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ABSTRACT

HSP110 is induced by different stresses and, through its anti-apoptotic and chaperoning properties, helps
the cells to survive these adverse situations. In colon cancers, HSP110 is abnormally abundant. We have
recently showed that colorectal cancer (CRC) patients with microsatellite instability (MSI) had an improved
response to chemotherapy because they harbor an HSP110 inactivating mutation (HSP110DE9). In this
work, we have used patients’ biopsies and human CRC cells grown in vitro and in vivo (xenografts) to
demonstrate that (1) HSP110 is secreted by CRC cells and that the amount of this extracellular HSP110 is
strongly decreased by the expression of the mutant HSP110DE9, (2) Supernatants from CRC cells
overexpressing HSP110 or purified recombinant human HSP110 (LPS-free) affect macrophage
differentiation/polarization by favoring a pro-tumor, anti-inflammatory profile, (3) Conversely, inhibition of
HSP110 (expression of siRNA, HSP110DE9 or immunodepletion) induced the formation of macrophages
with a cytotoxic, pro-inflammatory profile. (4) Finally, this effect of extracellular HSP110 on macrophages
seems to implicate TLR4. These results together with the fact that colorectal tumor biopsies with HSP110
high were infiltrated with macrophages with a pro-tumoral profile while those with HSP110 low were
infiltrated with macrophages with a cytotoxic profile, suggest that the effect of extracellular HSP110
function on macrophages may also contribute to the poor outcomes associated with HSP110 expression.
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Introduction

Colorectal cancer (CRC) is a molecularly heterogeneous disease
that can be subdivided into several molecular subtypes.'
Approximately 15 to 20% of CRC harbor widespread microsat-
ellite instability (MSI) at DNA repeats (MSI) due to mismatch
repair deficiency, in contrast to the majority of CRC tumors,
which show microsatellite stability (MSS).>> MSI CRCs display
particular morphologic features, including greater predilection
for the right colon, mucinous histology, low metastatic power
and poorer differentiation. They have been consistently
reported to show an improved prognosis and a different
response to chemotherapeutic agents. The molecular mecha-
nisms of the peculiar MSI CRC pathophysiology have started
to be uncovered recently. Notably, we have recently highlighted
the important role of heat shock protein-110 (HSP110).**°
HSPs are a set of highly conserved proteins whose expression is
induced in response to a wide variety of physiological and

environmental stresses.”® They are often overexpressed in can-
cer cells and contribute to cancer resistance and apoptosis.”'’
HSP110 is a high molecular weight chaperone that accumu-
lates abnormally in CRC cells and whose expression correlates
with metastasis and a poor prognosis.'' We have previously
shown that a T}, mononucleotide repeat located in intron 8 of
HSP110 was systematically mutated in MSI CRC cell lines and
primary tumors.® The shortening of this repeat in tumor DNA
correlated with the increased synthesis of an aberrant HSP110
transcript due to exon 9 skipping (HSP110DE9) to the detri-
ment of wild-type HSP110 mRNA. MSI patients with large T17
deletions (low HSP110/high HSP110DE9) have significantly
longer relapse-free survival (RFS) than those with small T17
deletions (high HSP110/low HSP110DE9).* Furthermore, RFS
in MSI CRC patients with small T17 deletions (high HSP110
expression/low HSP110DE9) does not seem to differ signifi-
cantly from that in MSS CRC patients, suggesting a strong
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dependence of CRC cells on HSP110. In accordance with these
clinical data, our in vitro studies have demonstrated that
HSP110DE9 acts as a dominant negative mutant that binds to
HSP110 wild type, thus impairing its cellular localization and
its ability to interact with other chaperones.*® HSP110DE9
completely abrogates HSP110 chaperone activity and its cyto-
protective function. In vitro, HSP110DE9 expression sensitized
colon cancer cells, in a dose-dependent manner, to anticancer
agents such as oxaliplatin and 5-fluorouracil.

Immune control of tumors is a well-established mechanism
involved in the progression of various cancers, including CRC,
where tumor-infiltrating lymphocytes correlate inversely with
tumor stage.'>"” Infiltration of activated CD8" lymphocytes
within and around the tumor stroma contributes to a better
prognosis. In particular, the number of tumor-infiltrating lym-
phocytes is higher in MSI CRC than in MSS CRC and, besides
HSP110, this may also explain the better prognosis in MSI
CRC patients than in MSS CRC patients.'* Tumor-associated
macrophages are also abundant tumor-infiltrating cells. In
general, tumor-associated macrophages can be found within
or surrounding various tumors, where they either promote
tumor progression, angiogenesis, migration of tumor cells and
T helper 2 responses (so-called M2 or alternative macro-
phages), or, conversely, they promote resistance to tumors,
inflammatory responses and T helper 1 responses (so-called
M1 or classical macrophages).'>'® Although macrophages
have been found in colorectal tumor sections,'”'® the correla-
tion of their abundance with the prognosis of MSI neoplasms
is not yet clear.

Extracellular HSPs are described as damage-associated
molecular pattern proteins (DAMPs) with immunogenic prop-
erties. Extracellular HSPs such as HSP27 or HSP70 have been
reported to influence immune control of tumors, sometimes
through immunosuppressive cells."”?' HSP110 has been
described as being able to inhibit immune activation of den-
dritic cells through scavenger receptor binding.** However,
hardly anything is known about the immune function of
HSP110 in cancer. Here, we have addressed the impact of
extracellular HSP110 on macrophage profiles in CRC.

Results

In vivo, in patients and mice, expression of HSP110 in
colorectal tumors influences the profile of infiltrating
macrophages

We first determined the presence of macrophages within tumor
biopsies from 10 MSI CRC patients, which were selected based
on HSP110 expression and divided into two groups: HSP110-
low (large T17 deletions, good prognosis patients group, n = 5)
and HSP110-high (small T17 deletions, poor prognosis group,
n = 5)* (Fig. 1A). We observed a strong invasion of CD68"
macrophages in all tumor samples regardless of the expression
of HSP110 at the invasive front (Fig. S1A ) and in the tumor
stroma (Fig. 1B and Fig. S1B, p = 0.55 (ns), n = 5 per group).
However, in HSP110 high tumors, compared to HSP110 low
tumors, there was a marked increase in macrophages that
expressed CD163 ( p = 0.0025, n = 5 per group), a well-
described pro-tumoral (M2) macrophage marker (Fig. 1B and

C and 1C show the tumor stroma, sup Fig. 1A shows the inva-
sive front).

Since a low expression level of HSP110 in MSI CRC cells
inversely correlates with the length of the T,; mononucleotide
repeat located in intron 8 of HSP110, we next used an
HCT116 sub-clone displaying a large HSP110 T17 deletion
(HCT116-C22) * to determine the effect of HSP110 on macro-
phage phenotypes. We first confirmed the very low expression
of HSP110 in this HCT116-C22 clone compared with parental
HCT116 (Fig. 1D). The expression of no other HSPs other
than HSP110 seemed altered in HCT116-C22 (Fig. 1D). Fur-
thermore, the low expression of HSP110 in the HCT116-C22
clone did not affect HCT116 spontaneous cell death observed
when cultured in vitro (Fig. S1C). Tumor xenografts with high
or low expression of HSP110 were established by subcutane-
ously inoculating nude mice with HCT116 or HCT116-C22
cells, respectively. Three weeks after inoculation, xenografts
were excised, and the infiltrating macrophages were examined.
Immunostaining revealed the presence of F4/80°°° macro-
phages in all tumor slides (Fig. 1E). Interestingly, whereas the
macrophages from parental HCT116 xenografts expressed the
M2 marker Arginase-1 (Arg-1), only the low HSP110-express-
ing HCT116-C22 xenograft strongly expressed inducible NO
synthase (iNOS), which is a marker associated with an M1
cytotoxic phenotype (Fig. 1E and F). Accordingly, mice xeno-
grafted with HCT116-C22 expressed more TNFa mRNA
(Fig. 1G). These data, both in humans and in mice, suggest
that levels of HSP110 in MSI tumors may influence the profile
of tumor infiltrating macrophages in vivo.

HSP110 is secreted by CRC cells and influences
macrophage differentiation

To decipher the mechanism of macrophage polarization
observed in the presence or absence of HSP110, we studied
the secretome of HCT116 and HCT116-C22. Among the 36
cytokines analyzed, none were significantly modified (data not
shown). In contrast, we observed the presence of a soluble
HSP110 in the supernatant of HCTI116 but not in the
HCT166-C22 supernatant (Fig. 2A). The presence of extracel-
lular HSP110 in the supernatant was confirmed by ELISA,
where the amount of HSP110 secreted by different CRC cells
was quantified (Fig. S1D). We thus hypothesized that extracel-
lular HSP110 could be involved in the macrophage infiltration
and polarization observed herein. To test this, we studied the
effect of supernatants of HCT116 and HCT116-C22 cells on
primary human monocytes induced to differentiate into mac-
rophages by M-CSF. As shown in Fig. 2B and Table S1, super-
natants from HCT116-C22, compared to those of HCT116,
contributed to the generation of macrophages with stronger
expression of HLA-DR, but lower expression of the M2
markers CD163 and CD206. Upon stimulation with LPS,
HCT116-C22 supernatants, compared with parental HCT116
supernatants, generated macrophages with higher levels of
TNFa mRNA (Fig. S1E), secreted higher levels of the pro-
inflammatory cytokines TNFa and IL1b, and produced higher
level of NO (Fig. 2C and Table S2). Conversely, CCL24, a che-
mokine associated with the M2 phenotype, was significantly
lower. As the ability to stimulate T cell proliferation is a
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Figure 1. Pro-tumoral macrophages invade tumor bed in CRC expressing high levels of HSP110 (HSP110M9") A, B Expression of HSP110 (A), CD68 and CD163 (B) by IHC in
stroma of tumor samples from MSI CRC patients belonging to the HSP110™9" and HSP110 ' groups described by Collura et al (reference 4). One representative image is
shown (n = 5) Brown color indicates positive staining (200x magnification for A, scale bars, 50 «m. 100x magnification for B, scale bars, 100 x«m). (C) Number of CD163
macrophages in tumors biopsy stroma was determined ( p = 0.0025, n = 5) (value for each patient was determined as the average number of stained cells in three dis-
tinct sections. (D) Indicated HSPs were analyzed by Immunoblot in HCT116 and HCT116-C22 cells. HSC70 was used as a loading control. (E) Expression of F4/80, iNOS and
Arginase by IHC from tumor sections of mice xenografted with HCT116 or HCT116-C22 (One image representative of six mice in each group, 20x magnification, scale bars
40 ). (F, G) gPCR analysis of Arginase, iNOS mRNA (F) and TNFa (G) from tumor sections of mice xenografted with HCT116 or HCT116-C22. **p < 0.01, ***p < 0.005.

hallmark of pro-inflammatory M1 macrophages, we per-
formed a mixed lymphocyte reaction and observed that more
proliferating T cells were generated in the presence of
HCT116-C22 supernatant than in the presence of HCT116
supernatant (Fig. 2D).

To confirm that this effect on macrophage polarization was
HSP110-dependent, we next down-expressed HSP110 using
siRNA (Fig. S2A). Of note, in our experimental conditions,
HSP110 knockdown had no effect on cell viability (Fig. S2B).
Lower expression of the M2 markers CD163 and CD206 was
observed when supernatants from both HSP110-depleted
HCT116 (Fig. 2E and Table S3) and SW480 cells were used
(Fig. S2C and Table S9), compared to the corresponding con-
trols. Accordingly, upon LPS stimulation, higher levels of TNFa
(HCT116, Fig. 2F and Table S4; SW480, Fig. S2D and

Table S10) and IL1b (HCT116, Fig. 2F) were observed with
supernatants of the HSP110-depleted cells.

HSP110DE9 mutant inhibits HSP110 release into the
extracellular medium

HSP110DE9 is an HSP110 deletion mutant, which contains
only the 1-381 amino acid ATP-domain of HSP110. It is found
in all MSI CRC patients with a good prognosis.* We have previ-
ously demonstrated that HSP110DE9 overexpression in CRC
cell lines blocks intracellular HSP110 anti-aggregation and
anti-apoptotic functions.® To study whether HSP110DE9 may
also affect extracellular HSP110, we analyzed the supernatants
from CRC cells overexpressing HSP110DE9 (GFP-tagged). In
parallel, supernatants from the same cells overexpressing
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Figure 2. HSP110 is secreted by CRC cell lines and influences macrophage differentiation profile. (A) Immunoblot analysis of HSP110 in the supernatant of HCT116 and
HCT1166-C22 cells. Extracellular HSP90 is used here as a loading control. (B) Differentiating macrophages in the presence of HCT116 or HCT116-C22 supernatants were
assessed for the expression of HLA-DR (n = 7), (D163 (n = 5) and CD206 (n = 5) by flow cytometry. Results are expressed as mean fluorescence ratio “p < 0.05; ““p <
0.005; Left, data of all experiments; Right, representative data. (C) Monocytes induced to differentiate in the presence of HCT116 or HCT116-C22 supernatants were stimu-
lated for 24 h with LPS. TNFa (n = 3), IL1b (n = 3), CCL24 (n = 4) and NO (n = 4) secreted by macrophages were determined by Milliplex assay *p < 0.05; ““p < 0.01. (D)
Percentage of proliferating allogeneic T cells after 3 d of culture with macrophages derived from monocytes in the presence of control DMEN medium or supernatants
from HCT116 or HCT116-C22 cells (n = 3), “p < 0.05. (E, F) Monocytes were induced to differentiate into macrophages in the presence of supernatant from HCT116 cells

either transfected with a HSP110 siRNA or a scrambled control. Expresssion of CD163 (n = 5), and CD206 (n = 5) was determined by flow cytometry (E). (F) TNFa and

IL1b from macrophages derived from monocytes in the presence of supernatants as in E, and stimulated for 24 h with LPS (n = 3) *p < 0.05; **p < 0.01.

HSP110 (GFP tagged) were also tested. Interestingly, while as
expected HSP110 overexpression led to an increase in its con-
centration in the supernatant (Fig. 3A), HSP110DE9 expression
induced a strong decrease in the amount of HSP110 secreted,
without altering the intracellular level of HSP110 (Fig. 3B and
C), or altering the secretome profile (Fig. S2E).

In accordance with these variations in secreted HSP110,
stronger HLA-DR expression and a decrease in CD206 expres-
sion were observed when HSP110DE9 was expressed (Fig. 3D
and Table S5). Conversely, CD163 and CD206 were both sig-
nificantly increased when HSP110 was overexpressed (Fig. 3D).
Accordingly, macrophages generated with supernatants from
CRC cells that overexpressed HSP110DE9 secreted higher lev-
els of TNFa and had higher levels of NO than those generated
with supernatants from control-GFP or from CRC cells overex-
pressing HSP110 (Fig. 3E and Table S6). Finally, more T cells
were induced in the presence of the supernatant of cells
expressing HSP110DE9 compared to control (Fig. 3F).

Altogether, our results suggest that low secretion of HSP110
(either through siRNA-mediated depletion or by expressing the
HSP110DE9 mutant) may favor the generation of macrophages
with increased pro-inflammatory and cytotoxic functions.

Immunodepletion of HSP110 modulates the
pro-inflammatory phenotype of macrophages

We next studied whether immunodepletion of extracellular
HSP110 in the supernatants was enough to switch from
the induction of anti-inflammatory macrophages to the
induction of macrophages with pro-inflammatory func-
tions. The reduction in extracellular HSP110 (but not
other HSPs) after immunodepletion of HSP110 from both
HCT116 and SW480 cell supernatants is shown in
Figs. 4A-B and Fig. S3A. Macrophages induced to differ-
entiate with the HSP110-immuno-depleted supernatants
showed reduced expression of CD163 and CD206, and
increased secretion of TNFa and IL1b (Figs. 4C and D for
HCT116, data in tables S7-8, and Figs. S3B-C for SW480
with data in tables S11 and 12). Interestingly, addition of
human recombinant HSP110 produced by eukaryotic cells
(i.e. LPS free) allows at least a partial recovery of the mac-
rophage phenotypes and TNF« secretion (Figs. S3D-E).
We conclude that HSP110 is an essential component in
the extracellular medium for the effect observed on macro-
phage profiles.
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Figure 3. HSP110DE9 hampers HSP110 release (A) Concentration of extracellular HSP110 in the supernatant of Lovo, HCT116 and SW480 transfected with a control GFP
plasmid or a plasmid coding HSP110-GFP and measured by ELISA (n = 3) "p < 0.05 ; **p < 0.01. (B) ELISA quantification of HSP110 in the extracellular medium of
SW480 transfected with a control GFP or HSP110DE9-GFP plasmid (n = 3) *p < 0.05. (C) Immunoblot analysis of HSP110 in the supernatant of HCT116, transfected with a
HSP110-GFP plasmid with or without a plasmid coding HSP110DE9-GFP. (D) Flow cytometry analysis of HLA-DR (n = 6), CD163 (n = 6) and CD206 (n = 6) expression on
macrophages derived from monocytes in the presence of supernatant from SW480 cells transfected with a control GFP, HSP110-GFP or a HSP110DE9-GFP plasmid. Left,
data of all experiments; Right, representative data “p < 0.05; “*p < 0.01; ***p < 0.001. (E) TNFa, and NO (nitrite) secreted by macrophages derived from monocytes in
the presence of SW480 transfected as in C, and stimulated for 24 h with LPS (n = 4, *p < 0.05). (F) Percentage of proliferating allogeneic T cells after 3 d of culture with
10* macrophages derived from monocytes in the presence of supernatant from SW480 transfected with a control GFP or a HSP110DE9-GFP (n = 3). “p < 0.05.
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Figure 4. Depletion of HSP110 from the supernatants skews the pro-inflammatory
phenotype of macrophages. (A) Immunoblot analysis of HSP110 from the immuno-
precipitated (IP) fraction of HCT116 supernatant (one image representative of (3).
(B) ELISA determination of HSP110 amount in the supernatant of SW480 or
HCT116 before (black columns) and after (white columns) HSP110 immunoprecipi-
tation. (C), Expresssion of HLA-DR (n = 5), CD163 (n = 5) and CD206 (n = 4) by
flow cytometry on macrophages derived from monocytes in the presence of
HSP110-depleted HCT116 supernatant. Left, data of all experiments; Right, repre-
sentative data “p < 0.05; **p < 0.01. (D) TNFa, and IL1b secreted by macrophages
derived from monocytes in the presence of HSP110-depleted HCT116 supernatant,
and stimulated for 24 h with LPS (n = 4) *p < 0.05.

Extracellular HSP110 binds to TLR4 in human monocytes

We previously showed that HSP70 binds to and activates
TLR2 on the surface of myeloid-derived suppressive cells."’
To investigate whether the action of extracellular HSP110 on
macrophages could also implicate a TLR pathway, we first
determined whether its ability to induce the expression of the
CD206 macrophage marker was modified in the presence of

neutralizing antibodies against TLR2, TLR4 or the scavenger
receptor SRA. We found that only neutralizing antibodies
against TLR4 significantly reduced the ability of supernatants
containing HSP110 to induce CD206 (Fig. 5A). Accordingly,
when human LPS-free recombinant HSP110 (produced by
eukaryotic cells) was added to the cells, co-localization of this
extracellular HSP110 with TLR4 was observed (Fig. 5B). To
confirm the implication of TLR4 in the effect of HSP110 on
macrophages, we used TLR4 luciferase reporter cells. We incu-
bated the TLR4-reporter or control cells with either the super-
natant of SW480 cells overexpressing HSP110 (where HSP110
was measured by ELISA) or a similar amount of purified
HSP110 (600 ng/mL). We found that both sources of HSP110
had a similar effect on TLR4 activation (Fig. 5C). Taken
together, these results suggest that the effect of extracellular
HSP110 in altering the inflammatory profile of macrophages
involves TLR4.

Discussion

HSPs are chaperones that are frequently overexpressed in can-
cer cells. A large body of literature describes how their intracel-
lular function is involved in the increased resistance of tumor
cells to cell death notably induced by anticancer drugs or
hypoxia.”'® We recently demonstrated that HSP110 was the
main HSP involved in colorectal tumorigenesis. We demon-
strated that its expression was directly associated with poor out-
comes and that the presence of an HSP110 inactivating
mutation was directly associated with a good prognosis of CRC
MSI patients.® Interestingly, in these good-outcome patients,
there was also an increase in the immune cells infiltrating the
tumor.'*>**® In this work, we demonstrated that these two
events associated with a good CRC prognosis (i.e., HSP110
expression and tumor immunosurveillance) may be linked.
Indeed, we showed that HSP110 is secreted by CRC cells and
skews the macrophage inflammatory profile. Depletion of extra-
cellular HSP110 by using an antibody or by overexpressing the
HSP110DE9 mutant induces macrophages with pro-inflamma-
tory/cytotoxic potential. In contrast, overexpression of HSP110
or the addition of HSP110 recombinant protein (produced in
eukaryotes to avoid LPS contamination) favors the formation of
macrophages with an anti-inflammatory profile. The fact that
the recombinant protein did not completely recapitulate the
effect observed with colon cancer supernatant suggests that the
extracellular HSP110 might act together with unidentified
secreted molecules, and/or that the recombinant protein lacks
some specific features of the native protein (e.g., percentage of
the molecule containing ADP versus ATP and therefore with
an open vs. closed conformation). We are at present performing
structural and proteomic approaches to study in deep this ques-
tion and determine HSP110 extracellular partners.

Although the way through which HSPs are released into the
extracellular medium is still a matter of debate (active versus
passive secretion), it is well known that some HSPs are abun-
dant extracellular proteins notably in the tumor microenviron-
ment.”” They are believed to act as DAMPs and to have
immunogenic properties ** and the term chaperokines has
been suggested.”” Our results indicating that HSP110 is released
by CRC cells is in agreement with Colgan et al., who reported
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Figure 5. Extracellular effect of HSP110 on macrophage profile involves TLR4. (A) The percentage of HSP110-induced CD206-expressing differentiated macrophages in
the presence or absence of SRA, TLR2 and/or TLR4 neutralizing antibodies was determined by flow cytometry. Data are expressed as a percentage of the control (no neu-
tralizing Ab added)(n = 6, *p < 0.05.). (B) Fluorescence microscopy analysis of TLR4 and DDK(FLAG)-tagged HSP110 purified from eukaryotic cells (LPS free) on monocytes
after 30 min of incubation with HSP110. One representative image is shown. Scale bars 10 um. (C) TLR4 gene reporter assay (luciferase) using control HSP110-depleted
supernatant, supernatant from HSP110-overexpressing HCT116 cells or a similar amount (600 ng/mL) of purified recombinant LPS-free HSP110 (n = 2). *p < 0.05.

that soluble HSP110 is a luminal component of the non-malig-
nant human and mouse gastrointestinal tract. Immunohis-
tochemistry showed expression of HSP110 in epithelium from
the small and large intestine.®® As in vitro measurements
showed low extracellular HSP110 concentrations in MSI-type
CRC cell lines, it would be interesting to monitor variations in
extracellular HSP110 amounts within body fluids as a new bio-
marker of disease characterization, or progression.

The anti-inflammatory role of the secreted form of HSP110
in CRC reported here is in agreement with the overall literature
about other extracellular HSPs. Indeed, several studies using
the immunization of animals with mammalian or mycobacte-
rial HSPs in a context of autoimmune or inflammatory diseases
(Arthritis, diabetes...) have shown improvements in animal
health, suggesting that HSPs play an immunosuppressive
role.’® This effect is probably mediated by the direct modula-
tion/inhibition of antigen-presenting cell activation. In this
way, recombinant HSP27 has been shown to directly inhibit
dendritic cell differentiation and skew toward a macrophage
phenotype.”’ Furthermore, these macrophages acquire tolero-
genic properties in vitro and in breast cancer patients.** Similar
immunosuppression was observed in higher molecular weight
HSPs, like recombinant HSP70, as Ferat-Osio et al showed that
highly purified HSP70 inhibits TNFa production by mono-
cytes.”” It is worth noting that the absence of minute amounts

of contaminating endotoxin is mandatory to reveal the inherent
suppressive functions of these HSPs, as nicely demonstrated by
Stocki.*** This very low level of contamination could account
for the maturation effect of recombinant HSP110 on dendritic
cells observed by Manijili et al. **. In our setting, we eliminated
this caveat as we used an HSP110 naturally present in the
supernatant of CRC cell lines, and when we used purified
HSP110, it was produced in a eukaryotic setting with no traces
of LPS.

In the absence of LPS, extracellular HSPs have been shown
to bind to and activate different TLRs. In particular, we have
previously shown that HSP70, expressed at the surface of
tumor-derived exosomes, activated myeloid-derived suppres-
sive cells through its binding to TLR2."” Concerning circulating
HSP27, we and others have shown that it inhibits macrophage
and dendritic cell differentiation through TLR4 *' and it favors
angiogenesis through TLR3.”® We show here that the anti-
inflammatory effect of soluble HSP110 on macrophages
involves TLR4. Kuang et al. have shown that TLR4 signaling on
monocytes could be deleterious for their adequate activation
and differentiation.’”” They demonstrated that hyaluronan
secreted from tumors binds TLR4 on monocytes, which then
become refractory to subsequent stimulation. In addition,
depending on the context, NFkB signaling induced upon expo-
sure to TLR2/4 ligand can transmit an anti-inflammatory
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message in macrophages.”®“*’ Finally, IRAK-M, a negative reg-
ulator of TLR signaling that can be upregulated in tumor-infil-
trating macrophages in a TLR4-dependent manner, could
interfere with adequate polarization.*’ Taken together, these
mechanisms may provide a rationale for the effect observed
with HSP110. It is therefore possible that the early presence of
HSP110 during the monocyte differentiation process could
hamper the subsequent pro-inflammatory function of macro-
phages, as a signal of a refractory state.

Other HSP-binding receptors have been described over the
last few years. Among them, scavenger receptor SRA/CD204
has been described as a receptor for high molecular weight
HSPs such as HSP110.*** Although in our experimental set-
ting this receptor was not involved, other authors have shown
that it mediates an inhibitory signal in dendritic cells upon
HSP110 stimulation, thus supporting our hypothesis that extra-
cellular HSP110 is deleterious to optimal immune responses.
Thus, as suggested by W. Van Eden for other HSP family mem-
bers, HSP110 should therefore not be considered a DAMP
(accordingly to the concept of “danger” introduced by P. Mat-
zinger) but rather as a “DAMPer” of the immune system.*’

Several groups have investigated the nature of the immune
infiltrate within tumors of CRC patients. Though all groups agree
on the higher Thl cell colonization, they provide puzzling obser-
vations regarding myeloid cells. The presence of CD163™ macro-
phages in the tumor microenvironment has been described in
MSS and MSI CRC biopsies.'*** Surprisingly, concomitant
increases in M1 and M2 subsets were associated with a better
prognosis.'” However, a high expression of PD-L1 (B7-H1), an
immune-inhibitory ligand, at the surface of myeloid cells was
found at the invasive front and in the stroma of MSI CRC biop-
sies, suggesting that these cells provide a negative signal to T cells,
thus dampening the immune response.***> This paradoxal high
expression of PD-L1 could be explained by a negative feedback
induced by a strong Th1 cell response and mediated by IFNy.*
This mechanism is intended to avoid tissue and organ damages
in non-tumoral conditions, but could be a “double-edge sword”
in tumor immunity. Macrophages, therefore, become a cellular
target through PD-1/PD-L1 blockage. Such a strategy is currently
being investigated in various tumors with mismatch-repair defi-
ciency, including CRC, with encouraging results.*” Several other
immune inhibitory checkpoints (B7-H4, PD-1, CTLA-4, IDO
and LAG-3) have been described in MSI CRC biopsies and all
together play a major role in inhibiting tumor immune-surveil-
lance.***” Given that HSP110 low expression level favors a pro-
inflammatory environment through macrophage polarization,
the existence of a negative feedback involving these immune
inhibitory checkpoints expression is worth investigating. We
have just started a multicenter study including more than 3,000
CRC biopsies already characterized for HSP110 expression® to
answer this question.

Studies on the tumor immune microenvironment have dis-
tinguished between CRC patients only on the basis of MSS (i.e.
MSS vs. MSI). However, we have recently shown that HSP110
expression is a strong and reliable marker to distinguish
between MSI CRC patients with good and poor prognosis. In
terms of outcomes, MSI CRC patients expressing high levels of
HSP110 are probably no different from MSS CRC patients.
Here, we showed that these patients with high HSP110 have a

greater invasion of CD163" macrophages than is the case in
MSI patients with low HSP110 expression. Based on these
results, we have started a clinical study to determine whether a
correlation exists between CD163" macrophages, HSP110 and
survival. It also remains to be established whether an associa-
tion exists between CD163" cells and lymphocyte infiltration,
as this is a well-established predictor of overall survival and
relapse in CRC."”

In recent years, HSP110 has become a new point of interest
in the field of HSP and cancer, mainly thanks to its excellent
chaperoning capacity of peptide antigens, which makes it a
powerful tool for vaccine development.***” Until our recently
published works demonstrating the essential role of HSP110 in
CRC, its role in tumor development remained almost unex-
plored. This study brings new information to the emerging role
of extracellular HSP110 in the inhibition of the immune system
in the context of tumor microenvironment. It confirms the
necessity to target extracellular as well as intracellular HSP110
in CRC and should foster the development of specific inhibi-
tors, which are urgently needed for this HSP.

Materials and methods
Cell culture and macrophage differentiation

CRC cell lines (HCT116 and SW480) were purchased from
ATCC (Molsheim, France). The C22 subclone derived from the
HCT116 cell line has previously been described (reference 4).
All cell lines were cultivated in DMEM supplemented with 10%
FBS (Lonza, Amboise, France). Monocytes from human
peripheral blood were obtained from healthy donors with
informed consent and purified using CD14 microbeads labeling
and magnetic cell sorting (Miltenyi Biotec, Paris, France) fol-
lowing the manufacturer’s instructions. 0.5 x 10° monocytes
were incubated with 500 uL of CRC cell line supernatant for
72 h in a 24-well plate in the presence of macrophage colony-
stimulating factor (M-CSF, 100 ng/mL, Miltenyi Biotec) and
then characterized. To analyze secreted cytokines, macrophages
were incubated for an additional 24 h in the presence of LPS
(10 ng/mL). In some experiments, recombinant HSP110 pro-
duced in HEK293 cells (OriGene Technologies, Rockville, MD)
was added to the culture at 600 ng/mL. For receptor blocking
experiments, isolated CD14" monocytes (5.10°) were preincu-
bated for 30 min with antibodies directed against TLR2 (5 ug;
MAB2616, R&D systems, Minneapolis, USA), TLR4 (10 ug;
AF1478, R&D systems) or SR-A (10 ug AF2708, R&D
systems).

CRC Supernatant preparation

2.5 x 10° HCT116 or HCT116-C22 were cultured in a 12-well
plate for 72 h in DMEM supplemented with 10% FBS. The
supernatant was then harvested and centrifuged at 450 g for
5 min. For immunoblot experiments, the culture medium was
replaced after 72 h of culture by DMEM w/o serum for an addi-
tional 8 h and then concentrated using Amicon Ultra centrifu-
gal filters (UFC501096, Merck Millipore, Molsheim, France)
according to the manufacturer’s instructions.



siRNA and cell transfection

For plasmid transfection, 1.2 x 10° SW480 or 2.5 x 10°
HCT116 were implanted and cultured in a 12-well plate for
24 h. Cells were then transfected with 1 ug of plasmid encoding
GFP, GFP-HSP110 or GFP-HSP110DE9 using HP Xtreme gene
DNA transfection reagent (Roche, Boulogne-Billancourt,
France) according to the manufacturer’s instructions. 48 h
hours later, the supernatant was collected and centrifuged at
450 g for 5 min. For immunoblotting, the culture media were
replaced after 48 h of transfection with DMEM w/o serum for
an additional 8 h and then concentrated using Amicon Ultra
centrifugal filters (UFC501096, Merck Millipore) according to
the manufacturer’s instructions.

For siRNA transfection, 2.5 x 10° SW480 or 0.5 x 10°
HCT116 cells were seeded into a 6-well plate and cultivated for
24 h in DMEM 10% SVEF. Cells were then transfected with 50
pmol of control siRNA (ON-TARGETplus Non-targeting Pool,
D-001810-10-05) or HSP110 siRNA (ON-TARGETplus
HSPH1 siRNA, L-004972-00-0005) from Dharmacon (GE
Heathcare, Velizy, France), with Lipofectamine RNAIMAX
Reagent (Invitrogen, Cergy Pontoise, France) according to the
manufacturer’s instructions. The media were replaced after 6 h
of incubation with transfection reagent and 24 h after transfec-
tion. Media were then collected 72 h after transfection and cen-
trifuged at 450 g for 5 min.

Xenograft model

Nude mice were purchased from Charles River Laboratories
(Wilmington, USA) and housed in specific pathogen-free condi-
tions. 10 x 10° HCT116 or HCT116-C22 were injected s.c. into
the right flank of each mouse. Tumor growth was then followed
every other day for three weeks. Mice were sacrificed when
tumors reached 800 mm’. The tumors were collected and
included in Tissue-Tek® O.C.T. Compound (Sakura Finetek, Tor-
rance, CA). The mice were treated according to the guidelines of
the Ministere de la Recherche et de la Technologie, France.

Flow cytometry analysis

Macrophages were harvested, washed once in PBS and incu-
bated for 20 min with antibody directed against HLA-DR
(561224, BD Horizon), CD163 (556018, BD Bioscience) and
CD206 (550889, BD Biosciences) at 4°C. Cells were then
washed twice in PBS and analyzed using a LSRII flow cytometer
(Becton Dickinson, Franklin Lakes, USA). For apoptosis deter-
mination, adherent and non-adherent cells were harvested and
stained with Annexin V-FITC and 7-AAD (BD PharMingen,
Franklin Lakes, USA) according to the manufacturer’s
recommendations.

Immunodepletion

1.2 x 10° SW480 or 2.5 x 10> HCT116 were seeded and culti-
vated for 24 h in a 12-well plate. Cells were washed, and
400 nL of media without serum was then added for 8 h. Super-
natants were then harvested and centrifuged at 450 g for 5 min.
1 mL of supernatant was then incubated overnight at 4°C
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under rotation with 2 ug of control antibody (sc-2027, Santa
Cruz Biotechnology, Dallas, TX, USA) or directed against
HSP110 (sc-6241, Santa Cruz Biotechnology). 25 uL of Protein
A-agarose beads (Millipore, Billerica, MA) were added for 1 h
30 min under rotation at 4°C. Supernatants were collected and
stored at —20°C. Prior to incubation with monocytes, the
immunodepleted supernatant was supplemented with FBS (to a
final concentration of 10%). For immunoblot experiments,
beads bound to HSP110 were washed three times with PBS and
heated for 5 min at 95°C in laemmli buffer.

T lymphocyte proliferation assay

T Lymphocytes from peripheral blood of healthy donors were
purified using the pan T-Cells isolation kit (Miltenyi Biotec). T
lymphocytes were then stained by using Cell Trace Violet (Invi-
trogen), according to the manufacturer’s procedure. 10° T cells
were then incubated for 3 d with 10 x 10’ or 20 x 10° macro-
phages. T-cell division was detected by flow cytometry with an
LSRII cytometer (BD Biosciences) and analyzed using ModFit
software.

Cytokine and NO quantification

Cytokine secretion by macrophages upon LPS stimulation was
determined using the MILLIPLEX MAP Kit “Human high sen-
sitivity T Cell Magnetic Bead Panel” (HSTCMAG-28SK, Milli-
pore, Billerica, MA) according to the manufacturer’s
instructions. Cytokines secreted by CRC cell lines were ana-
lyzed using the Human Cytokine Array Panel A according to
the manufacturer’s instructions (ARY005, R&D Systems). NO
production was evaluated through nitrite measurement using
The Griess Reagent System (Promega, Madison, WI).

Cell lysis and immunoblotting

Cells were harvested, washed in PBS and then lysed on ice in
lysis buffer (150 mM NaCl, 50 mM Tris pH 6,8, 10 mM NaF,
ImM DTT, 1% Triton X-100) in the presence of protease
inhibitors (Roche, Boulogne-Billancourt, France). Cell lysates
or concentrated culture media were mixed with laemmli buffer.
Proteins were separated and transferred following standard
protocols before analysis with a chemiluminescence detection
kit (Santa Cruz Biotechnology). Primary antibodies used for
immunoblotting were from Santa Cruz biotechnologies
directed against HSP110 (sc-6241), HSC70 (sc-7298), from
Sigma (Lyon, France) for anti-actin (A1978-200UL),
from abcam (Paris, France) for anti-HSP90« (ab59459) and
from Enzo Life Sciences (Lyon, France) for anti-HSP70 (ADI-
SPA-810) and anti-HSP27 (ADI-SPA-803).

Immunofluorescence

Tumor sections from the xenograft were fixed for 10 min in
cold acetone. Slides were dried and rehydrated in PBS for
5 min twice. Slides were then saturated for 20 min in 3% BSA
and 2% goat serum in PBS. Slides were incubated overnight at
4°C with (1:100) primary antibody directed against Arginase-1
(sc-20150, Santa Cruz Biotechnology) or NOS2 (sc-651, Santa
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Cruz Biotechnology), and F4/80 (MCA4971, AbD Serotec, Col-
mar, France). Slides were washed three times for 5 min in PBS
and incubated for 10 min with a blocking reagent (R37107,
molecular probes, Saint Aubin, France). (1:1,000) Secondary
antibodies (Invitrogen) were added for 45 min at room temper-
ature. Slides were washed three times in PBS for 5 min and
mounted with ProLong (Thermo Fisher Scientific, Waltham,
MA, USA).

Isolated CD14" monocytes were incubated for 30 min in
10% RPMI with HSP110-Flag recombinant protein (500 ng/
5.10° monocytes). Cells were washed once and incubated for
30 min at room temperature with (1:100) primary antibodies
directed against TLR4 (sc-30002, Santa Cruz Biotechnology)
and Flag (F1804-1MG, Sigma). Cells were washed once in PBS
and fixed for 10 min in 4% PFA PBS. Cells were washed and
(1:1,000) secondary antibodies (Invitrogen) were added for
30 min at room temperature. Monocytes were deposited on
poly-lysine coated coverslips for 20 min at RT. Coverslips were
washed twice in PBS and mounted with ProLong (Sigma).

The TLR4 luciferase reporter gene assay was performed by
InvivoGen (Toulouse, France).

Immunohistochemistry

MSI CRC patients were selected as previously described.*
Tumor sections from patients were deparaffinized in xylene
and rehydrated in a graded series of alcohol solutions. Antigens
were then unmasked in pH 6.0 citrate buffer (30 min, 95°C),
cooled for 30 min, washed twice in PBS for 3 min and treated
with 3% H,0,-PBS for 15 min in order to inhibit endogenous
peroxidases. After washes in PBS, the slides were saturated for
25 min in 3% BSA PBS. Sections were then incubated with
CD68 (1/100, M0814, Dako, Les Ulis, France), CD163 (1/100,
NCL-CD163; Leica, Nanterre, France) or HSP110 (1/1200,
clone 5812, Leica Biosystems) primary antibody overnight at
4°C (CD68, and CD163) or 1 h at room temperature. After
washing in PBS, secondary antibody was added for one hour at
room temperature. Slides were washed twice for 5 min in PBS
and revealed using Novared kit (Vector, Burlingame, USA).
Slides were washed twice in water for 5 min and counterstained
with 10% Meyer’s hematoxylin. After one wash in water, slides
were dehydrated in 100% ethanol and in xylene for 30 s each.
The slides were then observed using the Cell Observer station
(Zeiss, Germany). Positive cells were counted in three distinct
stroma areas of 645 uM by 482 M for each tumor in a blinded
manner.

Quantitative real-time PCR

Total RNA was isolated with Trizol (Invitrogen), reverse tran-
scribed by Moloney murine leukemia virus reverse transcrip-
tase (Promega, Madison, WI) with random hexamers
(Promega). Primers for real-time PCR were from Bio-Rad
(Hercules, CA, USA): Human TNFa (qHsaCEDO0037461),
murine TNFa (qMmuCED0004141), murine Arginase-1
(@MmuCID0022400) and murine iNOS (qQMmuCID0023087).
HPRT was used as the invariant control (QMmuCED0045738
or qHsaCID0016375).

ELISA

HSP110 concentration was determined by an ELISA. Briefly, a
96-well plate (MaxiSorp Plate; Nunc, Sigma Aldrich, Australia)
was coated with 0.2 M sodium carbonate/bicarbonate buffer,
pH 9.4, overnight at 4°C with 3 pg/mL of rabbit anti-HSP110
Ab (sc-6241, Santa Cruz Biotechnology). The plates were
washed and then blocked with 2% BSA in PBS for 1 h at room
temperature. Supernatants were diluted and added to the plates
along with recombinant HSP110 produced in HEK293 cells
(OriGene Technologies, Rockville, MD) to establish a standard
concentration curve. The plates were then incubated 2 h at
room temperature, washed three times in PBS 0.5% Tween 20,
and incubated for 2 h with a mouse anti-HSP110 Ab (1:200)
(NCL-HSP105, Leica Biosystems). After three washes as before,
the plates were incubated for 1 h with a Goat anti-mouse IgG
conjugated to alkaline phosphatase (SouthernBiotech, Birming-
ham, Alabama). After three final washes, the ELISA was devel-
oped by adding a TMB substrate reagent (OptEIA, BD
Biosciences, San Jose, CA). The reaction was stopped after
30 min by adding 2M sulfuric acid. ODs were measured at
450 nm.

HSP27 secreted by CRC cell lines was detected using the
Immunoset HSP27 high sensitivity (Human) ELISA according
to the manufacturer’s instructions (ADI-960-076, Enzo life sci-
ences, Farmingdale, NY).

Statistics

Analyses were performed with GraphPad Prism software
(GraphPad Software, San Diego, Calif). The Student paired t
test was used where appropriate and a two-tailed p value of .05
or greater was considered significant.
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