaceutics and Biopharmaceutics, Faculty of Pharmacy, Université libre de Bruxelles (ULB), Brussels, Belgium 
b InhaTarget Therapeutics, Rue Auguste Piccard 37, Gosselies, Belgium 
c Center for Microscopy and Molecular Imaging (CMMI), Université de Mons, Gosselies, Belgium   

A R T I C L E  I N F O   

Keywords: 
Pulmonary delivery 
Controlled-release 
Lung retention 
Chemotherapy 
Non-small cell lung cancer 
Combination 

A B S T R A C T   

Cisplatin is one of the most commonly used chemotherapy in lung cancer despite its high nephrotoxicity leading 
to an administration only every 3–4 weeks. This study is the first report of a preclinical investigation of thera-
peutic intensification combining a cisplatin dry powder for inhalation (CIS-DPI) with an intravenous (iv) 
cisplatin-based treatment. CIS-DPI with 50% cisplatin content (CIS-DPI-50) was developed using lipid excipients 
through scalable processes (high-speed and high-pressure homogenization and spray-drying). CIS-DPI-50 showed 
good aerodynamic performance (fine particle fraction of ~ 55% and a mass median aerodynamic particle size of 
~ 2 µm) and a seven-fold increase and decrease in Cmax in the lungs and in plasma, respectively, in comparison 
with an iv cisplatin solution (CIS-iv) in healthy mice. Finally, the addition of CIS-DPI-50 to the standard 
cisplatin/paclitaxel iv doublet increased the response rate (67% vs 50%), decreased the tumour growth and 
prolonged the median survival (31 vs 21 days), compared to the iv doublet in the M109 lung carcinoma model 
tending to demonstrate a therapeutic intensification of cisplatin.   

1. Introduction 

The survival rates of patients with lung cancer have significantly 
improved with platinum-based doublet chemotherapy and, more 
recently, with targeted therapies and immunotherapies. Despite thera-
peutic advances, lung cancer remains the world-leading cause of cancer- 
related deaths (approximately 2 million per year), due to innate or ac-
quired tumour resistance to treatments [1]. 

Conventional chemotherapy combines a platinum salt, i.e. cisplatin 
or carboplatin, with another antineoplastic agent, which is most often 

paclitaxel or pemetrexed [2]. It remains very useful for treating non- 
small cell lung cancer (NSCLC, 85% of total cases [3]). These so-called 
platinum doublets are the first-line treatment, and are often in combi-
nation with other therapies, i.e., surgery, radiotherapy, and immuno-
therapy. It is used at nearly all stages of the disease (i.e. resectable stage 
II, resectable and unresectable stage III, and non-specifically altered 
stage IV) [3–6]. This is despite severe systemic toxicities that are due to 
chemotherapy’s poor selectivity for tumour cells compared to normal 
cells and to the use of systemic routes of administration, i.e., mainly the 
intravenous (iv) route. The iv route results in a distribution of 

Abbreviations: APSD, Aerodynamic particle size distribution; AUC, Area under the curve; BALFs, bronchoalveolar lavage fluids; BEV, Bronchiolar epithelial 
vacuolation; CIS-DPI, Cisplatin-based dry powder for inhalation; CIS-iv, iv cisplatin solution ; Cmax, Maximum concentration ; DLT, Dose limiting toxicity; ETAAS, 
Electrothermal atomic absorption spectroscopy; FPD, Fine particle dose; FPF, Fine particle fraction; FPFd, Fine particle fraction of the delivered dose; FPFn, Fine 
particle fraction of the nominal dose; GSD, Geometric standard deviation; HCO, Hydrogenated castor oil; iv, Intravenous; kel

i , Initial rate constant; kel
t , Terminal 

elimination constant; LOD, Limit of detection; MMAD, Mass median aerodynamic diameter; MTD, Maximum tolerated dose; NGI, Next generation impactor; NSCLC, 
Non-small cell lung cancer; PBS, Phosphate-buffered saline; PEG, Polyethylene glycol; PK, Pharmacokinetic; RH, relative humidity; SEM, Standard error of the mean; 
t1/2
i , Initial half-life; t1/2

t , Terminal half-life; Tmax, Time to reach the maximum concentration; TPGS, D-α-Tocopherol poly(ethylene glycol) 1000 succinate. 
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 Article 3: Preclinical tolerance evaluation of the addition of a 

cisplatin-based dry powder for inhalation to the conventional 

carboplatin-paclitaxel doublet for the treatment of non-small 

cell lung cancer 

 

Biomedicine & Pharmacotherapy 139 (2021) 111716

Available online 16 May 2021
0753-3322/© 2021 The Author(s). Published by Elsevier Masson SAS. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Preclinical tolerance evaluation of the addition of a cisplatin-based dry 
powder for inhalation to the conventional carboplatin-paclitaxel doublet 
for treatment of non-small cell lung cancer 

S. Chraibi a,*, R. Rosière a,b, E. De Prez c, P. Gérard b, MH. Antoine c, I. Langer d, J. Nortier c, 
M. Remmelink e, K. Amighi a, N. Wauthoz a 

a Unit of Pharmaceutics and Biopharmaceutics, Faculty of Pharmacy, Université libre de Bruxelles (ULB), Brussels, Belgium 
b InhaTarget Therapeutics, Rue Auguste Piccard 37, 6041 Gosselies, Belgium 
c Laboratory of Experimental Nephrology, Faculty of Medicine, ULB, Brussels, Belgium 
d Institut de Recherche Interdisciplinaire en Biologie Humaine et Moléculaire (IRIBHM), ULB, Brussels, Belgium 
e Department of Pathology, ULB, Hôpital Erasme, Brussels, Belgium   

A R T I C L E  I N F O   

Keywords: 
Regenerative anaemia 
Thrombocytopenia 
Acute kidney injury 
Cytotoxicity 
Therapeutic intensification 
Dry powder for inhalation 

A B S T R A C T   

Despite the advances in targeted therapies and immunotherapy for non-small cell lung cancer (NSCLC) patients, 
the intravenous administration of carboplatin (CARB) and paclitaxel (PTX) in well-spaced cycles is widely 
indicated for the treatment of NSCLC from stage II to stage IV. Our strategy was to add a controlled-release 
cisplatin-based dry-powder for inhalation (CIS-DPI-ET) to the conventional CARB-PTX-IV doublet, adminis-
tered during the treatment off-cycles to intensify the therapeutic response while avoiding the impairment of 
pulmonary, renal and haematological tolerance of these combinations. The co-administration of CIS-DPI-ET (0.5 
mg/kg) and CARB-PTX-IV (17–10 mg/kg) the same day showed a higher proportion of neutrophils in BALF (35 
± 7% vs 1.3 ± 0.8%), with earlier regenerative anaemia than with CARB-PTX-IV alone. A first strategy of CARB- 
PTX-IV dose reduction by 25% also induced neutrophil recruitment, but in a lower proportion than with the first 
combination (20 ± 6% vs 0.3 ± 0.3%) and avoiding regenerative anaemia. A second strategy of delaying CIS-DPI- 
ET and CARB-PTX-IV administrations by 24 h avoided both the recruitment of neutrophils in BALF and regen-
erative anaemia. Moreover, all these groups showed higher cytotoxicity (LDH activity, protein content) with no 
higher renal toxicities. These two strategies seem interesting to be assessed in terms of antitumor efficacy in mice.   

1. Introduction 

The improvement in terms of screening as well as the development of 
new personalized medicines (targeted therapies, immunotherapy), 
along with a reduction in incidence (USA, 2013–2016), has led to a 
reduced death rate related to lung cancer [1,2]. Worldwide, lung cancer 
remains a major public health problem. It is still the most frequent and 
deadliest among all cancers, for both sexes combined, with 11.6% of 

total cases and 18.4% of total cancer deaths in 2018 [3]. Therefore there 
is still an urgent need to increase treatment effectiveness by developing 
new treatment strategies and drug combinations or by repurposing 
current therapies. 

Conventional platinum-based chemotherapy combining a platinum 
compound (i.e. cisplatin (CIS) or carboplatin (CARB)) to another anti-
neoplastic agent such as paclitaxel (PTX) or pemetrexed (recommended 
for non-squamous histology) is still widely recommended for the 

Abbreviations: AKI, Acute Kidney Injury; AM, Alveolar macrophages; AUC, Area under the curve; BALF, Bronchoalveolar lavage fluid; BCA, Bicinchoninic acid; 
Bw, Body weight; CARB, Carboplatin; CIS, Cisplatin; DPI, Dry powder for inhalation; EOS, Eosinophils; ET, Endotracheal; FMA, Formaldehyde; NT-GRA, Gran-
ulocytes-neutrophils; GRA, Granulocytes; Hb, Haemoglobin; HE, Haematoxylin-Eosin; Ht, haematocrit; IV, Intravenous; KIM-1, Kidney Injury Molecule 1; LDH, 
Lactate Dehydrogenase; LPS, Lipopolysaccharide; LYM, Lymphocytes; MCH, Mean cell haemoglobin; MCHC, Mean corpuscular haemoglobin concentration; MCV, 
Mean corpuscular volume; MON, Monocytes; MPV, Mean platelet volume; MTD, Maximum Tolerated Dose; NGAL, Neutrophil-Gelatinase Associated Lipocalin; 
NSCLC, Non-Small-Cell Lung Cancer; PAS, Periodic Acid-Schiff; PBS, Phosphate Buffer Saline; PLT, Platelets; PTX, Paclitaxel; RBC, Red blood cells; RDW, Red cells 
diameter width; TPGS, Tocopherol poly(ethylene glycol) 1000 succinate; WBC, White blood cells. 
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