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Abstract

The liver ischemia-reperfusion (IR) injury that occurs consequently to hepatic
resection performed in patients with metastases can lead to tumor relapse for not
fully understood reasons. We assessed the effects of liver IR on tumor growth and
the innate immune response in a mouse model of colorectal (CR) liver metastasis.
Mice subjected to liver ischemia 2 days after intrasplenic injection of CR carcinoma
cells displayed a higher metastatic load in the liver, correlating with Kupffer cells
(KC) death through the activation of receptor-interating protein 3 kinase (RIPK3) and
caspase-1 and a recruitment of monocytes. Interestingly, the immunoregulatory media-
tors, tumor necrosis factor-a (TNF-a) and heme oxygenase-1 (HO-1) were strongly
upregulated in recruited monocytes and were also expressed in the surviving KC fol-
lowing IR. Using TNFo¥/flox | ysMee/Wt mice. we showed that TNF deficiency in macro-
phages and monocytes favors tumor progression after IR. The antitumor effect of
myeloid cell-derived TNF involved direct tumor cell apoptosis and a reduced expression
of immunosuppressive molecules such as transforming growth factor-g, interleukin (IL)-
10, inducible nitric oxyde synthase (iNOS), IL-33 and HO-1. Conversely, a monocyte/

Abbreviations: ALT, alanine amino transferase; AST, aspartate amino transferase; CR, colorectal; CRLM, colorectal liver metastasis; DAMP, damage-associated molecular pattern; ELISA, enzyme-
linked immunosorbent assay; GOT, glutamic oxaloacetic transaminase; GPT, glutamic pyruvic transaminase; HO-1, heme oxygenase-1; IL, interleukin; IR, ischemia-reperfusion; KC, Kupffer cells;
MFI, median fluorescence intensity; RIPK3, receptor-interating protein 3 kinase; TGF-p, transforming growth factor-p; TNF-«, tumor necrosis factor-o; WT mice, wild-type C57BL/6 mice.
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1 | INTRODUCTION

Colorectal (CR) cancer is a frequent and often lethal tumor® with the
development of liver metastases representing the main cause of mor-
tality in patients.? Despite constant improvements in systemic and
locoregional treatments, surgery remains the only potentially curative
option yielding a disease-free survival superior to 10 years in 20% to
25% of the patients.® Still, the majority of the patients operated for
colorectal liver metastasis (CRLM) would relapse after curative-intent
interventions, and a substantial proportion of them do so rapidly,
suggesting a potential role for the operative stress in cancer progres-
sion. Indeed, several perioperative events related to surgery and anes-
thesia can directly influence the risk for cancer recurrence (reviewed
in Reference 4). In particular, some degree of hepatic ischemia and
subsequent ischemia-reperfusion (IR) injury are invariably imposed,
related to the surgical procedure and to the vascular clamping maneu-
vers. In the clinical context, variable and eventually contradictory
effects of hepatic IR injury on tumor growth were reported.®

Several pathways can contribute to the liver IR injury process. A
prolonged ischemia causes a decrease in both adenosine triphosphate
levels and pH with a calcium overload due to anaerobic metabolism.
During the reperfusion phase, reactive oxygen and nitrogen species
(ROS/RNS) generated through mitochondrial activity constitute the
first wave of cytotoxic mediators that may directly target the hepato-
cyte viability. Hepatocyte death occurs through necrotic, necroptotic,
apoptotic and autophagic mechanisms. Dying hepatocytes release cel-
lular components named damage-associated molecular patterns
(DAMPs) that may become immunostimulators when detected by
innate immune cells like the dominant liver resident macrophages (ie,
Kupffer cells [KC]) and dendritic cells. These cells translate these alarm
signals into chemokine and cytokine secretion that could attract non-
resident leukocytes, which are the source of the second wave of
ROS/RNS, resulting in more severe tissue damage. However, how the
multiple pathways of IR-induced liver injury evidenced so far impact
the progression of CR cancer metastasis remains not fully understood.

A deeper understanding of the mechanisms of immunogenic and
nonimmunogenic cell death shed new light on the potential impact of

IR-induced cell damage within the tumor microenvironment.® More

macrophage-specific deficiency in HO-1 (HO-119/flox | ysM<re/Wt or the blockade of
HO-1 function led to the control of tumor progression post-liver IR. Importantly, host
cell RIPK3 deficiency maintains the KC number upon IR, inhibits the IR-induced
innate cell recruitment, increases the TNF level, decreases the HO-1 level and sup-
presses the tumor outgrowth. In conclusion, tumor recurrence in host undergoing
liver IR is associated with the death of antitumoral KC and the recruitment of mono-
cytes endowed with immunosuppressive properties. In both of which HO-1 inhibition

would reinforce their antitumoral activity.

colorectal metastasis, inflammation, liver ischemia-reperfusion

What's New?

Liver ischemia/reperfusion during surgical procedures such
as partial hepatectomy contributes to colorectal liver metas-
tasis progression. The underlying mechanisms are only par-
tially understood. Here, using a mouse model of colorectal
liver metastasis, the authors reveal that metastasis progres-
sion is correlated with the local production of TNF and
HO-1 by resident Kupffer cells and recruited monocytes.
Liver ischemia/reperfusion leads to a decrease in Kupffer
cells, most likely through inflammatory cell death induction,
that favours the recruitment of TNF-producing protective
monocytes. The findings further suggest that monocyte
activity could be reinforced to limit tumour progression
through HO-1 inhibition.

particularly, receptor-interating protein 3 kinase (RIPK3)-dependent
cell death was revealed as a DAMP-related immunogenic type of cell
death that could be induced upon liver IR” and hereby influence anti-
tumor immunity. This type of cell death can be engaged by death
receptors (eg, tumor necrosis factor [TNF] receptor-1, CD95, TRAILR1
and TRAILR2) with a signaling pathway that depends on the oligomer-
ization of RIPK1 and RIPK3 and the subsequent recruitment of Mixed
lineage kinase domain like pseudokinase (MLKL) that translocates to
the plasma membrane to induce its permeabilization.® A dual role of
RIPK3-dependent signaling in anticancer immunity was reported.
Indeed, it may induce death of cancer cells that escaped apoptosis,
but it might as well provide a cell death-independent tumor-
promoting inflammatory microenvironment.”*° The involvement of
RIPK3-dependent cell death in IR-induced metastasis formation
remains, however, an outstanding question.

In addition, it is not exactly understood which inflammatory com-
ponents may affect tumor progression after liver IR. On one hand, the
postsurgical acute phase response is associated with increased secre-

tion of pro-inflammatory cytokines such as interleukin (IL)-1p, IL-6,
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and TNF that could favor antitumor cytotoxicity, although TNF was
also reported as an accelerator of tumor cell proliferation.1"*? On the
other hand, the concomitant release of anti-inflammatory mediators,
including transforming growth factor (TGF)-B, IL-10, IL-1 receptor
antagonist, IL-33 and iINOS may induce systemic immunosuppression.
Finally, one of the major cytoprotective mechanisms activated upon
liver ischemia is the induction of heme oxygenase-1 (HO-1), a heat-
shock protein family member which catalyzes the breakdown of heme
into biliverdin, carbon monoxide and free iron. Its action on cancer
progression during liver IR was not yet demonstrated.

We bring new evidence on the impact of liver IR on local inflam-
mation that contributes to the CRLM progression. We defined the
local myeloid source of TNF and HO-1 during liver IR and identified
their respective antagonist role in the tumor progression. We also
analyzed the KC death pathway occurring upon liver IR in link with

the metastatic development.

2 | MATERIALS AND METHODS

21 | Mice

Male C57BL/6 mice of 8 to 12 weeks old were used (Envigo, Zeist,
The Netherlands). C57BL/6 Hmox1>*F mice were obtained through
the RIKEN BioResource Center (B6J.129P2-Hmox1<tm1Mym>).
Myeloid TNF KO mice (TNFMX® mice; TNFoVflox ysMere/Wt mjce)ts
and Myeloid HO-1 KO mice (HO-1¥C mice; Hmox11o/flox ysmEre/
"t mice) were mated at the Institute for Medical Immunology.
RIPK3-KO mice were kindly provided by Peter Vandenabeele
(Inflammation Research Center, VIB, Ghent, Belgium). CCR2-KO mice
were purchased from The Jackson Laboratory (Bar Harbor, Maine).

2.2 | Cancer cell lines

All experiments were performed with confirmed mycoplasma-free cell
lines using the MycoAlert Mycoplasma Detection Kit (Lonza Research
Products, Basel, Switzerland). the RAW 264.7 cell line (RRID:
CVCL_0493) was from ATCC (#TIB-71) and was grown in Roswell
Park memorial institute (RPMI) 1640 medium supplemented with 10%
heat-inactivated fetal bovine serum, 2 mM L-glutamine, 1 mM nones-
sential amino acids, 100 mM sodium pyruvate, penicillin (10 U/mL)-
streptomycin (10 pg/mL) and 107> M 2-ME (Lonza Research Products)
at 37°C and 5% CO,. The murine colon adenocarcinoma cell lines,
MC-38 (RRID:CVCL_B288) and MC-32A, also called MC-38-CEA-2
(RRID:CVCL_5137), were obtained from Benoit Van den Eynde (UCL,
Brussels, Belgium). The luciferase-expressing MC-38 was obtained
from CIMA, Pamplona, Spain (MC-38", RRID:CVCL_0A67).** MC-38,
MC-32A, and MC38-“! cell lines have recently been authenticated
using short tandem repeat profiling by American Type Culture Collec-
tion (ATCC) (June 2020), and were all maintained in Dulbecco's Modi-
fied Eagle medium (DMEM) supplemented with the same reagents
and 400 pg/mL G418 (Geneticin, Invitrogen, Carslbad, CA, USA).

2.3 | Experimental hepatic metastasis model

Under isoflurane inhalation anesthesia, a small midline laparotomy
was performed on prehydrated (0.9% NaCl, 250 uL) mice. Body tem-
perature was maintained at 36.5°C to 37°C during the entire experi-
ment. 10® MC-38 cells were injected into the pulp of the anterior
inferior pole of the spleen. After 10 minutes, splenectomy was per-
formed to prevent massive tumor spread in the spleen. SHAM-oper-
ated mice underwent the same procedure with intrasplenic injection
of 100 pL of sterile PBS.

2.4 | Liver IR model

A partial hepatic ischemia was induced through the placement of an
atraumatic vascular clamp across the three portal elements (hepatic
arterial, portal vein and bile duct branch) of the left lateral lobe for
60 minutes, rendering approximately 30% of the liver ischemic. SHAM-
operated splenectomized mice underwent the same procedure except
for the clamping. Blood samples were taken through the tail vein at
several time points postreperfusion (<50 pL/time point). Liver glutamic
pyruvic transaminase (GPT)/alanine aminotransferase (ALT) or glutamic
oxaloacetic transaminase (GOT)/aspartate aminotransferase (AST) were
measured in the serum with an auto analyzer (Modular P800, Hitachi,
Mannheim, Germany). Using commercial kits (Boehringer, Mannheim,
Germany), the measured rate of NADH oxidation at 340 nm is directly
proportional to the catalytic activity of GPT or GOT.

2.5 | Invivo inhibitor treatment

Zinc protoporphyrin-9 (ZnPPIX, Frontier Scientific, Logan, Utah), a
competitive inhibitor of the HO-1 was dissolved in 0,25 N NaOH. The
pH 7.4 was achieved with 1 M HCI and further diluted with PBS.
ZnPPIX was administered i.p. at 5 mg/kg on Days 1-3-5-7-9 post-
liver IR.

2.6 | Histology

Formalin-fixed hepatic lobes of interest were embedded in paraffin.
Liver sections of 5 pm were stained with hematoxylin/eosin. Tumor
load was evaluated by two independent anatomopathologists as a
percentage of normal liver parenchyma replacement area. The Suzuki

injury score was established as described.*®

2.7 | Bioluminescence imaging

Before imaging, mice were shaved to decrease the light absorption
and scattering of animal fur. Mice were anesthetized with 4% of iso-
flurane vaporized in 2 L/min O, and then maintained with 2% iso-

flurane in 0,3 L/min O, per mouse. Each animal received i.p. 150 mg/kg
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body weight of bp-luciferin (VivoGlo, Promega, Madison, WI, USA).
Mice were immediately imaged in a Photon Imager RT (Biospace Lab,
Nesles-la-Vallée, France) that dynamically counted the emitted pho-
tons for at least 30 minutes. Image analysis was performed with
M3Vision (Biospace Lab) software. Regions of interest (ROls) were
drawn on mouse abdomen and then signal intensities were quantified
individually for each mouse for intervals of 5 minutes corresponding

to the maximum signal intensity plateau.

2.8 | Western blot analysis

Cell lines or liver homogenates were lysed in RIPA buffer containing
protease inhibitors (Sigma-Aldrich, St. Louis, MI, USA). Protein analysis
was performed as described.® Primary antibodies used for western
blot were RIPK3 pAb (Novus Biologicals, Centennial, CO, USA),
caspase-3 mAb (Alexis Biochemicals, New York, NY, USA), cleaved
caspase-3 mAb (Cell Signaling, Beverly, MA, USA) and Actin pAb
(Sigma-Aldrich). Secondary antibodies used were donkey anti-rabbit
IgG-Horseradish peroxidase (HRP) and sheep anti-mouse Ig-HRP were
from GE Healthcare (Little Chalfont, England, UK).

29 | Enzyme-linked immunosorbent assay

Quantification of CCL2 in the serum and the liver homogenate was
performed using enzyme-linked immunosorbent assay (ELISA) Duoset
Kit according to manufacturer's instructions (R&D Systems, Minneap-

olis, Minnesota).

210 | Flow cytometry

The ischemic liver lobes were collected, weighted, and transferred
into GentleMACS tubes (Miltenyi Biotec, Leiden, The Netherlands)
supplemented with RPMI 1640 medium and collagenase A (Type I,
Worthington Biochemicals, Lakewood, New Jersey) and DNase |
(Roche) for two rounds of the m_liver_01 protocol of the gentleMACS
dissociator (Miltenyl Biotec). After 20 minutes at 37°C, tubes com-
pleted the m_liver_02 protocol of the same dissociator. The obtained
suspension was diluted in Fluorescence activated cell sorter (FACS)
buffer and passed through a sterile 100 um filter, centrifuged (440G,
5 minutes at 4°C) and resuspended for 3 minutes in ammonium-chlo-
ride-potassium lysis buffer. Cells were resuspended at a concentration
of 107 cells mI~? at 4°C and were incubated with FcyR-blocking anti-
bodies, rat anti-mouse CD16/CD32 (2.4G2, RatlgG2b, BD Bioscience,
Erembodegem, Belgium). Subsequently, each sample was incubated in
the dark at 4°C for 20 minutes with a specific combination of fluores-
cently labeled antibodies (see Table S1). For intracellular staining, 10°
cells mI=* were incubated with Brefeldin A (eBioscience, San Diego,
California) for 4 hours at 37°C prior to staining of extracellular
markers. Cells were subsequently fixed using fixation buffer

(eBioscience) for 20 minutes at room temperature. Permeabilization

buffer (eBioscience) was added and samples were centrifuged (440 g,
5 minutes at 4°C). Cells were then incubated with fluorochrome-
labeled antibodies for 20 minutes and washed. Caspase-8 and
caspase-1 activity assays were performed following manufacturer pro-
tocol. Cells were incubated with FAM-FLICA (Bio-Rad AbD, Hercules,
CA, USA) an irreversible inhibitor of the caspase enzyme and dimethyl
sulfoxide (Sigma Aldrich) for 1 hour before proceeding to standard
extracellular staining. Samples were measured using the FACS Cantoll
(BD Bioscience) and sorted using the FACS Ariall (BD Bioscience).
Obtained data were analyzed using the FlowJo V9.3.2 software
(FlowJo, Ashland, Oregon). The cell survival assay was performed as
described.*®

211 | RNA purification and real-time RT-PCR

RNA was extracted from ischemic liver lobes using an EZNA HP Total
RNA Kit (Omega Bio-Tek, Norcross, Georgia). Reverse transcription
(RT) and real-time polymerase chain reaction (PCR) were performed
using Light-Cycler Multiplex RNA Virus Master (one-step procedure)
on a Light-Cycler 480 apparatus (Roche Diagnostics, Mannheim, Ger-
many) (see Table S2). Relative gene expression was established com-
pared to the group of tumor inoculated C57BL/6 mice. The
sequences of primers and probes are available on request.

212 | Statistics

Data were expressed as mean + SEM. Unless specified, the signifi-
cance was determined by analysis of variance using the one-way anal-
ysis of variance (ANOVA) test with the GraphPad Prism 6.0 software.

A P value <.05 was considered statistically significant.

3 | RESULTS

3.1 | Liver IR induces injury and promotes the
progression of colon carcinoma metastases

To mimic the impact of the surgical procedure used in the clinic to
remove hepatic metastases, we used a preclinical model of warm
hepatic IR in mice bearing liver metastases. Hereto, C57BL/6 mice
were subjected to a 60-min portal pedicle clamping of the left hepatic
lobe 2 days after liver implantation of colon carcinoma MC-38 cells
through splenic inoculation (Figure S1A). First, we confirmed the
IR-induced liver injury in metastasis-bearing mice by measuring
increased serum ALT and AST levels and larger hepatocellular lesions
reflected by an elevated Suzuki Injury score in MC-38 bearing mice
after liver IR (T + IR) compared to SHAM-operated tumor-inoculated
(T) mice (Figure S1B-D). We evaluated by histology the impact of liver
IR on MC-38 metastatic growth. Ten days post-IR, the fraction of nor-
mal liver parenchyma replacement by tumor cells was higher in the

left lobe of T + IR mice compared to T mice (Figure 1A). The same
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Liver IR-induces MC-38 outgrowth, A. (Left panel) Histological measurement of the percentage of MC-38 area in the liver of T and

T + IR groups of C57BL/6 mice, 10 days posttumor inoculation (n = 25/group) (**P < .01, two-tailed nonparametric Mann-Whitney test). A, (Right
panel) Representative images of histological observations. Scale bar, 1 mm. B, Histological measurement of the percentage of MC-38 area in
ischemic vs nonischemic lobes in individual T + IR C57BL/6 mice (n = 8/group; **P < .01, two-tailed nonparametric Mann-Whitney test). C,
Bioluminescence imaging. CCD camera image capture of C57BL/6 mice inoculated 14 days before with luciferase-MC-38 cells (T group) and
undergoing liver IR 12 days before (T + IR group). D, Serial liver emitted photon quantification at 9 and 14 days postluciferase-MC-38 inoculation
in C57BL/6 mice (*P < .05, and ***P < .001 two-tailed nonparametric Mann-Whitney test). IR, ischemia-reperfusion



6 @uicc GERMANOVA ET AL

observation was made by histological analysis using another colon not detect induction of caspase-8 or phosphorylation of MLKL,

carcinoma cell line MC-32-A in wild-type C57BL/6 mice (WT mice) caspase-1 activity was significantly higher in KC 12 hours post-IR
(Figure S2). Moreover, in T + IR mice, the outgrowth of MC-38 cells (Figure 2B). This suggests that the induction of pyroptosis is responsi-

was accelerated in the clamped liver lobe when compared to non- ble for the decreased amount of KC observed upon IR.

ischemic lobes of the same liver (Figure 1B). To allow noninvasive Strikingly, nonresident leukocytes, neutrophils (CD11b" Ly6GM
follow-up of tumor growth, luciferase-expressing MC-38 cells were Ly6C™) (Figure S3A) and classical monocytes (CD11b" Ly6Gne®
administered in mice subsequently exposed or not to the IR protocol. Ly6CM), were prominently recruited within 60 hours posttumor inocu-
As shown in Figure 1C,D, in T + IR mice, the abdominal light emission lation (corresponding to 12 hours postreperfusion) and remained at
increased over time (from 9 to 14 days postinjection) and was higher increased levels 24 hours postreperfusion in the left liver lobe of T
14 days after tumor inoculation compared to T mice. + IR mice compared to T mice or SHAM mice (Figure 2C). This early

local inflammatory cell increase was accompanied by a chemokine/
cytokine storm in the liver. CXCL-2, CXCL-10 and IL-6 gene tran-

3.2 | KC and monocytes are affected scripts, all potentially neutrophil chemoattractants and products, were
in metastases-bearing liver lobe upon IR more expressed in the IR-lobe from T + IR mice compared to the T

mice (Figure S3B). CCL-2 protein, a monocyte chemoattractant, was
As stressed and dying hepatocytes are known sources of DAMPs, we also expressed at higher levels in the IR lobe and in the serum of T
assessed how IR impacts innate immune cells in the tumor-bearing + IR mice (Figure 2D). We evaluated the impact of IR-induced mono-
lobe submitted to this stress. First, we observed that the number of cyte influx on tumor growth by using CCL2 receptor-deficient mice
KC (CD11b™F4/80P°°Clec4FPo Tim4P°sLy6G"E cells) was increased (ie, CCR2) that exhibit defective monocytes recruitment during
between 24 and 72 hours post-MC-38-inoculation in T mice, com- immune response. The MC-38 outgrowth induced upon liver IR was

pared to SHAM-operated nontumor implanted (SHAM) mice, and that significantly higher in CCR2-KO mice compared to WT mice

liver IR abrogated this KC expansion in T+ IR mice (Figure 2A), suggesting at least a partial protective role of monocytes (Figure 2E).
suggesting an IR-induced KC death. We assessed the KC death path- These data demonstrate that the surgical stress induced in a liver
way by monitoring the active caspase-8, active caspase-1 and specific lobe with metastases induced KC pyroptosis and recruitment of neu-

RIPK3-dependent phosphorylation of MLKL (p-MLKL Ser345) for trophils and monocytes. The latter could contribute partially to the

apoptosis, pyroptosis and necroptosis, respectively. While we could control of the tumor growth.
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test). B, Median fluorescence intensity (MFI) of C57BL/6 KCs stained with fluorescent-labeled inhibitor of caspase-8 (left panel), Ser345
phosphorylated MLKL (p-MLKL Ser345/central panel) and fluorescent-labeled inhibitor of caspase-1 (right panel) 12 hours post-IR (n = 5/group
*P < .05, **P < .01, Kruskall-Wallis followed by Dunn's post hoc test). C, Fold increase in number of monocytes g~ of left liver lobe in SHAM, T
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3.3 | Monocytes that are recruited upon liver IR
constitute a supplementary source of HO-1 and TNF

We noticed that compared to SHAM mice, T mice displayed a slight
increase of liver TNF gene expression (Figure 3A) that could be inter-
pretated by the increase of TNF-producing KC (Figure 3B). This TNF
production could at least partially account for the control of tumor
growth in T mice. Interestingly, we observed that compared to T or
SHAM mice, the liver lobe of T+ IR mice displayed a significant
increased TNF and HO-1 gene transcript levels, as reported mediators
to be associated with the IR-induced sterile inflammation (Figure 3A).
Intracellular staining on immune cells from the MC-38-bearing liver
lobe revealed that both recruited monocytes and, to a lesser extent,
KC co-dominantly contributed to TNF and HO-1 production in T + IR
mice (Figure 3B). Looking at Figure 3B, we can see that IR exerts
opposite effects on monocytes and KC. Indeed, it significantly
increased the amount of TNF- and HO-1-producing monocytes and
decreased the amount of TNF- and HO-1-producing KC. For KC, this
observation can only be explained by the kinetics data presented in
Figure 2A since IR did not affect the intrinsic ability of these cells to
produce both cytokines (Figure S4). On the opposite, increased fre-
quency of TNF- and HO-1-producing monocytes following IR can be
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due to two phenomena, an increased frequency of monocytes and an
increased intrinsic capacity of those cells to produce both cytokines
(Figure S4). In conclusion, liver IR induces the recruitment of mono-
cytes that constitute an extra source of HO-1 and TNF while it has no

significant impact on cytokines production by KC.

3.4 | Host RIPK3 promotes metastatic growth
in liver lobe submitted to IR

We further explored the role of TNF receptor interacting RIPK3
kinase in the tumor-promoting microenvironment induced upon liver
IR. First, we observed a much higher expression of the RIPK3 kinase
within the liver parenchyma 24 hours post-IR in T + IR mice compared
to T mice and SHAM mice (Figure 4A). We also noticed that the
expression of the kinase was slightly upregulated in T mice
(Figure 4A). Interestingly, we observed that KC expansion induced by
the tumor did not occur in T RIPK3 KO mice (Figure 4B) suggesting a
RIPK3-dependent proliferation signal induced by the tumor in resident
KC. In addition, the accumulation of monocytes was strongly reduced
(Figure 4B) in T + IR RIPK3-KO mice compared to T + IR WT mice.
Remarkably, despite the reduced influx of inflammatory cells, TNF
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FIGURE 3 TNF and HO-1 are mainly produced by monocytes upon IR injury. A, TNF and HO-1 mRNA levels were measured from left liver
lobe of SHAM, T and T + IR groups of C57BL/6 mice 2 hours post-IR. TNF and HO-1 expression were determined using Hypoxanthine
Phosphoribosyltransferase (HPRT) as housekeeping gene and T group of mice to normalize (*P < .05, **P < .01, ***P < .001 one-way ANOVA
followed by Bonferroni's multiple comparison test). B, Frequency of indicated cell types producing TNF or HO-1 in the left liver lobe, 12 hours
post-IR in SHAM, T and T + IR groups of C57BL/6 mice (n = 413/group). Results were collected from three independent experiments (*P < .05,
**P < ,01, Kruskall-Wallis followed by Dunn's post hoc test). HO-1, heme oxygenase-1; IR, ischemia-reperfusion; TNF, tumor necrosis factor
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expression was even more induced in the affected liver lobe of T + IR Together, these data suggest on one hand that hepatocellular
RIPK3-KO mice compared to T + IR C57BL/6 mice (Figure 4C). Con- RIPK3 activation induced upon tumor implantation contributes to res-
versely, the induction of HO-1 was smaller in T + IR RIK3 KO mice ident KC expansion. On the other hand, RIPK3 upregulation induced
compared to T+IR C57BL/6 mice (Figure 4C). However, these upon liver IR contributes to myeloid-cell recruitment with a positive
changes were not reflected at the level of hepatocellular cell death, as impact on liver HO-1 synthesis and a negative impact on liver TNF
demonstrated by an unaffected IR-induced hepatocellular death area synthesis.

in T + IR RIPK3-KO mice compared to T RIPK3-KO mice (Figure S1C-

D). Finally, and most importantly, we observed that the IR-induced

tumor progression was completely inhibited (Figure 4D) in T+ IR 3.5 | TNF produced by myeloid cells upon liver IR
RIPK3-KO mice compared to T + IR WT mice. This suggests that in is protective against metastasis outgrowth

RIPK3-KO mice, the surviving KC would be effective to limit the

metastasis outgrowth through an increased synthesis of TNF and a We next focused on TNF, the major cytokine involved in the liver
decreased synthesis of HO-1 upon liver IR. pathogenesis upon IR injury. We first aimed to evaluate the link
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FIGURE 4 RIPK3-KO mice display resistance to IR induced MC38 cells outgrowth linked with a modification of TNF/HO-1 production. A,
Representative western blot analysis of RIP3K and actin expressions in SHAM, T and T + IR groups of C57BL/6 or RIPK3™/~ mice 24 hours post-
IR. B, Fold increase in number of KC g~* and monocytes g~ of left liver lobe in SHAM, T and T + IR groups (n = 5-10/group) of C57BL/6 and
RIPK3-KO mice 12 hours post-IR. Mice were normalized to the T group of C57BL/6 strain. C, TNF and HO-1 mRNA levels were measured

2 hours post-IR using HPRT as housekeeping gene and T group of RIPK3-KO mice to normalize. D, Histological measurement of the percentage
of tumor replacement area in the liver of T and T + IR groups of C57BL/6 and RIPK3-KO mice 10 days posttumor inoculation (n = 10-12/group;
***p < .001 and ****P < .0001, one-way ANOVA followed by Bonferroni's multiple comparison test). HO-1, heme oxygenase-1; IR, ischemia-
reperfusion; RIPK3, receptor-interating protein 3 kinase; TNF, tumor necrosis factor
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FIGURE 5 TNF inhibits MC38 cells outgrowth by limiting expression of anti-inflammatory factors upon IR. A, Left liver lobe from groups
of C57BL/6 and TNFM™© mice were collected 8 days post-IR for TNF transcript measurement using HPRT as housekeeping gene and T group
of C57BL/6 mice to normalize (n = 3-5/group). B, Histological measurement of the percentage of tumor area in the liver of T and T + IR groups of

C57BL/6 and TNF-1M¥° mice 10 days posttumor inoculation (n = 9-13/group). C, Fold increase in number of KC g~

1 and monocytes g™ of left

liver lobe in SHAM, T and T + IR groups (n = 3-17/group) of C57BL/6 and TNFM™© mice 12 hours post IR. Mice were normalized to the T group
of C57BL/6 strain. D, Left liver lobe from groups of C57BL/6 and TNFMK® mice were collected 8 days post-IR for indicated transcript
measurement using HPRT as housekeeping gene and T group of C57BL/6 mice to normalize (n = 5-13/group). (*P < .05, **P < .01, ***P < .001,
****p < 0001 one-way ANOVA followed by Bonferroni's multiple comparison test). HO-1, heme oxygenase-1; IR, ischemia-reperfusion; TNF,

tumor necrosis factor

between TNF and IR-induced hepatic metastasis outgrowth. Since
monocytes and KC are the major producers of TNF in our model, we
performed the liver IR stress on MC-38-inoculated TNFMKO mice, in
which both cell-types are TNF-defective. First we confirmed that TNF
transcripts were not induced in the ischemic liver lobe of these KO
mice compared to WT mice (Figure 5A). Interestingly TNF deficiency
in these cells was associated with an increase in MC-38 metastasis
(Figure 5B) and a decrease in hepatocellular injury (Figure S1C,D) as
compared to WT mice, illustrating that monocyte/KC-derived TNF
has a protective role both in T and T + IR mice. Of note, the IR-
induced defect of KC accumulation and the increase in liver monocyte

FMKO mice and WT mice.

numbers (Figure 5C) were similar in TN
Together, these data demonstrate that the monocyte/KC source of
TNF contributes to hepatocellular injury, but at the same time pro-
vides protection against liver metastasis in tumor-bearing mice under-
going IR stress.

One of the antimetastatic mechanisms of TNF could be a direct
cytotoxic effect of this cytokine on MC-38 cells. Indeed, an active
caspase-3-dependent and RIPK3-independent type of cell death, sug-
gestive of apoptosis, was induced by recombinant TNF in MC-38 can-

cer cells (Figure S5A-C).

3.6 | HO-1 produced by myeloid cells upon liver IR
stimulates metastasis outgrowth

HO-1, known to dampen inflammatory responses as opposed to
TNF, was upregulated mainly in KC and monocytes upon IR

(Figure 3B). This was accompanied by the upregulation of several

anti-inflammatory mediator transcripts, including TGF-p and IL-10
in IR-stressed T + IR mice compared to nonstressed T mice (Fig-
ure 5D) suggesting that an anti-inflammatory/immunosuppressive
milieu is contributing to metastasis outgrowth in ischemic mice. In
line with this hypothesis, the increased metastasis progression in T
+ IR TNFMKO mice was associated with a significantly higher level
of TGF-B, IL-10, iNOS and IL-33 liver transcripts compared to T
+ IR WT mice (Figure 5D). Similar to WT mice, TNFM° monocytes
kept their ability to synthetize HO-1 upon liver IR (40% of all mono-
cytes are HO-1 positive), but HO-1 expression is even increased in
TNEMKO KC (80% of all KC are HO-1 positive in TNFM-KO
(Figure 6A). These observations encouraged us to further evaluate
the impact of HO-1 on IR-induced tumor progression. Using HO-
1M-KO mice in which myeloid cells are defective in HO-1, we
observed that the increased MC-38 liver metastasis progression in
T + IR mice was abrogated (Figure 6B) and was correlated with the
IR-induced in KC
(Figure 6C). Finally, treatment with ZnPPIX, a competitive inhibitor

recruitment of monocytes and decrease

of HO-1, also prevented the enhanced metastasis progression in T
+ IR WT mice (Figure 6D). These data demonstrate that HO-1
induction in myeloid cells by liver IR contributes to metastasis out-
growth and that a blockade of this mediator may have therapeutic
potential.

4 | DISCUSSION

Liver resections performed for colorectal cancer (CRC) metastases

systematically initiate IR perioperative acute phase response. The
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FIGURE 6 HO-1 participates in IR-induced MC38 cells outgrowth without modifying the kinetics of monocytes and KC. A, Frequency of
monocytes and KC producing HO-1 in the left liver lobe, 12 hours post-IR in SHAM, T and T + IR groups of C57BL/6 or TNFM™° mice (n = 3-17/
group). Results were collected from 3 independent experiments (*P < .05, ****P < .0001, one-way ANOVA followed by Bonferroni's multiple
comparison test). B, Histological measurement of the percentage of tumor area in the liver of T and T + IR groups of C57BL/6 and HO-1M¥°
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reperfusion; KC, Kupffer cells; TNF, tumor necrosis factor

associated tissue damaging effects may have a significant impact on
postoperative organ functions and on preexisting ignored hepatic
micrometastases. This could happen during two-step liver resection or
when hepatectomy is preceded by portal vein embolization or by
intraarterial treatment. Indeed, several reports from rodent and clinical
studies*?” described accelerated outgrowth of residual tumors follow-
ing surgical stress and direct tissue trauma that could be mimicked by
the placement of a vascular clamp across the portal vein, hepatic
artery and bile duct branch to one liver lobe. Understanding the
effects of surgical stress and IR on tumor growth is thus essential to
develop new perioperative therapeutic strategies aiming at reducing
the risk of cancer recurrence. We bring new insights on the reported
controversial effects of the inflammatory response initiated by liver
surgical resection in patients.

KC are playing a role in arresting circulating tumor cells
and controlling metastatic growth in the liver.*® Accordingly, they
have an antitumoral effect in the early phase of CRLM implantation
through, amongst others, IL-1B, IL-6 and TNF.2?20 Several mecha-
nisms can account for the antimetastatic activities of KC: cytotoxicity
through protease or ROS-mediated lysis,*”?1?? CD95-mediated
tumor cell apoptosis,?® and collaboration with other effector cells, like

neutrophils, Natural Killer (NK) cells, NK T cells or T cells, through IL-
12 or interferon (IFN)-y release.?* Like other repor‘cs,25 we observed a
significantly increased number of KC in the early stages of MC-38
CRLM implantation. We also showed that the tumor-induced KC
accumulation was abrogated in RIPK3-KO mice suggesting a
RIPK3-dependent signaling with a proliferation message or survival
message to KC.26 Our data showed that in WT mice, the tumor-
induced KC expansion is inhibited upon liver IR, which correlates with
a higher tumor progression.

We concluded that liver IR led to the activation of caspase-1 in
KC, inducing their death via pyroptosis, a phenomenon that would be
abrogated in RIPK3-KO mice. The mechanisms of how RIPK3 could
induce the activation of caspase-1 remain to be determined. Usually,
is activated through the formation of the NLRP3
inflammasome. This leads to the maturation of IL-1f but can also

caspase-1

induce cell death via the cleavage of gasdermin D and subsequent
induction of pyroptosis.?” Previous reports have shown that RIPK3
was able to activate NLRP3 independently of MLKL presence in bone
dendritic  cells,
RIPK3-dependent activation of NLRP3 (and therefore activation of

marrow-derived macrophages.?® Moreover, in

caspase-1) is regulated by caspase-8 activity.?’ Our results hint
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toward the existence of a similar mechanism occurring in KC following
IR since we could detect an IR-dependent activation of caspase-1
(and not caspase-8) in these cells.

Other mechanisms may explain how liver IR favors metastases
outgrowth. Neutrophils were previously highlighted as first-line
responders after surgical stress that may promote the development
and progression of liver metastases.®® Their recruitment to the
premetastatic site was shown to be crucial to allow lung metastases
to proliferate through their formation of extracellular traps for circu-
lating cells.>* We monitored their presence in the early events post
liver IR and their role in the liver IR-induced tumor outgrowth should
be explored.

During the initial response to liver IR, we showed that CCL2 was
produced at high levels, probably by KC, but also by tumor cells, since
MC-38 secretes CCL2 (not shown). As a consequence, Ly-6C"&" blood
monocytes rapidly infiltrate the tissue to massively contribute to the
macrophage pool. CCL2 was described as critical to potentially gener-
ate myeloid-derived suppressor cells that allow tumor evasion.*? More-
over, infiltrating monocytes can exert an anti- or pro-inflammatory
action during liver ischemia that sustains tissue inflammation and dam-
age. Here we demonstrate that they became an additional source of
TNF and HO-1 that overall lead to tumor outgrowth. Along the same
line, compared to T + IR C57BL/6 mice, an increased induction of TNF
and a lower induction of HO-1 are observed in T + IR RIPK3-KO mice,
which is correlated with inhibition of tissue injury, monocyte recruit-
ment and tumor outgrowth.

How the local production of TNF may impact the IR-induced tis-
sue damage and the growth of tumor cells was extensively studied

with opposite outcomes. Concerning IR injury, TNF is considered as

MC38 colorectal
carcinoma cells

FIGURE 7 Summary figure. Liver
metastases have been induced
through the injection of MC-38
colorectal carcinoma cells in the
spleen. In a nonischemic setting, liver
metastases implantation provokes a
RIPK3-dependent proliferation of
KC. By their ability to produce TNF,
KC induce the apoptosis of MC-38.
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one of the key molecules mediating the tissue injury. It acts primarily
through its interaction with TNFR1 that could initiate in hepatocytes
both programmed death pathways, apoptosis and necroptosis.>® But
the TNF/TNFR1 interaction at the cell membrane also promotes
hepatocyte survival and proliferation through NF-kB and MAPK path-
ways, both of which are crucial for liver regeneration after tissue dam-
age.3* Concerning tumor progression, many evidences highlighted
that depending on the tumor type, the stage of the tumor or its micro-
environment, the TNF-mediated inflammatory response may also
have opposite effects.>> Accumulating evidence suggest that TNF sig-
naling is definitely shaping the tumor microenvironment and paradoxi-
cally, many studies highlighted the tumor promoting properties of
TNF. Increased expression of TNF in CR cancer specimen from
patients was associated with advanced tumoral stages.®¢3” Animal
models of TNF overexpression in the tumor microenvironment pro-
mote cancer development and enhanced metastasis.*® In another
model, macrophage-derived inhibitor of nuclear factor kappa B
kinase (IKK)B promoted CR cancer via the upregulation of TNF,
uncovering the link between nuclear factor-kappa B (NF-xB) activa-
tion, inflammation and cancer.3’ The local production of TNF that
stimulates NF-xB in hepatocytes triggers hepatocarcinogenesis*®
and interestingly, the role of TNF in cancer cachexia would be more
related to tumor-derived TNF than host-derived TNF.*? Blocking
TNF in the tumor microenvironment was even proposed as a thera-
peutic approach to arrest tumor metastases and prolong survival*?
since the suppressive activity of human Treg is strongly dependent
on TNF.*3

In contrast, the present study shows a protective role of TNF

acutely produced locally by KC and by infiltrating monocytes upon

Ischemia / Reperfusion
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signaling pathway and that triggers a
CCL-2-dependent monocytes
recruitment. This allows the
activation of a strong liver cytokine
storm, dominated by
immunosuppressive factors, such as
HO-1, that favors metastases
outgrowth. IR, ischemia-reperfusion;
KC, Kupffer cells; RIPK3, receptor-
interating protein 3 kinase; TNF,
tumor necrosis factor
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liver IR. Therefore, our data support the concept that local production
of TNF by myeloid cells during liver IR may facilitate liver metastases
destruction by apoptosis in contrast to the effects of the increased sys-
temic TNF levels that would favors pro-tumoral effects of this surgical
procedure due to uncontrolled inflammatory damage** A moderate
LysM activity was also described in erythroid and lymphoid cells.*> As
we used LysM-cre mice, the potential impact of TNF and HO-1 inhibi-
tion in some lymphoid cells could be further explored in this model.
TNF can interact through TNR1 and leads to the formation of
either complex lla/b or to the formation of the necrosome, a signaling
complex that relies on RIPK1, RIPK3 and MLKL. RIPK3 is thus a
potential downstream element of TNF signaling. The RIPK3/MLKL
activation in macrophages induced by phagocytosis of bacteria was
reported to enhance the production of CCL2 and IL-1p .2 This under-
lies the importance of RIPK3 in the regulation of inflammative
responses. On the other hand, HO-1 is an anti-inflammatory molecule
KC following TLR4 activation.*® This
TLR4-dependent production relies on TNF signaling. HO-1 expression

that is produced in

is induced in our model since IR injury induces a massive release of
DAMPs (which are potent TLR4 activator) and TNF. HO-1 cyto-
protective effect against TNF-induced cell death makes it therefore a
potent regulator of TNF functions. While there is actually no data
reporting a direct effect between HO-1 and RIPK3, the balance of
their respective activities seems crucial in determining cell death and
inflammative state of cells induced by TNF.

We further highlighted here the role of TNF to dampen suppres-
sive pathways, such as the reported suppressive effect of TNF on
HO-1 induction.*” Indeed, KC and infiltrating monocytes are the
main source of anti-inflammatory molecules including the antioxidant
HO?® that has a cytoprotective effect for hepatocyte viability during
IR injury and that limits apoptosis and inflammation.*’ This oxidative
defense mechanism that promotes tissue repair could favor tumor
progression due to the indirect action of HO-1, expressed in regula-
tory T cells to down-modulate T cell-mediated immune responses.”®
Indeed, we demonstrated here that higher induction of HO-1 in infil-
trating monocytes is observed upon IR, and that myeloid-expressed
HO-1 promoted tumor outgrowth. Particularly interesting is the find-
ing that an inhibition of HO-1 leads to protection against liver
metastasis outgrowth. In conclusion (Figure 7), liver metastases
implantation provokes a RIPK3-dependent proliferation of KC in which
the TNF production is activated. In this nonischemic setting, KC have
the ability to induce a TNF-dependent tumor apoptosis. Upon liver IR,
KC undergo an inflammatory cell death (pyroptosis) that triggers a CCL-
2-dependent monocyte recruitment. This allows the activation of a
strong liver cytokine storm that is dominated by immunosuppressive

factors, such as HO-1 that favor metastases outgrowth.
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