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ABSTRACT

Sepsis-induced immune dysfunctions are likely to impact on malignant tumor growth. Sequential sepsis-
then-cancer models of tumor transplantation in mice recovering from sepsis have shown that the post-
septic immunosuppressive environment was able to promote tumor growth. We herein addressed the
impact of sepsis on pre-established malignancy in a reverse cancer-then sepsis experimental model.
Mice previously inoculated with MCA205 fibrosarcoma cells were subjected to septic challenges by
polymicrobial peritonitis induced by cecal ligation and puncture or endotoxinic shock. The anti-tumoral
immune response was assessed through the distribution of tumor-infiltrating immune cells, as well as
the functions of cytotoxic cells. As compared to sham surgery, polymicrobial sepsis dampened malig-
nant tumor growth in wild-type (WT) mice, but neither in Toll-like receptor 4 (TIr4)™" nor in Myd88"/' mice.
Similar tumor growth inhibition was observed following a LPS challenge in WT mice, suggesting
a regulatory role of Tlr4 in this setting. The low expression of MHC class 1 onto MCA205 cells suggested
the involvement of Natural Killer (NK) cells in sepsis-induced tumor inhibition. Septic insults applied to
mice with cancer promoted the main anti-tumoral NK functions of IFNy production and degranulation.
The anti-tumoral properties of NK cells obtained from septic mice were exacerbated when cultured with
MHC1'°% MCA205 or YAC-1 cells. These results suggest that sepsis may harbor dual effects on tumor
growth depending on the sequential experimental model. When applied in mice with cancer, sepsis
prevents tumor growth in a Tlr4-dependent manner by enhancing the anti-tumoral functions of NK cells.
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Introduction

Sepsis remains a frequent and dreaded complication in vul-
nerable patients with malignancies. It is noteworthy that the
short-term survival to sepsis has dramatically improved in
cancer patients, raising new questions about their long-term
outcome and the particular impact of severe bacterial infec-
tions on the oncological prognosis.’ Sepsis is a complex clin-
ical syndrome currently viewed as an early dysregulated
inflammatory response followed by a complex immunosup-
pressive response combining innate and adaptive immune
defects.? Once limited to anti-infective immune responses,
the extension of sepsis-induced immune dysfunctions to the
pathophysiology of cardiovascular diseases and malignancies
has become a major field of interest.

The immune system plays a major role in the control of
tumor development through the recognition and destruction of
transforming cells and dying tumor cells. Chronic inflammation
and some chronic infectious diseases are well known to promote
oncogenesis and tumor progression mediated in part by mod-
ulation of tumor immune surveillance, but the role of acute
inflammation and severe bacterial infections on cancer remains
largely unclear.” Tumor immune surveillance is under the con-
trol of several innate and adaptive immune cell types that are

likely to be affected by sepsis, and it is noteworthy that immune
defects induced by sepsis and cancer share remarkable simila-
rities, both at early and late stages of diseases.*” Following
a septic insult, the acute inflammatory response and the subse-
quent impairment of immune responses can modify the tumoral
immune microenvironment and may thereby promote or con-
versely inhibit tumor growth.®™'°

In order to address the interactions between cancer and
sepsis, we previously established a double-hit experimental
model in which mice that survived a primary polymicrobial
sepsis induced by cecal ligation and puncture (CLP) were
subjected to subcutaneous fibrosarcoma cell inoculation.'!
As compared to sham-operated controls, post-septic mice
exhibited accelerated tumor growth that could be linked to
a Tlr4-dependent expansion of granulocytic myeloid-derived
suppressor cells (MDSC). However, the sepsis-then-cancer
sequence does not recapitulate the most common clinical
situation of severe infectious complications occurring in can-
cer patients. In order to address the impact of sepsis on pre-
established malignancy, we investigated a reverse sequential
model in which mice were first subjected to malignant fibro-
sarcoma cell inoculation. Mice with cancer were secondarily
subjected to polymicrobial sepsis or endotoxinic shock. In this
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cancer-then-sepsis model, sepsis rather inhibited tumor
growth in a Tlr4-dependent manner through enhanced anti-
tumoral functions of NK cells.

Materials and methods
Mice

Eight- to 12-week old mice of C57BL/6] background were
used in all experiments. Wild-type (WT) mice were purchased
from Janvier Laboratories. TIr2”", Tlr4™"~ and MyD88™"~ mice
were kind gifts from Prof. Shizuo Akira (Osaka University,
Japan). All animals were maintained in the specific pathogen-
free animal facility of the Cochin Institute. Experiments were
conducted in compliance with European animal welfare reg-
ulations. The study was approved by the Paris Descartes
University ethics committee for animal experimentation.

Tumor inoculation

We used the 3-methylcholanthrene-induced fibrosarcoma cell
line MCA205,"” which was kindly provided by Prof. Antoine
Tesniére (INSERM U1138, Centre de Recherche des
Cordeliers, Paris, France). Cells were cultured under semi-
confluent conditions in Roswell Park Memorial Institute
(RPMI) 1640 medium supplemented with 5% fetal calf serum
(FCS, Deutscher), 1% penicillin/streptomycin, 1% L-Glutamin
and 1% HEPES (Gibco) at 37°C under 5% CO,. Cells were
harvested for experiments by a brief application of trypsin
(Gibco) and washed once with Phosphate-Buffered Saline
(PBS). We checked that this cell line was never reported mis-
identified in both ICLAC and NCBI BioSample databases.'*"*

We used two different models of subcutaneous or intrave-
nous MCA205 tumor inoculation. Mice were subjected to
subcutaneous (s.c.) injection of 5 x 10* MCA205 cells into
the right flank, resulting in localized tumor growth without
any metastatic dissemination. Tumors became detectable
mostly after 7 days from inoculation. Tumors were measured
using a caliper and the volume was determined using the
following ellipsoid volume approximation formula:
(lengthxwidth?) x 0.52. Tumor growth was expressed by
tumor volumes and absolute variations of tumor volume
between Dx + 7 and Dx. Alternatively mice were subjected
to retro-orbital intravenous (i.v.) inoculation of 10° MCA205
cells under short-term general anesthesia.

Sepsis models

We used the classical model of polymicrobial sepsis induced by
CLP." Mice were anaesthetized with a combination of Ketamin/
Xylazin (100 pg/10 pg per g bodyweight). The cecum was
exposed, ligatured at its external third and punctured through
with a 26-gauge needle. Incision was sutured in layers and
animals were resuscitated with an intra-peritoneal injection of
ImL saline. Control animals were subjected to sham surgery by
laparotomy only without CLP. Six hours following surgery and
then every 12 hours during 3 days, mice received intra-
peritoneal fluid resuscitation and injection of painkillers
(0.5mL saline + buprenorphine 0.1ug per g bodyweight). We

also used a surrogate model of sepsis through endotoxinic shock
induced by intraperitoneal (i.p.) injection of lipopolysaccharide
(LPS) at the dose of 5 pg per g bodyweight (O55:B5 Escherichia
coli LPS, Sigma-Aldrich). In one experiment, mice were NK-
depleted by an ip. injection of 250 pg anti-NK1.1 antibody
(InVivoMab PK136, Bio X Cell) administered 24h before the
septic challenge and repeated once three days later.

Assessment of lung metastasis

Mice were subjected to intratracheal injection of a 15-percent
solution of India ink. Lungs were removed and washed, and
fixed overnight in Fekete’s solution. Tumor nodules show up
white. For histological analysis, whole lungs were successively
fixed in 4% paraformaldehyde (Euromedex), dehydrated in etha-
nol, embedded in paraffin and cut into 4-um sections. Sections
were stained with hematoxylin-eosin for tissue examination. For
quantitative analysis, images were acquired with an AZ100
Nikon microscope and analysed with NIS-Elements Basic
Research Software (Nikon). The tumoral infiltration of the
right lung expressed as a proportion of the whole lung surface
was assessed in 3 random sections from the same mouse using
Image] software

RNA isolation and real-time polymerase chain reaction
(rt-PCR)

Tumors were surgically removed under sterile conditions, frozen
and ground on dry ice. Samples were lysed with TissueLyser II
(Qiagen) using stainless steel beads. RNA was extracted and
purified with the PureLink RNA Mini Kit (Invitrogen) and
cDNA was synthesized using Superscript Reverse Transcriptase
(Invitrogen). Two steps of DNase were carried out using PureLink
DNase (Invitrogen) and DNase Amplification Grade (Invitrogen)
following the manufacturer’s instructions. Levels of the mRNA
from the target genes Prfl, Gzmb, Ifng, Tnf, 1110, Tgfbl, Il12a and
Il12b as well as the housekeeping genes Sdha and Actin were
quantified by real-time PCR using LightCycler® 480 SYBR Green
I Master (Roche) and gene-specific primers (Eurogentec). Gene
expression was adjusted, normalized to housekeeping genes and
expressed as normalized relative quantity (NRQ).

Determination of cytokine levels

TNFA and IL10 were quantified in supernatants of tumor
lysates using Luminex multiplex assays (Bio-Plex200; Bio-
Rad) according to the manufacturer’s instructions. Data
were analysed using Bio-Plex Manager (Bio-Rad).

Single-cell suspension procedures

Mice were euthanized, spleens and tumors were surgically
removed under sterile conditions and digested with 1 mg/
mL collagenase D and 0.1 mg/mL DNase I (Sigma-Aldrich)
for respectively 10 min and 20 min at 37°C before being
mechanically dissociated and smashed through a 40 pm
nylon strainer in PBS supplemented with 5% FCS, 0.1%
NaN; and 0,5% EDTA (Sigma-Aldrich). Red blood cells



were removed using BD Pharm Lyse™ lysis buffer and cells
were enumerated with Accuri C6 before staining.

Cell-surface staining and flow cytometry

The following anti-mouse antibodies were used for FACS stain-
ing: CD45-AF700 (30F11, BioLegend), CD3e-PerCP-Vio700
(145-2C11, Miltenyi Biotec), NKI1.1-BV421  (PK136,
BioLegend), CD8a-APC-Vio770 (53-6.7, Miltenyi Biotec), CD4-
BV785 (GK1.5, BioLegend), CDl1lc-PeCy7 (HL3, BD
Biosciences), Ly6G-APC (1A8, BD Biosciences), Ly6C-BV421
(AL-21, BD Biosciences), Ty/8-PE (GL3, BD Biosciences),
CDI19-FITC (1D3, BD Biosciences), CD11b-BV650 (M1/70,
BioLegend), CD11b-FITC (M1/70.15.11.5, Miltenyi Biotec),
F4/80-PE (REA126, Miltenyi Biotec), CD27-PE-Vio770
(REA499, Miltenyi Biotec), NKG2D-FITC (C7, BioLegend),
CD25-APC (PC61, BioLegend), CD107a-BV711 (1D4B, BD
Biosciences), IFNy-PE (XMGL1.2, BioLegend), Perforin-APC
(S16009A, BioLegend), Granzyme B-FITC (GB11, BioLegend),
H-2-FITC (M1/42, BioLegend) and TIr4 (SA15-21, BioLegend)
and their control isotype rat IgG2ax (BioLegend).

Cells suspensions were first incubated with Fc-blocker anti-
CD16/32 antibody (Miltenyi Biotech). Cells were stained with
fluorescent antibodies for surface markers, and secondarily per-
meabilized with Cytofix/Cytoperm (BD Biosciences) and stained
for intracellular molecules. Events were collected on a 4-laser
Fortessa cytometer (BD Biosciences) and analyzed using Flowjo
software. Myeloid and lymphoid subsets among CD45-positive
hematopoietic cells were identified as previously described.''
The geometric mean fluorescence intensity was used to quantify
the antibody expression. The gating strategy to identify cytotoxic
cell subsets was set up in spleen tissue and then applied to tumor
tissue (figure S1). The assessment of activation and functions of
intra-tumoral NK cells is described in the figure S2.

Degranulation assay

YAC-1 cells were kindly provided by Isabelle Munoz (Cochin
Institute). Splenic NK cells from septic or non-septic mice were
purified using an immunomagnetic procedure (NK Cell
Isolation Kit, Miltenyi Biotech), reaching a purity > 90% of viable
cells. 5 x 10* NK cells were plated with 5 x 10* MCA205 or YAC-
1 cells (effector to target ratio 1:1) and 1 ul of anti-CD107a-BV
711 (1D4B, BD Biosciences) per well. Brefeldin A (GolgiPlug™
BD Biosciences) was added one hour later. Cells were incubated
for 4h and 18h at 37°C under 5% CO,, and then spun down and
stained for intracellular molecules.

Statistical analysis

Continuous variables were expressed as boxplots or scatter-
plots or mean + SD and compared using the Student t-test.
P values < .05 indicated statistically significant differences.

Results

Polymicrobial sepsis inhibits tumor growth in mice with
cancer

In order to address the impact of sepsis in hosts harboring
cancer, we established double-hit experimental models
(Figure 1(a, f)). WT mice were first subcutaneously inoculated
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with MCA205 cells, resulting in localized tumor growth.
Tumors generally became detectable after 7 days from inocu-
lation. Seven or 14 days after tumor inoculation, mice with
cancer were subjected to polymicrobial peritonitis induced by
CLP or to sham non-septic surgery. As compared to sham
surgery, polymicrobial sepsis inhibited local tumor growth
(Figure 1(b-e)). Alternatively, mice were first subjected to i.
v. inoculation of MCA205 cells, thereby mimicking pulmon-
ary metastatic disease. Polymicrobial sepsis also dramatically
decreased the number and size of secondary pulmonary
lesions (Figure 1(g, h)). Of note, mice with cancer did not
display increased mortality to polymicrobial sepsis when com-
pared to non-cancer counterparts (Figure S3).

In order to understand the mechanisms that underlie the
antitumoral effect of sepsis in this setting, we characterized the
immune response within tumors in CLP- and sham-operated
WT mice. At 24 hours after surgery, the distribution of intratu-
moral myeloid and lymphoid immune cells appeared quite simi-
lar between septic and non-septic mice (Figure 2(a, b)). In
addition we assessed the whole expression of six representative
cytokines within tumor tissues from septic and non-septic mice.
CLP induced changes within the tumor inflammatory environ-
ment with increased expressions of Tnfa and il10 genes, consis-
tent with increased concentrations of the TNFA and IL10
proteins in tumor lysate supernatants (Figure 2(c, d)).

Sepsis-induced tumor inhibition relies on tlr4-dependent
signaling

The CLP model is associated with bacteremic dissemination
of both Gram-negative and Gram-positive bacteria (data not
shown). Following recognition of pathogen-associated mole-
cular patterns, TLRs are major regulators of the immune
response of sepsis. In order to address the role of TLR-
dependent signaling in sepsis-induced tumor inhibition, we
replicated the double-hit model of local tumor development
followed by polymicrobial sepsis in mice deficient for TIr2,
TIr4 or their mutual adaptive protein MyD88. Polymicrobial
sepsis applied to TIr2”" mice with cancer resulted in tumor
growth inhibition similar to that observed in WT littermates.
In contrast sepsis-induced tumor inhibition was prevented in
Tlr4”" and MyD88_/ " mice (Figure 3(a, b)). Likewise, poly-
microbial sepsis-induced inhibition of lung metastasis was
abrogated in Tlr4~~ mice (figure S4).

To confirm the implication of TLR signaling in this phenom-
enon, WT mice with cancer were challenged with TIr2 and Tlr4
agonists as surrogate models of sepsis. Whereas i.p. administration
of heat-killed Staphylococcus aureus (HKSA) at the dose of 10°® or
10° CFU did not impact on tumor development, endotoxinic
shock induced by i.p. injection of LPS resulted in inhibition, and
occasionally regression, in tumor growth (Figure 3(c, d)). The LPS
challenge did not modify T and NK cell counts but resulted in
a dramatic increase in Il12a and Il12b gene expressions within
tumor tissues (Figure S5). Of note, the growth of MCA205 cells
in vitro was not altered when cultured in the presence of HKSA or
LPS (Figure S6). Altogether, these data point to a regulatory role of
Tlr4 signaling in shaping antitumoral immune responses during
sepsis.
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Figure 1. Polymicrobial sepsis inhibits malignant tumor growth in mice with cancer. (a) Sequential local model with s.c. inoculation of MCA205 cells (day 0) followed
by CLP-induced polymicrobial sepsis or sham surgery at days 7 or 14. Tumor volumes (b and d) and absolute variations of tumor volumes (c and e) were measured
7 days after surgery (D7 + 7 or D14 + 7, respectively). n = 15-20 mice per group. (f) Sequential metastatic model with i.v. inoculation of MCA205 tumor cells (day 0)
followed 14 days later by CLP-induced polymicrobial sepsis or sham surgery. The pulmonary tumoral spread was measured 7 days after surgery. (g) Representative
India ink-colored lungs and hematoxylin-eosin-stained lung sections in sham- and CLP-operated mice previously subjected to i.v. inoculation of MCA205 cells. The
tumoral surface of the right lung was assessed in 3 random sections from the same mouse (h) (n = 3 mice per group). *p < .05.

Sepsis-induced modulation of tumor-associated NK
functions

Cytotoxic NK and T8 lymphocytes are the main tumoricidal
effector cells through the release of cytotoxic molecules such
as perforin and granzyme B into target cells, as well as pro-
duction of IFNy to sustain the antitumoral immune
responses. The dramatic antitumoral effect observed in septic
animals suggests that acute bacterial challenges may promote
the antitumoral functions of cytotoxic cells. In line with this
hypothesis, we observed that MCA205 cells exhibited low
MHC class I expression similar to that of the classical NK-
sensitive YAC-1 cell line, suggesting that they could also be
targeted by NK cells (Figure 4(a)).

NK cells can be distributed into various functional subsets
based on CDI11b and CD27 membrane expressions. LPS
administration resulted in mild expansion of the tumor-
associated CD11b*CD27" and CD11b*CD27" cytotoxic sub-
sets (Figure 4(b)) along with increased expression of the
NKG2D activating receptor (Figure 4(c)) without any subset
specificity (data not show). There was no difference in the

expression of CD25 (Figure 4(d)). Tumor-associated NK cells
retained very low TIr4 membrane expression in all control
and septic conditions (Figure S7). NK cells appeared evenly
distributed within tumor tissues (data not shown).

Tumor-associated NK cells obtained from CLP-operated mice
exhibited increased intracellular expression of IFNy. NK cells from
LPS-challenged mice displayed intracellular depletion in both
perforin and granzyme B while the outer membrane expression
of the degranulation marker CD107a (lysosomal-associated mem-
brane protein-1) dramatically increased, suggesting that degranu-
lation had already occurred (Figure 5(a)). Regardless of the type of
insult (CLP or LPS), a septic challenge did not induce significant
changes in the functions of CD8" T lymphocytes (Figure S8). In
order to address the functional role of NK cells in sepsis-induced
inhibition in tumor growth, mice with cancer were NK-depleted at
the time of CLP/sham surgery or LPS/PBS challenge. A single i.p.
injection of 250ug anti-NK1.1 antibody resulted in 85-percent
depletion of tumor-associated NK cells within 24h (data not
shown). Of note, NK depletion did not alter the survival of CLP-
operated mice (day-7 mortality rate 45%). NK depletion restored
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Figure 2. Characteristics of sepsis-induced anti-tumoral immune response. Mice were subjected to CLP or sham surgery 14 days after s.c. MCA205 inoculation.
Tumors were removed at 24 hours following surgery. (a and b) Distribution of myeloid and lymphoid subsets among viable CD45* hematopoietic cells within tumors
from sham-operated (white, n = 11) and CLP-operated (black, n = 10) mice. T helper lymphocytes (Th) are CD4*CD25™. T regulatory cells (Treg) are CD4*CD25". (c)
Expressions of Prf1, Gzmb, Ifng, Tnf, 110, Tgfb1, I12a and II12b were quantified by RT-qPCR within tumors from sham-operated (white, n = 8) and CLP-operated (black,
n = 12) mice. (d) TNFA and IL10 protein levels within supernatants of tumor homogenates obtained from sham-operated (white, n = 7) and post-CLP (black, n = 7)
mice. NRQ, normalized relative quantity; iDC, inflammatory dendritic cells; <DC, conventional dendritic cells; PMN, polymorphonuclear cells; Mono, monocytes/
macrophages; iMono, inflammatory monocytes/macrophages; Th, T helper; Treg, regulatory T cells. *p < .05.

full tumor growth in CLP-operated mice (Figure 5(b)), but had
little or no impact on LPS-induced tumor inhibition (Figure 5(c)).

Sepsis promotes the anti-tumoral functions of NK cells

We sought to address whether a septic insult induced by
either CLP or LPS may drive the anti-tumoral effector func-
tions of NK cells. Splenic NK cells obtained from CLP-
operated or LPS-challenged mice, or from their respective
sham-operated or PBS-injected control counterparts, were
purified and co-cultured with MHC-1'°" MCA205 target
cells. We assessed the IFNy-producing and cytotoxic capaci-
ties of NK cells as described above.

Splenic NK cells obtained from CLP-operated animals dis-
played a low-activation pattern, as assessed by low levels of
intracellular and surface CD107a expressions (Figure S9).
When put in the presence of MCA205 cells, they exhibited
increased production of IFNy and increased cytotoxic functions
(Figure 6(a)). Splenic NK cells obtained from LPS-challenged
mice displayed a pre-activated pattern with increased expres-
sions of IFNy, perforin and granzyme B, but retained low
CD107a expression (Figure S9). When co-cultured with
MCA205 cells, they exhibited increased production of IFNy,
and also potent cytotoxic functions as suggested by sustained
perforin and granzyme B expressions and increased CD107a
expression consistent with an active degranulation process
(Figure 6(b)). Similar results were obtained using YAC-1 as
target cells (Figure S10)

Discussion

Infections and malignancies sustain a complex crosstalk and are
likely to impact each other’s pathophysiology and course. Some
bacterial, viral or parasitic pathogens are well known to promote
cell transformation and carcinogenesis through genomic integra-
tion, chronic inflammation or sustained immune stimulation, and
as such represent major health issues worldwide.'® Whereas acute
bacterial infections are common complications in cancer patients,
few studies have investigated the impact of sepsis-induced
immune dysfunctions on the development of oncological disor-
ders. Some recent epidemiological data suggest that patients who
survived an episode of bacterial sepsis are prone to further devel-
opment of malignancies."” "> Accordingly, sequential sepsis-then-
cancer models have shown that post-septic mice inoculated with
tumor cell lines exhibited accelerated tumor growth, related to the
accumulation of tumor-associated granulocytic MDSC,'" regula-
tory T cells® or macrophages.” In contrast, the present reverse
cancer-then-sepsis model is associated with both local and meta-
static tumor growth inhibition. Altogether, our data show that
sepsis harbors opposite effects on malignant tumor growth
depending on the experimental sequence. We assume that such
seemingly discrepant results may be related to prominent pro-
inflammatory or immunosuppressive septic responses driving
either inhibition or promotion of tumor growth, respectively.
Sepsis-induced inhibition in tumor growth echoes to various
clinical and experimental observations. At the end of the 19th
century, surgeon WB Coley had already reported “spontaneous”
tumor regressions in patients with sarcoma who experienced
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Figure 3. Sepsis-induced tumor growth inhibition is dependent on Tir4 signaling. The sequential model of s.c. MCA205 inoculation followed by sham (white) or CLP
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variations (d) were measured 7 days after i.p. injection. *p < .05.

acute streptococcal infections.”® This observation led to the first
attempts of immunotherapy in cancer patients who were treated
with intra-tumoral inoculation with streptococcal preparations.!
He thus demonstrated the potent efficacy of this so-called
Coley’s toxin on various tumor types, including sarcoma, carci-
noma, melanoma and lymphoma. Nowadays, several case
reports have described unexpected oncological remissions in
patients who survived severe bacterial infections.'*****
Accordingly, experimental models have shown that acute infec-
tious challenges applied concomitant to or after tumor cell
inoculation were able to suppress tumor growth. Such antineo-
plastic properties have thus been attributed to various bacterial,
viral and parasitic pathogens, including Proteus mirabilis,
Chlamydia pneumoniae, Listeria monocytogenes, lymphocytic
choriomeningitis virus, Toxoplasma gondii or Plasmodium yoelii,
most of them being intracellular and thereby eliciting potent Th1
cell-mediated immune responses.®'**>?° In a mouse model of
breast cancer, administration of virulence-attenuated Salmonella
typhimurium  potentiated the efficacy of anthracycline
chemotherapy.”” Commensal pathogens from the gut microbiota
may also modulate the tumor microenvironment and prime
immune cells towards enhanced anti-tumoral activity elicited
by cytostatic chemotherapy or checkpoint inhibitors.** >
Disruption in the gut flora by antibiotics may then impair the
response to immune checkpoint inhibitors.”

The models of CLP and LPS exhibit significant differences in
the kinetics and magnitude of the inflammatory response.’
A LPS challenge induces an early and potent but transient release
of cytokines and chemokines, whereas it is more progressive and

sustained following CLP. Inhibition in tumor growth was more
pronounced following LPS challenge, in association with
enhanced early degranulation by intra-tumoral NK cells.
However, subtotal NK depletion could not restore tumor growth
in LPS-challenged mice, suggesting that preserved cytotoxic
activity of residual NK cells or enhanced tumoricidal activity of
alternative cells such as macrophages may sustain potent anti-
tumoral functions in this setting.’>** Polymicrobial peritonitis
induced by CLP involves both Gram-negative and Gram-
positive bacteria that signal through various pathogen recogni-
tion receptors. Our results point to an immunoregulatory role of
Tlr4 in sepsis-induced tumor inhibition. However, the impact of
TLR-dependent signaling on tumor growth is equivoqual,
depending on the respective results of TLR stimulation in
tumor cells and their immune microenvironment.>> TLR-
expressing tumor cell lines may exhibit accelerated tumor
growth and promote invasiveness when cultured in vitro in the
presence of the corresponding TLR ligands.*®*"*® In transplanted
mouse models, administration of PAMPs or functional modula-
tion of TLR signaling may either exert a potent anti-tumoral
effect or may conversely promote tumorogenesis and metastatic
spread, depending on the experimental model, the tumor cell
line and the stage of tumor development.”®* ** Understanding
how TLRs may shape anti-tumoral immune responses is para-
mount importance to improve the efficacy of the emerging
strategies of immunotherapy and vaccines for the treatment of
cancer.**

The reverse sepsis-then-cancer and cancer-then sepsis
sequential models resulted in opposite effects on tumor growth,
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Figure 4. Tumor-associated NK subsets. (a) Major histocompatibility complex class 1 expression on MCA205 and YAC-1 cell lines and on splenocytes from naive mice
(positive control) stained with anti-H2 antibody. (b—d) Mice were subjected to s.c. inoculation of MCA205 tumor cells followed followed 14 days later by a septic
insult (sham surgery or CLP, or PBS or LPS i.p. challenge). Tumors were removed at 24 hours following the septic challenge to assess the distribution of intratumoral
NK subsets based on CD11b and CD27 expressions (b) and the membrane expressions of NKG2D (c) and CD25 (d) on intratumoral NK cells. 6-11 mice/group from
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and also differentially shaped intra-tumoral immune infiltration.
In our initial sepsis-then-cancer model, CD11b"Ly6G" granulo-
cytic MDSC accounted for the largest proportion of tumor-
infiltrating immune cells in post-septic animals and to a lesser
extent in sham-operated ones.'" In contrast, monocytes/macro-
phages accounted for the majority of tumor-infiltrating immune
cells in the present cancer-then-sepsis model when tumor cells
were inoculated to naive mice. However we did not observe any
firm impact of sepsis on the functional modulation of tumor-
associated monocytes/macrophages (data not shown), suggest-
ing that alternative cell subsets were involved into the anti-
tumoral activity elicited by sepsis.

Cytotoxic CD8" T lymphocytes and NK cells are consid-
ered as the main tumoricidal cells. CD8" T lymphocytes
induce antigen-dependent cytotoxicity through the recogni-
tion of tumoral peptides by T-cell receptors. However, we did
not observe any impact of sepsis on the effector functions of
CD8" T lymphocytes yet sensitized beforehand with tumor
cells. NK cells are innate immune effectors able to distinguish

tumor cells form healthy cells without prior sensitization.
Target cells expressing low levels of MHC class I molecules
and increased levels of activating ligands may then engage the
cytotoxic activity of NK cells. In addition, the invariant NKT
subset may become activated following the recognition of
CDI1d expressed by tumor cells themselves or by immune
cells, and thereby promote tumor cell elimination, directly
or indirectly through activation of other NK cells.*
Granzyme A and granzyme B are mainly expressed by NK
cells during bacterial sepsis and are involved in the regulation
of inflammatory response and anti-bacterial defense.***” We
focused on the role of granzyme B viewed as a key cytotoxic
molecule for tumor cell death, whereas granzyme A is con-
sidered as quite dispensable in cancer immunosurveillance. In
addition, NK cells are major sources of pro-inflammatory
cytokines such as IFNy and TNFa, thereby promoting the
activation and maturation of dendritic cells, macrophages
and T-cell lymphocytes. Hence, numerous studies have
emphasized the critical role of NK cells in tumor control.*®



e1641391-8 (&) C.VIGNERON ET AL.

a IFN-y
E
60 —
K]
3 40 _r
o
X
: T
N
© 20
X
Sham CLP PBS LPS
Granzyme
40 —
0 30 1_
s | |
4
Z 20
-
o
X 10
Sham CLP PBS LPS
b
4000
E
£ 3000-
o
£
S 2000
>
1
£ é
1000
]
0
D14 D14+7 D14 D14+7
Sham CLP

Perforin
60 %
—
K]
© 40
o
=
“ 1
© 20
’ i
(i}
Sham CLP PBS LPS
CD107a
%
80 | s |
®» 60
]
o
X
= 40
L
o
X 20 |_—|;| T
L mm
Sham CLP PBS LPS
C -
4000 P=0.07
E
£ 3000
o
s
S 2000+
>
S
£
1000
=)
o_
D14 D14+7 D14 D14+7
PBS LPS

Figure 5. Functional role of tumor-associated NK cells in sepsis-induced tumor inhibition. Mice were subjected to s.c. inoculation of MCA205 tumor cells followed
followed 14 days later by a septic insult (sham surgery or CLP, or PBS or LPS i.p. challenge). (a) Tumors were removed at 24 hours following the septic challenge for
the assessment of intracellular expression of IFNy, perforin, granzyme B and outer membrane expression of CD107a among tumor-associated NK cells. 6-11 mice per
group from two independent experiments. *p < .05. (b) Mice were NK-depleted by i.p. injection of anti-NK1.1 antibody 24h before sham surgery (n = 9) or CLP
(n = 12). Injection of anti-NK1.1 antibody was repeated once three days later. Tumor volumes were measured before (D14) and 7 days after surgery (D14 + 7). (c)
Mice were NK-depleted by i.p. injection of anti-NK1.1 antibody 24h before PBS (n = 11) or LPS (n = 11) i.p. challenge. Injection of anti-NK1.1 antibody was repeated
once three days later. Tumor volumes were measured before (D14) and 7 days after surgery (D14 + 7).

A low cytotoxic activity of NK cells is associated with an
increased risk of developing cancer, and high numbers of
tumor-infiltrating cytotoxic NK cells correlate with an
improved prognosis in cancer patients. In experimental can-
cer models, depletion of NK cells or deficiency in NKG2D or
NKp46 activation receptors enhances tumor growth.
Expression of NKG2D ligands on tumor cells may also pro-
mote the activation of tumor-associated NK cells.*>* In the
present study, it is noteworthy that spleen and tumor-
infiltrating NK cells displayed markedly different functional
patterns, suggesting that the tumor microenvironment and
the presence of target cells promoted NK cell activation
regardless of the superimposed septic insult. The functional

competence of NK cells may then result from the integration
of both local and systemic signals. On one hand, tumor cells
or their immune microenvironment deliver inhibitory signals
likely to subvert the functions of NK cells.’® On the other,
sepsis-induced cytokine release may directly or indirectly
increase the functions of NK cells.”* Various cytokines such
as IL-12, IL-15 and IL-18 can elicit IFNy secretion by NK
cells. Especially, the role of IL-12/IFNy axis has been fully
demonstrated in the immune interplay towards tumor
rejection.” > Dendritic cells, already known as important
coordinators of anti-infectious immune responses in sepsis,
may also prime tumor-associated NK cells through IL15-
mediated mechanisms to recover functional competence.’®>’
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Figure 6. Sepsis enhances the NK cytotoxic functions towards MCA205 target cells. Mice were first s.c. inoculated with MCA205 cells, and then subjected to CLP or
sham surgery (a), or to LPS or PBS challenge (b) 14 days after. Splenic NK cells pooled from 3 mice were purified at 24 hours following septic challenge, and co-
cultured for 4 h and 18 h with MCA205 cells (effector-to-target ratio 1:1). Among NK cells, the intracellular expressions of IFNy, perforin, granzyme B and the outer
membrane expression of CD107a were quantified by flow cytometry. The figure is representative of two independent experiments.

Conclusion

Confrontation of the present study with our previous one'!
provides firm evidence that sepsis harbors dual effects on malig-
nant tumor growth depending on the sequence of insults. We
herein demonstrated that sepsis applied to mice with cancer
inhibited tumor growth in a Tlr4-dependent manner that was
associated with enhanced anti-tumoral functions of NK cells.
These findings may renew interest in anticancer bacterial
immunotherapy, currently restricted to intravesical instillation
of Mycobacterium bovis Calmette-Guérin bacillus for the treat-
ment of bladder cancer.”® Finally, this raises the question of the
impact of sepsis on response to cytostatic chemotherapy or
immunotherapy in critically ill cancer patients and their even-
tual long-term oncological prognosis.
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