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Development of Neutralizing Multimeric Nanobody Constructs
Directed against IL-13: From Immunization to Lead
Optimization

Philippe J.-L. Y. Gevenois,* Pieter De Pauw,T Steve Schoonooghe,* Cédric Delporte,§
Thami Sebti,’ Karim Amighi,* Serge Muyldermans,” and Nathalie Wauthoz*

IL-13 is a pleiotropic cytokine mainly secreted by Th2 cells. It reacts with many different types of cells involved in allergy,
inflammation, and fibrosis, e.g., mastocytes, B cells, and fibroblasts. The role of IL-13 in conditions involving one or several of
these phenotypes has therefore been extensively investigated. The inhibition of this cytokine in animal models for various
pathologies yielded highly promising results. However, most human trials relying on anti—IL-13 conventional mAbs have failed to
achieve a significant improvement of the envisaged disorders. Where some studies might have suffered from several weaknesses,
the strategies themselves, such as targeting only IL-13 using conventional mAbs or employing a systemic administration, could be
questioned. Nanobodies are recombinant Ag-binding fragments derived from the variable part of H chain—only Abs occurring in
Camelidae. Thanks to their single-domain structure, small size (=15 kDa), good stability, and solubility, they can be engineered
into multispecific constructs for combined therapies or for use in new strategies such as formulations for local administration, e.g.,
pulmonary administration. In this study, we describe the generation of 38 nanobodies that can be subdivided into five CDR3
families. Nine nanobodies were found to have a good affinity profile (K, = 1-200 nM), but none were able to strongly inhibit
IL-13 biological activity in vitro (ICso > 50 pM: HEK-Blue IL-13/IL-4 cells). Multimeric constructs were therefore designed from
these inhibitors and resulted in an up to 36-fold improvement in affinity and up to 300-fold enhancement of the biological activity

while conserving a high specificity toward I1L-13. The Journal of Immunology, 2021, 207: 2608—2620.

sists of a glycosylated protein of 122 aa (1) with an m.w. of

13,300 (2). This cytokine is recognized by two receptors. The
first one is a heterodimeric receptor whereby IL-13 first binds to the
IL-13Ra; subunit with a low-to-moderate affinity (Kp = 2-10 nM)
(3-6). The complex then recruits human IL-4R, resulting in the for-
mation of the active complete receptor, which has a higher affinity
for IL-13 (32-400 pM) (5-7). Most of the biological activity of
IL-13 is mediated by its binding through this receptor. Loading this
receptor with I1L-13 will lead to the secretion of proinflammatory
cytokines and chemokines, the recruitment of inflammatory cells,
the activation of B cells, or Ig isotype switching to IgE (8, 9). The
second known receptor of IL-13, IL-13R,,, is monomeric but exhib-
its a much higher affinity for IL-13 (0.16-50 pM) (4, 6). IL-13R,,
was long considered to be a decoy receptor whose biological activ-
ity was thought to downregulate IL-13 signaling (4). However,
more recent studies have shown that IL-13Ra, may also lead to
functional activity (10, 11). Because of the high number of its plausi-
ble effects in inflammatory and fibrotic functions, many preclinical
studies involving the inhibition of IL-13 have already been conducted.
These studies have shown promising results for many pathologic

I nterleukin-13 is a pleiotropic cytokine whose mature form con-

conditions, such as asthma (3, 12-19), atopic dermatitis (20, 21), idio-
pathic pulmonary fibrosis (22), hepatic fibrosis (23), systemic sclerosis
(24-26), ulcerative colitis (27), eosinophilic esophagitis (28, 29), and
different types of cancers (30-33).

Further to those encouraging preclinical results, six anti—IL-13
mAbs have been tested in clinical trials so far, mostly involving
inflammatory and/or fibrotic pathologies. The most successful trials
were those investigating anti—IL-13 therapy for moderate-to-severe
atopic dermatitis. Two mADbs, lebrikizumab and tralokinumab,
showed very promising results as they are both currently under
development in phase III clinical trials and predicted to be marketed
soon. Despite the failure of the first mAb (dectrekumab) tested for
eosinophilic esophagitis (34, 35), another anti—IL-13 mAb (cendaki-
mab) reached its primary end point (mean esophageal eosinophil
count in the five high-power fields) and is currently being consid-
ered for this disease (36). In contrast, studies against asthma did not
encounter the same success (37-41) despite it being the most inves-
tigated disease for anti—IL-13 therapies (with five out of the six
anti-IL-13 mAbs that were assessed for clinical trials). The most
promising Ab was lebrikizumab, which significantly reduced the rate
of asthma exacerbation rate in the treated groups compared with the
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placebo group (primary end point) during its phase II and one of its
phase IIT trials for moderate-to-severe asthma. However, it failed to
confirm these results during the replicate of its phase III trial. Because
of these inconsistent results, its development was withdrawn for this
application (38). Despite these failures to consistently reduce the
asthma exacerbation rate within trials, a significant clinical improve-
ment was consistently reported for secondary outcomes such as the
forced expiratory volume in 1 s for both lebrikizumab (38) and traloki-
numab (42). Other indications such as idiopathic pulmonary fibrosis,
chronic obstructive pulmonary disease, Hodgkin lymphoma, alopecia
areata, ulcerative colitis, and systemic sclerosis have also been tested
for anti—IL-13 therapy. However, none of the assessed mAbs showed
the expected improvement for their targeted condition (43—49).

Despite the huge potential demonstrated in preclinical studies in ani-
mal models, anti-IL-13 therapies have not achieved their expected
success. This is especially true for asthma, even if meaningful clinical
improvements have been noticed. Reasons could lie in the study
design, as the authors of some trials acknowledged that their studies
might have inherent limitations that could partially explain the failures
(38, 42), or that the primary outcome may not have been adequately
chosen (34). However, the initial strategy might also be questioned.
For instance, it might be more interesting for asthma therapy to use
the pulmonary route instead of s.c. or i.v. injection. Indeed, mAbs are
relatively complex proteins of high m.w., which might be quite chal-
lenging to stabilize for these routes of administration. Omalizumab, an
anti-IgE used for asthma therapy, has already undergone attempts for
administering via the pulmonary route instead of s.c. injections. Never-
theless, adequate aerodynamic behavior could only be obtained at the
limit of its stability (50, 51). The use of Ab fragments may also be a
solution. Such a possibility has already been envisaged by Hacha et al.
(15) using a Fab from a conventional mAb (Fab’). This approach
showed promising results in a mouse model, with superior results for
the pulmonary route over the i.v. route (15). However, a Fab’ still con-
sists of a multidomain protein with a relatively high m.w. (55,000),
linked by disulfide bridges. More recently, atypic Abs that lack L
chains were discovered in Camelidae species. Nanobodies (Nbs) are
the isolated variable fragment of these Abs. They consist of the small-
est and simple Ab fragment that retains full binding activity and that
does not require sequence modification (i.e., unlike single-chain vari-
able fragments, which need a synthetic linker). Nbs present massive
advantages compared with conventional Abs and their fragments.
They are 10-fold smaller (m.w. ~15 kDa, 15,000) than mAbs and
consist of a single domain protein, which is highly amenable for engi-
neering, for instance into multivalent or multiparatopic constructs. In
contrast to an isolated H chain of the variable fragments of conven-
tional Igs, Nbs are strictly monomeric and highly soluble in aqueous
solutions as they lack the hydrophobic surface at the region where the
variable domain of the H chain interacts with the variable domain of
the L chain of conventional Igs (52). Furthermore, Nbs are easy to
produce in microorganisms (52). Multiple applications using Nbs have
been explored (53), and a first drug for humans, consisting of a multi-
meric Nb administered by i.v. injection (54), was approved by the
European Medicines Agency in 2018 and the U. S. Food and Drug
Administration in 2019 (55).

The aim of this study was to identify anti-human IL-13 Nbs that
prevented the binding of IL-13 to its receptors and to optimize their
biological activity by combining the most active monomeric subunit
(-s) into multimeric constructs.

Materials and Methods
Identification of rIL-13—specific Nb

The generation of Nbs was performed as previously described (56).
Briefly, two llamas received weekly s.c. injections (for 3 wk), either
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with 85 or 165 pg of glycosylated soluble human rIL-13 (catalog [Cat.] no.
10369-HNAC, Sino Biological, Beijing, China) emulsified in Gerbu LQ3000
(Cat. no. 30000025, GERBU Biotechnik, Heidelberg, Germany). The Nb-
encoding genes from the PBLs of llamas were amplified by PCR before
being ligated into the phagemid vector pMECs and transformed into Escheri-
chia coli electrocompetent TG-1 cells (Cat. no. 60502-1, Lucigen, Middle-
ton, WI). The two cloned repertoires, one from each llama, were submitted
to two distinct sets of panning in which rIL-13was coated on wells of micro-
titer plates at pH 8.2 or 9.3. The cloned Nbs were displayed on phage after
rescue with M13KO7 helper phages to select the rIL-13—specific Nbs. Colo-
nies were randomly selected after rounds 2, 3, and 4 and analyzed by ELISA
on the periplasmic extract for the presence of Ag-specific Nbs. Anti—rIL-
13—specific Nbs were sequenced and grouped in families according to their
CDR3. Generation of the Nbs was delegated to the Flemish Institute for Bio-
technology (VIB) Nanobody Core (Brussels, Belgium). The steps involving
animals were approved by the ethical committees of the VIB Nanobody
Core animal facilities under the protocol 13-601-1 “Eliciting an antigen-
specific immune response in llamas or alpacas by immunization, aiming to
select specific nanobodies for different antigens.” All the manipulations
made on the llamas followed all the regulations on animal welfare that apply
in Belgium, which themselves are based on the European guidelines (Direc-
tive 2010/63/EU) for animal research.

Nb sequence reformatting

Formatting of Nbs carrying irregularities in their sequence or multivalent
constructs was entrusted to GenScript (Leiden, the Netherlands). Multivalent
or multiparatopic constructs were connected head to tail by a linker com-
posed of a four-glycine motif followed by a serine, repeated seven times
(G4S);. Genes were cloned into pHENG6 expression vector, encoding a hexa-
histidine fused at the C terminus of the recombinant protein (57).

Expression and purification of rIL-13—specific Nbs

The specific anti—rIL-13 Nbs were produced as previously described in this
study (56). Briefly, Nbs were expressed in E. coli WK-6 (58) cells using
PMECS or pHENG6 vectors with Nbs overexpression induced by 1 mM iso-
propyl B-D-1-thiogalactopyranoside (Cat. No. 11401, Duchefa Biochemie,
Haarlem, the Netherlands). Nbs were then extracted from the periplasm by
osmotic shock and purified by two successive chromatography steps. First,
samples were applied onto a Ni-NTA resin (Cat. no. 88222, Thermo Fisher
Scientific, Waltham, MA) and eluted with PBS (pH 7.4) containing 0.5 M
imidazole (Cat. no. 56750, Sigma-Aldrich, Overijse, Belgium). Fractions
with absorbance at 280 nm above 0.2 were pooled and further purified by
size-exclusion chromatography (SEC) using a HiLoad S75 16/600 column
(Cat. no. 28989333, GE Life Sciences, Machelen, Belgium) and sterile PBS
(pH 7.4) as eluent. Fractions containing proteins eluting either with an m.w.
of 13,000-17,000 corresponding to Nb monomers or 26,000-30,000 for Nb
dimers were pooled and concentrated on Vivaspin 2 (m.w. cutoff 3000; Cat.
no. VS0291, Sartorius, Gottingen, Germany).

Expression and purification of rIL-13—specific Nbs in Pichia pastoris

The expression and purification of Nbs in yeast were conducted as described
by Schoonooghe et al. (59). Briefly, the Nb genes were amplified by PCR,
digested with Spel and EcoRV restriction enzymes, and ligated into the cor-
responding sites of pAOXZalfa (S)HC yeast expression plasmids. Then,
electrocompetent P. pastoris cells were transformed, seeded on agar plates,
and incubated for 3—4 d. From these, 22 clones were selected and grown
into a 24—deep well plate to assess the productivity of each clone. Protein
expression was induced by adding 50 pl water:methanol (50:50 v/v) solution
to each well. The protein expression of each clone was then assessed by a
SDS-PAGE with Coomassie blue staining. The best-producing clone was
chosen and stored at —20°C for subsequent productions. A 6-L scale produc-
tion was then performed according to the same protocol as the expression
studies, with all volumes scaled up accordingly. The product was succes-
sively purified by affinity chromatography using a Ni**-loaded Chelating
Sepharose Fast Flow column (GE Life Sciences) and eluted with a 20-mM
phosphate buffer containing 0.4 M imidazole. SEC was used as a polishing
method using a Superdex 200 C26 column (GE Life Sciences). Those pro-
ductions were assigned to the Protein Service Facility of VIB (Ghent,
Belgium).

Protein mass spectrometry

m.w. analyses were performed using a 1200 series rapid resolution liquid
chromatograph coupled to a 6520 series electrospray ionization quadrupole
time of flight (Q-TOF) high-resolution mass spectrometer from Agilent
Technologies (Waldbronn, Germany). Compound separation was performed
using a “BioResolve RP mAb polyphenyl, 450 A, 2.7 pm particle size, 2.1
x 50 mm” column (Cat. no. 186008944, Waters, Milford, MA). Then, 1 ug
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Nb was injected for each sample. The column temperature was set at 80°C.
The mobile phases used in all experiments were composed of 0.08% formic
acid + 0.02% trifluoroacetic acid in ultrapure water (solvent A) and 0.08%
formic acid + 0.02 trifluoroacetic acid in acetonitrile (solvent B). The flow
was settled at 0.5 ml/min. The applied gradient was as follows: 0 min, 15%
solvent B; 0-10 min, 15-55% solvent B; 10—10.3 min, 55-80% solvent B;
10.3—11.3 min, 80% solvent B; 11.3—-11.6 min, 80—15% solvent B; and
11.6—17 min, 15% solvent B. The column was conditioned according to the
manufacturer’s instructions. Electrospray Q-TOF parameters were as follows
for simple mass spectrometer analysis: positive mode, 4 GHz resolution,
mass spectrometer scan range 100-3200 mass—charge ratio (m/z) at 1 spec-
tra/s, drying gas temperature 350°C, drying gas flow 10 L/min, nebulizer
pressure 45 psi, capillary voltage 4500 V, Fragmentor 200 V, and Skimmer
65 V. Nitrogen was used as nebulizer gas. Continuous infusion of two refer-
ence ions, respectively, m/z of 121.050873 and 922.009798, was performed
for Q-TOF calibration. Data acquisition and analysis were carried out by
MassHunter Acquisition software for Q-TOF (Version B.04 SP3) and Mass-
Hunter Qualitative Analysis (Version B.07) software (both from Agilent
Technologies). BioConfirm optional software (Version B.07) of MassHunter
Qualitative Analysis was used for data analysis and m/z deconvolution.

Nbs affinity and specificity evaluation by ELISA

Nunc MaxiSorp microtiter plates (Cat. No. 44-2404-21, Thermo Fisher Sci-
entific) were coated overnight at 4°C with 0.1 pg human rIL-13 per well in
100 mM carbonate buffer (pH 8.2) (Cat. no. 27775.293, VWR, Oud-Hever-
lee, Belgium). Free remaining protein binding sites were then blocked by
adding 200 pL of a 1% (w/v) BSA (Cat. no. 37525, Thermo Fisher Scien-
tific) solution and incubation for 2 h at room temperature. Meanwhile, sam-
ples were serially diluted in PBS supplemented with 0.05% (v/v) Tween 20
(PBST; Cat. no. P1754, Sigma-Aldrich). The diluted samples were added to
the wells, and the plate was incubated for 1 h at room temperature and
shaken at 200 rpm. Then, 100 pl/well of a 10,000 times diluted rabbit anti-
Nb polyclonal Ab conjugated to HRP (Cat. no. A01861, GenScript) was
added and incubated for 1 h. The plate was washed two times with 400 pl/
well of PBST (0.1% v/v) between each step. Finally, 100 pl/well of 3,3',5,5'-
tetramethylbenzidine (Cat. no. 34028, Thermo Fisher Scientific) was added
for 2 min, and the reaction was stopped with the same volume of 3 N ortho-
phosphoric acid (Cat. no. 20624.295P, VWR, Leuven, Belgium). The absor-
bance in each well was recorded using a Multiskan FC plate reader (Thermo
Fisher Scientific) at 450 nm (signal) and 570 nm (reference). Alternatively,
instead of the human rIL-13, a natural variant of human rIL-13
(IL-13R130Q) (Cat. no. CYT-682, ProSpec, Rehovot, Israel) associated with
asthma, a human rIL-13 biotinylated in vitro using the AviTag technology (Cat.
no. IL3-H82ES, ACROBiosystems, Newark, DE), a rhesus macaque rIL-13
(Cat. no. 2674-RM-025/CF, R&D Systems, Minneapolis, MN), a murine rIL-13
(Cat. no. Z03191-50, GenScript), and a human rIL-4 (Cat. no. Z02925-50, Gen-
Script) were used for coating to assess the specificity of the Nbs. The Kps were
determined for each sample using Prism 7 software (GraphPad Software, San
Diego, CA) through a nonlinear regression.

Competition assays between monomeric Nbs

To assess the binding competition of Nbs on rIL-13, basically the same pro-
tocol as described for the Nbs affinity estimation was used with the follow-
ing adaptations. Serial dilutions of the first Nb (expressed from pHENG6
lacking a hemagglutinin tag) were made in PBST (0.05% v/v), and an equiv-
alent volume of solution containing the second Nb fused with a hemaggluti-
nin tag as expressed from pMECS vector (competitor) at a constant
concentration (2-fold above its saturation concentration) was added to each
dilution. A rabbit antihemagglutinin tag polyclonal Ab conjugated to HRP
(Cat. no. PA1-29751, Thermo Fisher Scientific; dilution 1:10,000) was used
to detect the amount hemagglutinin-tagged Nb bound to the coated rIL-13.
The binding curves were generated using Prism 7 software through a nonlin-
ear regression.

Competition assays between Nbs and rIL-13 receptors

The method was adapted from Ultsch et al. (60). Nunc MaxiSorp microtiter
plates were coated overnight at 4°C with 1 pug per well of an anti—rIL-13R,;
Ab (Cat. no. MAB146, R&D Systems). The remaining free protein binding
sites were then blocked with 200 pl of a 1% w/v) BSA solution for 2 h at
room temperature. After blocking, 0.25 pg of rIL-13R,; (Cat. no. IL1-
H5224, ACROBiosystems) was added to each well and incubated for 2 h.
Meanwhile, serial dilutions of the Nb samples were made in PBST (0.05%
v/v), and an equivolume of 80 nM biotinylated human rIL-13 in PBST
(0.05% v/v) was added to each dilution. After 30 min of preincubation,
100 pl of the resulting solutions were pipetted into the wells, and the plate
was further incubated for 1 h at room temperature under agitation (200 rpm).
Next, 100 pl of a 10,000-fold diluted streptavidin—HRP conjugate (Cat. no.

N504, Thermo Fisher Scientific) was added to the wells to detect the biotiny-
lated rIL-13 bound to the receptor. Between each step, the wells were
washed two times with 400 ul PBST (0.1% v/v,. Finally, 100 pl/well of
3,3",5,5"-tetramethylbenzidine was added to each well for 2 min. The reaction
was stopped with 100 pl/well of 3 N orthophosphoric acid. The absorbance
in wells was read with the Multiskan FC plate reader at 450 nm (signal) and
570 nm (reference). The binding curves were generated with Prism 7 soft-
ware through a nonlinear regression.

Human embryonic kidney—Blue human rIL-4/rIL-13 cell-based
reporter assay

Usually, the TF-1 cell line is the gold standard to evaluate IL-13 activity
in vitro. However, because these cells were found to be sensitive to endo-
toxin contaminations and as most of the Nbs were produced in bacteria, we
preferred human embryonic kidney (HEK)-Blue IL-4/IL-13 cells (Invivo-
Gen, San Diego, CA) that are more tolerant to endotoxins. The HEK-Blue
IL-4/IL-13 cells are HEK293 cells transfected with the human STAT6 gene
and a STAT6-inducible secreted embryonic alkaline phosphatase reporter
gene, which is secreted upon stimulation of IL-13 and IL-4 (61-64). These
cells were cultured and maintained in DMEM with high glucose, Gluta-
MAX, and pyruvate (Cat. no. 11965092, Thermo Fisher Scientific), supple-
mented with 10% (v/v) FBS (Cat. no. 11965092, Thermo Fisher Scientific),
50 pg/ml streptomycin, 50 Ul/ml penicillin (Cat. no. 15140122, Thermo
Fisher Scientific), and 100 pg/ml normocin (Cat. no. ant-nr-1, InvivoGen).
At passage 3, selection antibiotics Zeocin and blasticidin (Cat. no. ant-zn-05
and Cat. no. ant-bl-05, InvivoGen, respectively) were added to the medium
at concentrations of 100 and 10 pg/ml, respectively. The cells were passaged
every time the confluence reached 70-90%.

To evaluate the Nb-neutralizing potency, Nb samples were serially diluted
seven times in culture medium without antibiotics. An equivolume of human
rIL-13 (2 ng/ml = 4-fold its 75% effective concentration [EC;s]) was added
to each dilution, and 50 pl of the mixtures was placed into the wells of a
Nunc Edge 2.0 96-well plate (Cat. no. 167425, Thermo Fisher Scientific).
The plate was placed for a minimum of 30 min at 37°C. Meanwhile, the cell
suspension was adjusted to a concentration of 4-8 x 10° cells/ml and seeded
with 50 pl/well. The plate was finally incubated for 24 h at 37°C with a
steady supply of 5% CO,. Then, 20 pl of supernatant from each well was
pipetted into the well of a new 96-well plate containing 200 pl of Quan-
tiBLUE medium (Cat. no. rep-gbl, InvivoGen) and further incubated at
37°C for 2 h. Finally, the absorbance was recorded at 655 nm with the Mul-
tiskan FC plate reader. The results were normalized according to the
response obtained by stimulation with rIL-13 (100%) and the response
obtained when no rIL-13 was added onto the cells (0%). To assess the valid-
ity of the experiment, a negative control [Nb targeting the B-lactamase II
from Bacillus cereus (57)] and a positive control (neutralizing anti—rIL-13
murine mADb; Cat. no. 32116, Thermo Fisher Scientific) were used in each
experiment at a final concentration of 2 mg/ml (=66.7 pM) and 5 pg/ml
(~66.7 nM), respectively. rIL-13-related cytokines (IL-13R130Q, biotiny-
lated human rIL-13, Macaca mulatta rIL-13, murine rIL-13, and human
rIL-4) were also assessed, with a final concentration equal to their EC5s. The
data were analyzed using Prism 7 software, and inhibition curves were
drawn using nonlinear regression.

Statistical analysis

Results are all expressed as the mean + SEM.

Affinity. Variance of the samples were compared using the Brown—Forsythe
test. When homoscedasticity was verified, one-way ANOVA was used to
compare Kp, after Log;, transformation. In the case of statistical significance
(p value < 0.05), Tukey multiple comparison test was used as a post hoc
test. When homoscedasticity was not verified, a Kruskal-Wallis test was
used on Log;o (Kp). In the case of statistical significance (p value < 0.05),
Dunn multiple comparison test was used as a post hoc test.

Inhibitory activity. Variances of the data were compared using the
Brown—Forsythe test. When homoscedasticity was verified, a one-way
ANOVA was used. In the case of statistical significance (p value < 0.01),
Dunnett multiple comparison was used as a post hoc test to detect the start-
ing inhibitory concentration of samples by comparing each concentration of
the samples to the apical control taken as the reference. Tukey multiple com-
parison test was used as a post hoc test to compare the ICsqs of the samples
together after Log;, transformation. When homoscedasticity was not verified,
a Kruskall-Wallis test was used on Logo-transformed data. In the case of
statistical significance (p value < 0.01), Dunn multiple comparison test was
used as a post hoc test.

Competition studies. Variance of the data were compared using the F test.
When homoscedasticity was verified, an unpaired ¢ test was applied to com-
pare the Kp of the two conditions after Log;, transformation. When
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homoscedasticity was not verified, a Mann—Whitney U test was applied (p
value was set at 0.05 in both cases).

Results

The first objective was to generate various Nb that recognize 1L-13
and to select the highest producers with the lowest ICsqs and Kps.
By designing multimeric constructs from these Nbs, we aimed to
enhance their in vitro biological activity and to demonstrate their
specificity for human IL-13. Finally, by investigating how the Nb
might prevent the association of IL-13 to one of its receptor subunits
(IL-13Ra1), we hoped to reveal the mechanism of inhibition.

Selection of monomeric Nb leads

Generation and production of rIL-13—specific Nb. After a short
immunization of two llamas with glycosylated rIL-13, we con-
structed two separate immune libraries of the Nbs from the lympho-
cyte cDNA. Two Nbs libraries were obtained: “Core 66 library
with a size of ~5 x 10° independent transformants and “Core N”
library with a size of ~10° independent transformants. About 79%
of transformants from Core 66 library and ~80% of transformants
from Core N library harbored the vector with the right insert size. A
first set of panning was performed whereby the rIL-13 was coated
to the well of microtiter plates at pH 8.2, which is below the isoelec-
tric point of rIL-13 (pH 8.8), to limit protein denaturation and to
maximize recognition of the native rIL-13 conformation. Although
physiological pH (7.2 to 7.4) was first considered, it was too far
from the isoelectric point of IL-13 and would have resulted in
highly positively charged protein, interacting poorly with the posi-
tively charged plastic plates. Results of this panning yielded 20 dif-
ferent Nbs specific to rIL-13, with CDR3s that grouped into three
different families. Then, a second set of panning was performed
whereby the rIL-13 was coated onto the polystyrene in a solution of
pH 9.3, well above the isoelectric point of the Ag, in an attempt to
maximize adsorption and retrieve even low-affinity binders. From
this second panning, a total of 18 Nbs were collected that belong to
five different families. Two of these families (family 4 and 5) were
absent in the first set of panning. Collectively, we obtained a total of
38 different Nbs recognizing human rIL-13. These were all from the
same llama, which was immunized with a higher dose of rIL-13,
and were categorized in five different families (Table I). Among
those Nbs, 2ILT86 (Nb family 2) and 2IL172 (the sole represen-
tative of family 4) carried mutations in their framework 4
sequence that were corrected to the consensus framework 4
sequence (a deletion of 1 aa occurred, possibly resulting from
an artifact during the cloning/ligation during the library
construction).

Out of the 38 Nbs, 29 were successively produced and purified
by immobilized metal affinity chromatography and SEC in good
yields (Table II). Among the nine Nbs that produced poorly, 2IL66
was the only representative of family 5, and thus, this Nb was
recloned in P. pastoris in which excellent expression levels were

Table I.  Sorting of the Nbs according to the sequence of their CDR3 family
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obtained (Table II). Once produced, the Nbs were analyzed by mass
spectrometry to ensure that they matched the expected m.w., as cal-
culated from their amino acid sequence. Except for one sample
(4ILT41) that harbored an m.w. above the expected value, all sam-
ples matched their theoretical m.w., with differences below 75 ppm
(=1 for a protein of 15,000 such as Nbs; Table II). For most sam-
ples, the mass spectrum revealed a peak of significant intensity at
17 prior to the peak containing the correct theoretical m.w. This
weight shift corresponds to a pyroglutamate derivative formed by
cyclization of glutamine at the N terminus of the Nbs sequence
(65).

Affinity of Nbs for rIL-13. The affinity of the Nbs for IL-13 was
estimated by ELISA and varied strongly across the families
(Table II). The best affinities were observed for Nbs of family 3
(Kp in the low-nanomolar range (2.3 + 0.2 nM to 15 = 6 nM). The
Nbs from family 2 showed an acceptable affinity to human rIL-13
in the midnanomolar range (Kp of 52 = 2 nM up to 150 + 20 nM;
Table II). The remaining Nbs from families 1, 4, and 5 showed low
affinity for rIL-13 as none of them reached Kp values below 500
nM.

rIL-13 biological inhibition assay. Candidates from families 2 and
3, combining the best affinity for rIL-13 (Kp < 100 nM) and the
best expression yield (> 1.0 mg/L), were selected for initial biologi-
cal inhibition tests. Three candidates from family 2 (3ILT14,
3ILT82, and 4ILT14) and two candidates from family 3 (3ILT50
and 2IL43) were selected. Among family 3 members, 2IL43 was
preferred over 3ILT58 because of its higher expression yields and
despite its slightly lower affinity. Moreover, despite a low affinity
(Kp > 1 pM), Nbs from family 1 (4ILT84 and 2IL134), family 4
(2IL172), and family 5 (21L66) were also included to reveal a possi-
ble correlation between affinity and biological inhibition.

Nbs from families 2, 3, and 4 showed a statistically significant
inhibition of the biological activity of human rIL-13 (ANOVA, p <
0.01; Fig. 1). Depending on the samples, the starting inhibitory con-
centration was quite variable compared with the apical control
(where no Nb was added), even among the Nbs belonging to the
same family. For family 2 Nbs (Fig. 1B), 3ILT82 showed a statisti-
cally significant inhibition starting from 3 pM (Dunnett multiple
comparison test, p < 0.01), whereas 4ILT14 begun to inhibit rIL-13
activity only from 13 pM (Dunnett multiple comparison test, p <
0.01) and 3ILT14 from 12 pM (Dunnett multiple comparison test,
p < 0.01). Despite showing a much higher affinity for the human
rIL-13 than Nbs from family 2, Nbs from family 3 showed inhibi-
tory potency within the same range (Fig. 1C): 2IL43 showed a sig-
nificant inhibition of rIL-13 starting from 5 pM (Dunnett multiple
comparison test, p < 0.01) and 3ILT50 from 12 uM (Dunnett multi-
ple comparison test, p < 0.01). Finally, despite its very low affinity
for human rIL-13 (>1-10 uM), 2IL172 from CDR3 family 4 signifi-
cantly inhibited the biological activity of human rIL-13 starting from
a Nb concentration of ~24 pM (Dunnett multiple comparison test; p
< 0.01; Fig. 1D). No human rIL-13 inhibition was observed for Nbs

Family According to CDR3 Sequence

Member(s)

Family 1

2ILT31, 2ILT90, 2ILT86, 21LT65, 3ILT69, 41LT84, 21L106, 21L147, 21L180, 3IL58,

31L86, 21149, 2IL88, 2ILT23, 3IL73, 3ILT10, 4ILT63, 2IL159, 31L37, 2IL50, 21L134

Family 2
Family 3
Family 4
Family 5

3ILT14, 4ILT14, 31L78, 3ILT82, 41LT46, 2IL139, 4ILT83, 4ILT41, 4ILT86

3ILT32, 3ILT50, 3ILT58, 21L43, 3ILT64, 21L61
2IL172
21L66

Nbs were generated following the immunization of two llamas and their panning by phage display. Underlined Nbs carried a premature amber STOP codon (TAG),
resulting in truncated Nbs in nonsuppressor bacteria strains. Nbs in italic and bold carried a sequence modification in their framework 4 that deviates from the consensus Nb

sequences and may lead to nonfunctional Nbs.
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DEVELOPMENT OF A MULTIMERIC ANTI-IL-13 NANOBODY CONSTRUCT

Table II. Properties of anti—IL-13 monomeric Nbs

Name Nb Family Theoretical m.w. Apw. (ppm) Expression Host (Vector) Total Production Yield (mg/L) Kp (nM) ICso (LM)
41LT84 1 14961.3 20 E. coli (pMECS) 3.8 >500 nM N.C
2IL134 1 14949.3 62 E. coli (pMECS) 1.9 >500 nM N.C
3ILT14 2 15028.5 12 E. coli (pMECS) 1.0 70 £ 10 N.C.
3ILT82 2 15041.5 42 E. coli (pMECS) 2.9 52+2 90 £+ 10
4ILT14 2 15055.5 6 E. coli (pMECS) 2.5 96 £ 6 80 £ 20
4ILT83 2 15067.5 47 E. coli (pMECS) 1.3 150 + 20 N.A.
3ILT32 3 15081.8 57 E. coli (pMECS) 0.5 15+6 N.A.
3ILTS50 3 15051.7 38 E. coli (pMECS) 1.7 23+0.2 N.C.
3ILTS8 3 14925.6 57 E. coli (pMECS) 1.1 43+04 N.A.
21143 3 13611.8 0 E. coli (pHENG) 1.2 6.0 +0.3 60 = 10
2IL61 3 14994.7 25 E. coli (pMECS) 1.2 7+1 N.A
2IL172 4 13428.8 46 E. coli (pHENG6) 1.1 >500 nM N.C
2IL66 5 13515.8 30 P. pastoris (pAOXZalfa(S)HC) 50.6 >500 nM N.C

Properties of anti—IL-13 monomeric Nbs, including 1) the Nb family group, 2) the name of each Nb, 3) their theoretical m.w. based on their amino acid sequence, 4) the
difference between the theoretical m.w. and the m.w. calculated from mass spectrometry analysis (A, w.), 5) the expression system (plasmid vector), 6) the production yield
after a double purification (immobilized metal affinity chromatography and SEC), 7) the Kp, assessed via ELISA (mean + SEM of minimum two independent experiments
with three replicates each), and 8) the calculated ICs, based on extrapolated data (mean £ SEM of minimum two independent experiments with four replicates each).

N.A., not applicable because activity was not assessed for these Nbs; N.C., not converged as the measured points did not allow extrapolation.

from families 1 (4ILT84 and 2I1L134; Fig. 1A) and 5 (2IL66;
Fig. 1D) at the concentrations that were tested (ANOVA; p > 0.01;
Fig. 1). The curves for samples with enough data points (2IL43,
4ILT14, and 3ILT82) were extrapolated using nonlinear
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regression, and the 1Csq was calculated (Table II). No signifi-
cant differences were observed between the ICs, of 21L43,
4ILT14, and 3ILT82 (one-way ANOVA after log;y [ICso]
transformation, p > 0.01).
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Antagonist activity of the monomeric anti—rIL-13 Nbs for representative of (A) CDR3 family 1, (B) CDR3 family 2, (C) CDR3 family 3, and

(D) CDR3 family 4 and 5. Dose-response curves generated during the in vitro potency assay based on engineered HEK cells responding specifically to
rIL-13 or human rIL-4. The curves are compared with the negative control (CTR™) anti—f-lactamase-1I-10 Nb. Statistical analysis was performed with an
ANOVA test and, when appropriate, with Dunnett test taking the apical control (extreme-left value, 100%) as the reference group. The p value was set at
0.01. Results are expressed as the mean + SEM obtained from a minimum two independent experiments, each including minimum four to eight replicates.

S.I.C., starting inhibitory concentration.
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Dimer design and selection

Production of rIL-13-specific dimeric Nb constructs. Despite the
observation of a weak inhibition of the biological activity of rIL-13,
the required Nb doses were several decades higher than those that
were reported in the literature for anti—rIL-13 mAbs entering clinical
trials (16, 66—68). Those Nb concentrations seemed to be unrealistic
to be delivered to patients. Consequently, designing multimeric con-
structs made from the best Nbs was envisaged to increase the avid-
ity and concomitantly the likelihood of sterically interfering with the
IL-13/IL-13R interaction. The Nbs that showed the lowest starting
inhibitory concentration in the inhibition assay using HEK-Blue IL-
4/IL-13 cells that belonged to families 2 and 3 (3ILT82 and 2IL43;
Fig. 1B, 1C). These were selected and formatted into multivalent
and multiparatopic constructs. First, a competition study between
the two monomers (3ILT82 and 2IL43) was performed to ensure
that these Nbs do not compete for the same epitope on rIL-13. For
this study, the binding curves of 3ILT82, alone and in the presence
of a saturated concentration of 21143, were assessed, and Kps were
determined from both conditions. There was no statistically signifi-
cant difference between the Kps of 3ILT82 alone and of 3ILT82 in
the presence of 21L43 (52 + 2 and 70 + 10 nM, respectively; ¢ test
after logo [Kp] transformation, p > 0.05).

The Nb subunits were connected to each other through a G4S
linker motif, which ensures a good flexibility and solubility. In the
absence of information about the distance of the Nb epitopes on
rIL-13, it was decided to repeat the motif 7-fold to guarantee suffi-
cient spacing between the different Nb subunits so that both entities
could bind simultaneously to their respective epitopes.

Bivalent (3ILT82;, and 2IL43;) and biparatopic (21L43/3ILT82
and 3ILT82/2IL43) constructs were generated (Fig. 2).

Monomers Dimers
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Different expression yields for the bivalent constructs were
noted, which were dependent on the dimer and on the expres-
sion level of the composing monomers (Tables II and III).
Unlike monomers, in which only one main peak (area under
the curve between 80 and 95%) was consistently present in
their SEC chromatograms, some of the dimeric constructs
showed main peak shouldering or even multiple peaks of the
same intensities (3ILT82/2I1L43 and 2IL43y;,., respectively;
data not shown). In cases in which several peaks within the
chromatogram occurred, the two closest from the theoretical
elution time of dimeric Nbs were harvested and further differ-
entiated by mass spectrometry. Mass spectrometry analysis
showed that the best producer (3ILT82y,;,) contained only the
correct species and a moderate proportion of the pyroglutamate
derivative species, whereas the worst producer (21L43y;,) was
highly degraded, with no species corresponding to the theoreti-
cal m.w. of the Nb dimer (Table III). Apart from the pyroglu-
tamate derivative species, the biparatopic Nbs contained a few
other peaks (intensity of 3—4%) corresponding to a lower m.w.
than expected (Table III) but with sufficiently close m.w. to
coelute with the main species during the purification step by
SEC (>20,000). No further action was taken in terms of purifi-
cation, and samples were used as such for further studies.

Binding effects of multivalent and multiparatope constructs.
The dose-response binding curves of bivalent Nbs from ELISA
were used to estimate the Kps (Table III). The affinity of the biva-
lent construct (3ILT82y;,) for rIL-13 improved considerably
(Kp = 1.4 £ 0.1 nM) compared with its monomeric subunit
(3ILT82, Kp = 52 £ 2 nM) (Tukey multiple comparison test after
Logyo [Kp] transformation, p < 0.05). The heterodimers compris-
ing 3ILT82 and 2IL43 subunits also showed a significant affinity

Trimer

N c)
| A o\ 31LT82
N ooz O 21172

FIGURE 2. Schematic representation of constructs that were designed for this study. Oval shape represents the monomeric Nb 3ILT82 (CDR family 2),
rectangle shape represents the monomeric Nb 2IL43 (CDR family 3), and diamond shape represents the monomeric Nb 2IL172 (CDR family 4). Monomeric
subunits were assembled to form bivalent (3ILT82y;,. and 2IL43y;,) and biparatopic (3ILT82/2IL43 and 21L.43/3ILT82) dimeric constructs. A triparatopic
construct was also assembled from three different monomeric Nbs. Each of the monomeric subunits were linked together using a synthetic linker composed
of a 7-fold repeated motif of four glycine and one serine [(G4S),], represented by the s-shaped line. N terminus and C terminus side of each monomer are
represented by the N and C letters, respectively, to show the order in which the monomeric constructs were assembled.
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Table III.  Anti—IL-13 multimeric Nbs properties

Expression Host

Expression Yield

Name Nb Family m.w. (ppm)  Correct/PyrogGlu/Other (Vector) (mg/L) Kp (nM) ICso (M)
3ILT82yy. 2/2 28708 (27) 71%/29%/0% . coli (pHENG) 3.6 1.4 +0.1 28 +2
2143y, 3/3 28592 (N.A.) 0%/0%/100% . coli (pHENG6) N.A. N.A. N.A.
31LT82/21L43 2/3 28650 (28) 78%/19%/3% . coli (pHENG6) 0.5 2602 0.73 +£0.04
211L.43/31LT82 32 28650 (20) 76%/20%/4% . coli (pHENG) 0.9 2.8+0.3 0.60+0.03
21L43/21L172/ 3ILT82  3/2/4 43445 (15) 72%/0%/28% P. pastoris (pAOXZalfa(S)HC) 10.0 1.60 = 0.04 0.20 + 0.01

Anti—-IL-13 multimeric Nbs properties, including 1) the name of each Nb, 2) the Nb family, 3) the m.w. calculated from mass spectrometry analysis (difference between
the theoretical and the measured m.w.), 4) the relative amount of each subtype of peak detected by mass spectrometry, 5) the expression system (plasmid vector), 6) the pro-
duction yield after a double-step purification (immobilized metal affinity chromatography and SEC) in mg per liter of culture, 7) the Kp estimate from ELISA (results are
expressed as mean + SEM of minimum two independent experiments, each in triplicate), and 8) the inhibitory activity with its ICs, (results are expressed as mean + SEM of

minimum two independent experiments, with minimum four replicates each).
N.A., not applicable because activity was not assessed.

increase (Kps = 2.6 = 0.2 nM and 2.8 = 0.3 nM for 3ILT82/2IL43
and 21L43/3ILTS2, respectively). Because 2I1L43 (Kp 6 + 1 nM) had
comparable high affinity for rIL-13, it is clear that the affinity gain
upon dimerization is lower than that observed for 3ILT82y;, (Tukey
multiple comparison test after Log;o [Kp] transformation, p < 0.05).
The order in which the subunits within the heterodimer were assem-
bled was irrelevant for the affinity enhancement (Tukey multiple
comparison test after Log;o [Kp] transformation, p > 0.05).

As for the monomers, the multimer inhibitory activity was also
evaluated for the dimer constructs, using the HEK-blue human 1L-4/
IL-13 cell line (Fig. 3). Despite the minor affinity enhancement for
rlL-13, the biparatopic Nbs (3ILT82/2IL43 and 2IL43/3ILT82)
yielded a highly improved inhibitory potency against rIL-13 (ICses =
0.73 + 0.04 uM and 0.60 + 0.03 M, respectively) in comparison
with either 3ILT82 or 2IL43 (ICsos = 90 + 10 pM and 60 + 10 pM,
respectively) (Tukey multiple comparison test after Logo [ICsg] trans-
formation, p < 0.01). Likewise to the affinity, the order in which the
Nb subunits were assembled had no impact on their inhibitory
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potency (Tukey multiple comparison test with Log;, [ICso] transfor-
mation, p > 0.01). In contrast, despite a highly significant improve-
ment in affinity compared with 3ILT82 (37-fold), 3ILT82.
exhibited only a minor improvement in its inhibitory potency (ICsy =
28 UM £ 2 uM) relative to its monomeric subunit (3ILT82, ICsy =
90 uM + 10 uM). Nevertheless, this minor difference was statistically
significant (Tukey multiple comparison test after Log;o [ICso] trans-
formation, p < 0.01).

Evaluation of a triparatopic construct

In view of the success to improve the rll-13 biological inhibitory
activity with Nb heterodimers, we decided to construct a triparatopic
Nb including 2IL172 (Fig. 2), which showed also a low inhibitory
activity. Because the dimeric constructs (21143, and 3ILT82/21L43)
suffered from degradations when expressed in E. coli, the triparatopic
construct (2I1L43/21L172/3ILT82) was produced in P. pastoris. The
mass spectrometry analysis showed that the main species corre-
sponded to the expected m.w., and almost no molecules with

I
0.001 0.01 0.1

1
100 1000

VyH concentration (uM)

FIGURE 3. Antagonist activity of the multimeric anti—rIL-13 Nbs. Dose-response curves generated during the in vitro potency assay based on engineered
HEK cells, responding specifically to rIL-13 or human rIL-4. Statistical analysis was performed with an ANOVA test and, when appropriate, with Dunnett
test taking the apical control (extreme-left value; 100%) as the reference group. The p value was set at 0.01. Results are expressed as the mean = SEM of
minimum two independent experiments, each including minimum four replicates, except for the positive control, which was done on only one experiment

including four replicates because of the limited amount of material.
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pyroglutamate were noticed (Table III). However, a repetitive pattern
of a constant loss of weight (315) was observed for which no obvious
explanation could be put forward. No further attempts were made to
improve the purification of the sample, and it was used as such for
further studies.

The Kp of the triparatopic Nb for rIL-13 was further lowered
(Kp = 1.60 nM £ 0.04 nM) in comparison with the biparatopic
construct (2.6 = 0.2 nM and 2.8 = 0.3 nM for 3ILT82/21L43 and
21LA43/3ILT82, respectively), but the difference was not statistically
significant (Tukey multiple comparison test after Logio [Kp] trans-
formation, p > 0.05). The biological inhibitory activity toward
rIL-13 was further increased (ICso = 200 + 10 nM), although with-
out statistically significant difference relative to the biparatopic
dimers (ICsos = 730 £+ 40 nM and 600 + 30 nM for 3ILT82/2IL43
and 2IL43/3ILT82, respectively; Tukey multiple comparison after
Logyo [ICsp] transformation, p > 0.01). Overall, the triparatopic Nb
construct exhibited a 300-fold inhibitory potency increase relative to
the monomeric subunit displaying the lowest ICsy (ICso = 0.20 +
0.01 pM for 2I1L43/2IL172/3ILT82 versus 60 pM + 10 uM for
21L43).

For further characterization, this triparatopic construct (21L43/
2IL172/31LT82) was preferred over the biparatopic constructs for
further characterization because it showed a good production yield
in yeast as well as a better stability regarding thermal denaturation
and aggregation (data not shown). Moreover, despite nonstatistically
significant differences with the dimers, both its Kp and ICs, were
the lowest.

Binding specificity of the triparatopic construct for human riL-13.
The other proteins that were related to it were also tested, and an
ELISA was used to evaluate the ability of 21L.43/2IL172/3ILT82 to
associate with various IL-13 molecules (Fig. 4). Apart from the
human rIL-13 Ag, 2IL43/21L172/3ILT82 was able to bind IL-
13R130Q, which differs by one single amino acid [>99% similarity
(1)], with the same affinity (Kp = 1.3 £ 0.1 nM) and for which no
statistically significant difference was observed (Tukey multiple
comparison test after Log;o [Kp] transformation, p > 0.05). Like-
wise, 21L43/2IL172/3ILT82 was also able to associate with the
Macaca mulatta rIL-13 [95% similarity, UNIPROT database (1)],
except that for this derivative, the affinity was even better (Kp =
0.36 £ 0.02 nM) than for human rIL-13 (Kp = 1.60 £ 0.04 nM),
and the difference was statistically significant (Tukey multiple com-
parison test after Log;o [Kp] transformation, p < 0.05). Conversely,
the triparatopic construct was unable to recognize the least-related
variants, such as murine rIL-13 [56.8% similarity, UNIPROT data-
base (1)] and human rIL-4 [20-25% similarity (2)].

The inhibitory potency of 21L43/21L172/3ILT82 toward the pro-
teins related to its cognate Ag was also assessed in the cell-based
assay involving the engineered HEK cells (Fig. 4). The inhibition
results for IL-13R130Q mutant with ICsq = 330 + 30 nM versus
200 + 20 nM for rIL-13, and a nonstatistically significant difference
(Tukey multiple comparison test after Log;o [ICso] transformation,
p > 0.01) correlated well with the binding efficiencies. As
expected from the lack of association between the triparatopic Nb
construct and murine rIL-13 or human rIL-4, the 21L43/21L172/
3ILT82 was unable to inhibit the in vitro biological activity of
these IL-13-related proteins. Conversely, 21L43/21L172/3ILT82
failed to inhibit the in vitro activity of M. mulatta tIL-13 at any
concentration tested (ANOVA, p value > 0.01), despite its
enhanced affinity for this human IL-13—related cytokine.
Competition studies between the triparatopic Nb and rIL-13R ;.
To further determine the mechanism of inhibition of the trimer, a
competition study between rIL-13R; and 21L.43/21L172/31LT82 for
a biotinylated IL-13 was performed.
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First, the affinity of 21L.43/21L172/3ILT82 for the in vitro biotiny-
lated rIL-13 was assessed (Fig. 4). The construct showed a signifi-
cantly stronger affinity to the biotinylated Ag form than toward the
human rIL-13 (Kp of 0.52 + 0.02 nM versus 1.60 £ 0.04 nM,
respectively; Tukey multiple comparison test after Log;o [Kp] trans-
formation, p < 0.05). Despite its stronger affinity for the biotiny-
lated rIL-13, the triparatopic construct was only able to prevent the
formation of the primary complex “biotinylated rIL-13-1L-13R,”
(Dunnett multiple comparison test after Logo [ICs¢] transformation;
p value < 0.01) during the competition assay, with an estimated
ICs9 0of 0.9 £ 0.2 uM (Fig. 5). The results were then confirmed on
HEK-Blue IL-4/IL-13 cells, in which 2IL43/21L172/3ILT82 was
also able to inhibit the biological effect of the biotinylated rIL-13,
starting from a concentration of 1.7 pM (Dunnett multiple compari-
son test after Logyo [ICsg] transformation, p value < 0.01; Fig. 4).

Discussion

The purpose of this study was to generate the basis of a new tool
(based on Nbs) to treat IL-13-related disease, with a particular focus
on asthma. The choice of Nbs was initially driven by their well-
known enhanced stability and solubility that open up the possibility
of considering other routes of administration than injection, such as
the pulmonary route.

In this study, two biparatopic and one triparatopic Nb were
designed from three Nb monomers with low activity (ICso > 60
UM), resulting in 80—300-fold activity improvement in comparison
with the most active monomeric subunit (2IL43). These findings are
consistent with previous reports. They confirm that Nbs can be eas-
ily assembled in multivalent (54, 69—71) or multiparatopic (72) con-
structs from monomeric Nb subunits by using recombinant DNA
technology, which can lead to a much more potent activity com-
pared with the autonomous monomers. However, it is unlikely that
the increase in activity in going from the monomeric subunits to the
multiparatopic constructs should be attributed exclusively to the
enhanced affinity (2—4 fold). Several hypotheses could explain this
improvement in inhibitory activity. A first hypothesis would assume
that the epitopes of 3ILT82 and/or of 2IL43 are at least partially
overlapping with the binding site(s) of IL-13 to its receptor but with-
out mutual overlapping (as demonstrated through the competition
assay between both monomeric Nbs). As a result, combining the
two subunits in one molecule may therefore have increased the sur-
face shielded by the multiparatopic Nb constructs, thereby enhanc-
ing the steric hindrance between IL-13 and its receptor. Another
hypothesis would favor a side chain rearrangement in the region
close to the receptor binding site upon association with Nbs, which
compromises the IL-13 recognition by its receptor. A third hypothe-
sis might be a combination of the two previous ones. In any cases,
using a unique construct binding two different epitopes has likely
further strengthened their inhibitory capacity as the binding of one
subunit increases the probability for the other subunit(s) to bind to
the same IL-13 molecule, especially when low Ag concentrations in
solution are used (cell-based assay: 0.5 ng/ml of IL-13 ~ 40 pM).
The partial binding overlap of each subunit with the IL-13 binding
site(s) to the receptor might also explain why they both inhibit rIL-
13 biological activity only in the micromolar range (ICsos between
60 and 90 uM), despite a low-to-mid nanomolar affinity. In contrast,
despite an apparent high improvement for its affinity toward rIL-13,
3ILT82;,. (Kp was reduced 37-fold) did not see its activity
improved as much in vitro (4-fold). IL-13 is a soluble monomeric
protein with no redundancy in its sequence. Hence, the functional
affinity of 3ILT82y;,, whose subunits bind to the same epitope, has
been artificially increased in the ELISA as it uses adsorption of Ag
on a solid surface, thereby increasing the local concentration of rIL-
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13. In the cell-based assay, rIL-13 is in solution at low concentration
(=40 pM), and 3ILT82,;, did not benefit from the same avidity
effect as in the ELISA.

Regarding the triparatopic Nb, adding the subunit 2IL.172 further
lowered the ICs, but the difference was not statistically significant,
probably because of the very low activity detected for the autono-
mous 2IL172 subunit. The reason for the small increase in the activ-
ity may be due either to the weak binding of 2IL172 to a third
epitope or may simply be due to an additional steric hindrance effect
because of the increased m.w. of the construct. The mechanism of
IL-13 inhibition by the triparatopic construct was further investi-
gated by a competitive ELISA and was partially explained by the
prevention of IL-13 binding to its subunit receptor IL-13Ral. It is
still possible that at least one of the monomeric subunits prevents
the binding of IL-4R on IL-13. In contrast, although IL-13Ra2 have
been described to lead to some functional activity (10, 11), there is

no evidence currently available to support any role of IL-13Ra2 in
asthma physiopathology. Therefore, we did not assess the competi-
tion of the constructs over IL-13Ra2.

The triparatopic construct, and therefore its subunits, also showed
a high specificity regarding human IL-13, binding closely related
proteins whose sequence similarity was =95% (UNIPROT data-
base), including a nonnatural variant of IL-13, which was biotiny-
lated through the AviTag technology. Those results were confirmed
in the cell-based assay for the natural variant of IL-13R130Q, whose
overexpression is often associated with asthma (73), but not for the
M. mulatta rIL-13 or the biotinylated rIL-13. The fact that our con-
struct binds better to both the M. mulatta rIL-13 and the biotinylated
rIL-13 than to its native Ag but provided a weaker inhibition for the
first two in the cell-based assay is difficult to explain without further
investigation. One assumption might surmise that those two IL-13
derivatives were not as active as the native rIL-13 on HEK-Blue IL-
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4/IL-13 cells; therefore, their concentrations in the test medium had
to be increased to reach the EC;s (7 ng/ml and 70 ng/ml, respec-
tively, compared with 0.5 ng/ml for the human rIL-13 used as Ag).
The increase in concentration might have impacted negatively the
ICsg of our triparatopic Nb construct. On the contrary, the tripara-
topic construct showed no affinity toward human IL-13-related pro-
teins with lower similarity, such as a murine rIL-13 [57% similarity
with human IL-13, UNIPROT database (1)] and human rIL-4
[20-25% similarity (2)] in the ELISA and the cell-based assay.
Those two last results point to the high specificity of Nbs for their
target and the unlikeliness to affect other pathways than IL-13
in vivo, thereby limiting possible side effects. However, it also
raises concerns for future in vivo experiments, in which rodents are
often the first choice of test subject. A possibility would be to
administer human rIL-13 to mice, as Blanchard et al. (18) did to
assess tralokinumab potency in mice because a cross-reactivity
exists between the receptors and the IL-13 of both species.

Nbs of this study remain of lower activity than the anti—IL-13
mADbs that have been in clinical trials so far with ICs, in the nano-
molar range against picomolar range, respectively (16, 66—68). Nbs
also have two main intrinsic properties that make their use or gener-
ation more complicated than for conventional Abs. Indeed, whereas
Abs can be generated using multiple different (small) host animals,
Nbs can only be generated by using Camelidae or sharks (for their
counterpart, the new Ag receptor variable fragments “Vnar”). Their
lower m.w. also renders their blood half-life very short, ~30, 90,
and 120 min for nonalbumin-binding monomeric, dimeric, and tri-
meric VHHs, respectively (74). Nonetheless, Nbs also possess mas-
sive advantages over complete mAbs, which counterbalance their
lower activity and overcome the limitations of mAbs for asthma
therapy.

First, bacteria (75) or yeast (76) are routine hosts to express prop-
erly folded Nbs, including the formation of disulfide bridges. These
microbial expression systems significantly simplify the process
development and drastically reduce the associated production costs
over mammalian cells (77) as they require only inexpensive nutri-
tion sources, have rapid growth (20-min doubling time for bacteria
versus 1-2 d for mammalian cells), and achieve much higher cell
densities (78).

T T
1 10 100 1000 10000

100000
21L43/21L172/3ILT82 concentration (nM)

Second, this study confirmed that anti—IL-13 Nbs, like Nbs tar-
geting other Ags, can be engineered into multivalent or multipara-
topic constructs. Actually, several Nbs that have entered clinical
trials have been tested under a multivalent/paratopic/specific form
(up to three units) to enhance either their activity (70, 79), their
half-life (80), or both (81-83). Multivalency therefore does not
seem to negatively impact their developability in terms of produc-
tion and stability, although this may differ from molecule to mole-
cule. To further improve the (monomeric, dimeric, or trimeric)
constructs of this study, a Nb targeting another inflammatory media-
tor involved in moderate-to-severe asthma might be generated and
combined to obtain a synergistic effect on the therapy. Similar strat-
egies were already considered by big pharmaceutical companies
with conventional Abs. Although the strategy considered was differ-
ent, Sanofi and Regeneron proved with their dupilumab (Dupixent)
that blocking IL-4 and IL-13 simultaneously by blocking IL-4R was
more efficient than IL-13 monotherapy, succeeding where IL-
13—exclusive therapy failed. IL-5 might also be a possibility as
monotherapies targeting IL-5 were also successfully marketed, with
mepolizumab (Nucala), reslizumab (Cinqaero), and benralizumab
(Fasenra). Targeting Ty2 cytokines along with other cytokines might
also be a strategy. Tyl7 cytokines (i.e., IL-17 or IL-22) may
broaden the efficacy to other poorly controlled types of asthma such
as mixed neutrophilic—eosinophilic asthma in which Ty17 cytokines
are suspected to be involved (84), and this strategy is already con-
sidered by Roche (85). Another promising target would be dual
inhibition of IL-13 and thymic stromal lymphopoietin, for which
Boehringer Ingelheim has already started to develop a bispecific
Ab (86).

In contrast, assembling constructs with more than two units of
Nbs together results in constructs with a size very similar to Fab,
and one might think that the advantageous small size of Nbs is lost.
Nonetheless, multimeric Nb constructs still conserve many advan-
tages over Fab: 1) they still have enhanced stability because of their
intrinsic characteristics; 2) at equal starting monomeric affinity with
Fab, the multimeric construct of Nb may take advantage of their
multivalency, which can lead to enhanced affinity or activity as it
was shown in this study; and 3) the stability of multimeric con-
structs as they were designed in this study do not require interdisul-
fide bridges (even though they do possess intrachain disulfide
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bridges). The use of multimeric constructs also has the advantage of
increasing the half-life of the therapeutic over monomeric Nbs,
which usually suffer from rapid clearance and thereby higher admin-
istration frequency. Combined with the strategy of local administra-
tion as well as a daily administration via a noninvasive pathway,
Nbs therefore consist of a viable option compared with weekly
injection for mAbs, which is invasive and inconvenient to patients.

Third, in the case of asthma, administration of the treatment is
usually preferred by the pulmonary route. However, one of the limi-
tations of mAbs is that they have a poor distribution to the lungs
from the blood because of their poor diffusion/permeability through
the membranes and their dilution within the whole organism.
Indeed, studies have reported a ratio from ~1:7 between the concen-
tration of mAb in the lung compared with the concentration in
serum (87). As mAbs used for anti—IL-13 therapy were adminis-
tered by s.c. injection, the overall ratio of mAbs reaching their site
of action is even lower. Currently, no mAbs are marketed for the
pulmonary route. Only smaller and simpler proteins have already
been successfully formulated for this route and approved by the
U.S. Food and Drug Administration and/or the European Medicines
Agency (i.e., insulin and DNase). Among potential future proteins
investigated for inhalation, Nbs are particularly well suited given
their small size, simple and robust structure, high thermal stability,
and solubility (88). Recently, a proof of concept involving a triva-
lent Nb administered by nebulization was achieved to treat respira-
tory syncytial virus with a very low aggregation rate (<2%) (88).
Considering the low distribution of mAbs to the lung, the difference
of m.w. between complete conventional mAbs, and our heaviest Nb
construct (trimeric is 3 times lighter than complete mAbs), Nbs
administered directly to the lungs will, at equal ICsps, require a dose
at least 21-fold lower than the equivalent mAb dose administered by
injection. In other words, if the same dose is delivered by both
routes (pulmonary for Nb or injection for mAb), the Nb ICso might
be at least 21-fold higher than the mAb ICsy while resulting theoret-
ically in the same efficacy.

Finally, with regard to the specific constructs generated during
this study, several strategies might still be considered to further
enhance the activity of the Nbs. One possible strategy would involve
the improvement of the intrinsic affinity of one or several of the Nb
subunits. Indeed, even if the increase in the apparent affinity of
3ILT82,;,. (because of avidity) did not increase the activity with the
same magnitude, it remains possible that limited mutagenesis of the
Nb paratope or its periphery would result in a concomitant improve-
ment in the activity. Furthermore, independently of the multimeric
forms that were designed, the Kp never reached subnanomolar val-
ues (lowest Kp = 1.60 £ 0.04 nM for the triparatopic Nb), remain-
ing in the same range of Kp of IL-13 for its subunit IL13R,,
(2-10 nM) (3—6). As both Kps are within the same order of magni-
tude (except for the 3ILT82 subunit), both the Nb constructs and the
IL-13R,; are expected to compete equally for IL-13. However,
once IL-13 is bound to IL-13R,;, the complex then recruits IL-4R,
which further tightens the binding to a subnanomolar level (32-400
pM) (5-7), gradually displacing the equilibrium away from the
Nbs’ binding. In contrast, anti—IL-13 mAbs that have been tested in
clinical trials all displayed much stronger affinity for IL-13 than the
receptor subunit they were competing with. Tralokinumab, IMA-
036, and cendakimab (RPC4046), which prevent the binding of IL-
13 to IL-13R,;, have a Ky of 165 pM (16), 92 pM (66), and 50 pM
(67), respectively, and so are well beyond the affinity of IL-13 for
IL-13R,; (2—-10 nM) (3—6). Anti—IL-13 mAbs preventing the bind-
ing of the primary complex to IL-4R (anrunkinzumab and lebrikizu-
mab) displayed even lower Kps [14 pM (66) and below 10 pM
(60), respectively] as the complete IL-13/receptors complex
(IL13Ra1/IL-13/IL-4R) Kp was itself lower (32—400 pM) (5-7).

Moreover, with IL-binding Nb, the expected tissue concentration is
very low, even for an overexpressed target. For comparison, concen-
trations of IL-13 in sputum from patients with mild, moderate, and
severe asthma were below 1 ng/g of sputum (89). It is therefore
likely that IL-13 concentrations in those population lungs would be
approximately equal to or below what was used in the cell-based
assay (0.5 ng/ml ~ 40 pM). However, the potency ceiling of Abs
and derivatives states that for Ag concentrations below the Kp, the
binding will be mainly driven by the affinity of the Ab. When the
Ag concentration is equal to or above the Ab Kp, the binding
becomes purely stochiometric, and further improvement regarding
the Kp does not usually lead to concomitant inhibitory activity
improvement (90). In our cell-based assay and in asthmatic patient
sputum, the final concentration of IL-13 would therefore be between
40 and 80 pM, which is far below the Kp of any of the monomeric
or multimeric Nbs. It is thereby likely that improving their intrinsic
affinity, if possible, would improve the binding efficiency and their
potency. The typical affinity range that can be reached with mono-
meric Nbs after affinity maturation is in the midpicomolar range
(91), but midfemtomolar range (0.19 pM) has also been reported
(80). Higher affinity can then be obtained by multimerizing the
monomeric constructs.

In conclusion, this study showed that Nbs can be engineered into
multimeric constructs to significantly enhance their antagonistic
activity, transforming poorly active monomers into moderately
active multimers. Although picomolar ICs, were not obtained as for
the already available anti—IL-13 mAbs, the nature of Nbs allow
much space for enhancing their therapeutic efficacy over conven-
tional mAbs (i.e., linking to other subunits targeting the same or
another target and using different types of linkers). Finally, these
lower m.w. and recognized higher stability over conventional mAbs
would especially be important for diseases in which local adminis-
tration is the cornerstone of therapy, such as asthma. This way, Nbs
permit therapeutic strategies that are poorly effective when using
intact conventional mAbs to meet unmet needs.
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