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Chemotherapy-triggered cathepsin B release in
myeloid-derived suppressor cells activates the Nlrp3
inflammasome and promotes tumor growth

Mélanie Bruchard!28, Grégoire Mignot!>28, Valentin Derangére!-2, Fanny Chalmin!-2, Angélique Chevriaux!-3,
Frédérique Végran!2, Wilfrid Boireau?, Benoit Simon*, Bernhard Ryffel®, Jean Louis Connat5,
Jean Kanellopoulos’, Frangois Martin!2, Cédric Rébé!-3, Lionel Apetoh!~38 & Francois Ghiringhelli!-38

Chemotherapeutic agents are widely used for cancer treatment. In addition to their direct cytotoxic effects, these agents harness
the host’s immune system, which contributes to their antitumor activity. Here we show that two clinically used chemotherapeutic
agents, gemcitabine (Gem) and 5-fluorouracil (5FU), activate the NOD-like receptor family, pyrin domain containing-3 protein
(NIrp3)-dependent caspase-1 activation complex (termed the inflammasome) in myeloid-derived suppressor cells (MDSCs),
leading to production of interleukin-1g3 (IL-1), which curtails anticancer immunity. Chemotherapy-triggered IL-1 secretion
relied on lysosomal permeabilization and the release of cathepsin B, which bound to Nirp3 and drove caspase-1 activation.
MDSC-derived IL-1p induced secretion of IL-17 by CD4+ T cells, which blunted the anticancer efficacy of the chemotherapy.
Accordingly, Gem and 5FU exerted higher antitumor effects when tumors were established in Nlrp3-/- or Casp1-'- mice or
wild-type mice treated with interleukin-1 receptor antagonist (IL-1Ra). Altogether, these results identify how activation of the
Nirp3 inflammasome in MDSCs by 5FU and Gem limits the antitumor efficacy of these chemotherapeutic agents.

Immune responses against cancer are an important factor determin-
ing tumor evolution!2. In many experimental and human cancers,
T cell immune responses are involved in tumor-growth control and
restrain tumor progression. By contrast, the role of cytotoxic agents
on immune responses remains largely unresolved. Chemotherapy
treatment in cancer has long been suspected to induce systemic
immunosuppression3. However, recent studies report that some
chemotherapeutic agents instead enhance antitumor immune
responses through their capacity to eliminate immunosuppressive
cells or trigger ‘immunogenic cell death’ of tumor cells*?. Two drugs,
Gem®-8 and 5FU?, selectively deplete MDSCs®-!1, a population of
immature myeloid cells that suppresses T cell activation in humans
and mice!2-14. 5FU-mediated MDSC depletion increased interferon-y
(IFN-7y) production by tumor-specific CD8* T cells and the survival
of tumor-bearing mice but was insufficient to avoid tumor relapse,
underscoring the need to identify additional molecular pathways that
favor cancer-cell resistance to chemotherapy®.

Here we show that Gem and 5FU, in addition to their capacity to
selectively kill MDSCs, activate the NLRP3 inflammasome in these
cells, leading to IL-1f release, which restrains their antitumor efficacy.
Although IL-1p did not affect the sensitivity of tumor cells to 5FU,

it enhanced the capacity of CD4* T cells to produce IL-17, which
limited the antitumor effect of 5FU through an IL-17-dependent
proangiogenic effect. These results unravel the ambivalent effect of
5FU and Gem in the antitumor immune response.

RESULTS

5FU and Gem induce caspase-1 activation in MDSCs

We previously demonstrated that 5FU and Gem can induce cell
death of MDSCs. Using MSC-2 cells, an established MDSC cell line?,
we focused on the capacity of various chemotherapeutic agents to
induce caspase-1 activation in MDSCs. We determined the drug
concentrations that induced 50% MSC-2 cell death (Supplementary
Fig. 1). Only Gem and 5FU activated caspase-1 in MDSCs (Fig. 1a). The
dose effects of 5FU and Gem demonstrated that caspase-1 activation
did not correlate with the amount of dead cells (Fig. 1b and
Supplementary Fig. 2). We determined the kinetic activation of
caspase-1 after 5FU treatment and showed that caspase-1 activation
was detectable at around 12 h after 5FU treatment, meaning before
evidence of cell death, which appears after 18 h (Fig. 1c). We found
similar results using Gem (Supplementary Fig. 3). The delay in
caspase-1 activation was expected, as both drugs require conversion
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Figure 1 5FU and Gem activate caspase-1 in MDSCs. (a) Caspase-1 activation in MSC-2 cells treated with PBS,

Deticene (Detic; 430 uM), taxol (175 nM), oxaliplatin (Ox; 2.5 uM), mitomycin C (Mito C; 3 uM), doxorubicin (Doxo; 73 nM),

Gem (27 nM) or 5FU (1 uM) for 24 h. (b) Dose effect of 5FU on MSC-2 cells.

Day 0

. . . . Day 1
(c) Kinetic study of caspase-1 activation after

5FU treatment (1 uM). In a—c, caspase-1 activation and cell death were measured using fluorescent probes and annexin V and DAPI staining,

respectively. (d) DAPI and FLICA-1 fluorescence tested in MSC-2 cells treated with PBS or 5FU (1 uM) for 24 h. The percentages shown represent the
frequency of positive cells. (e) Western blot detecting caspase-1 activation in MSC-2 cells treated with 5FU (1 uM), Gem (27 nM) or lipopolysaccharide
(LPS) (100 ng mi=1) and ATP (5 mM) as a positive control for 24 h. B-actin was used as a loading control. (f,g) Caspase-1 activation and cleaved
caspase-1 in EL4 tumor-bearing mice treated with PBS, 5FU (50 mg per kg body weight) or Gem (120 mg per kg body weight). Caspase-1 activity after
24 h and 48 h in labeled splenic CD11b*Gr-1* MDSCs (f). Western blot detecting cleaved caspase-1 in sorted CD11b*Gr-1+* MDSCs (g). (h) Caspase-1
activation, assessed by flow cytometry, in HLA DR-CD14-CD33+ MDSCs derived from PBMCs of patients with cancer that had been cultured with PBS
or 5FU (1 uM) for 2 d. n = 8 patients. (i) Caspase-1 activation, assessed by fluorescent probe, in HLA DR-CD14-CD33* MDSCs derived from PBMCs of
patients with cancer obtained before and 1 d after in vivo 5FU treatment. n = 24 patients. Data are representative of one out of three experiments and

are the mean + s.e.m. (a-g). *P < 0.05 by Wilcoxon rank-sum test.

into an active metabolite!>1®. Notably, we found caspase-1 activa-
tion in live cells negative for both annexin V and DAPI (Fig. 1d).
These data suggest that 5FU- and Gem-induced caspase-1 activa-
tion is dissociated from cell death. We confirmed these results using
western blot (Fig. 1e). In vitro, 5FU induced caspase-1 activation
in other myeloid subsets only at high doses that were not clinically
relevant (100 uM) (Supplementary Fig. 4). In vivo, systemic treat-
ment of tumor-bearing mice with Gem or 5FU induced activation of
caspase-1 at 24 h or 48 h, respectively, in MDSCs (Fig. 1f), and the
amount of caspase-1 activation was similar in monocytic and granulo-
cytic MDSC subsets (Supplementary Fig. 5). Western blot analysis
of cell-sorted splenic MDSCs confirmed this result (Fig. 1g). Kinetic
analysis of splenic MDSC number and MDSC caspase-1 activation
showed that caspase-1 activation occurred before the nadir of MDSC
elimination (Supplementary Fig. 6).

In human MDSCs, we noted that 5FU activated caspase-1 in
MDSCs from patients with metastatic colorectal cancer 48 h after
in vitro administration (Fig. 1h). In addition, we also found caspase-1
activation in circulating MDSCs from 22 out of 24 patients with meta-
static colorectal cancer who received chemotherapy containing 5FU
(P <0.0002) (Fig. 1i). We found similar caspase-1 activation in patients
treated with 5FU plus oxaliplatin or irinotecan but not in patients
treated without 5FU (data not shown). Double labeling using DAPI
and caspase-1 fluorochrome inhibitor of caspase (FLICA) showed that
1 d after 5FU treatment the proportion of dying DAPI-positive cells

was unchanged and only the ratio of caspase-1-positive cells to living
DAPI-negative cells increased, suggesting that 5FU induced caspase-1
activation in live cells rather than the death of caspase-1-
negative MDSCs (Supplementary Fig. 7). Together these results
demonstrate that 5FU and Gem activate caspase-1 in MDSCs in vitro
and in vivo.

NLRP3-dependent induction of IL-13 by F5U and Gem
Caspase-1 activation is required for the secretion of bioactive IL-1317.
Accordingly, MDSCs from wild-type tumor-bearing mice treated with
Gem or 5FU secreted IL-10 (Fig. 2a). This IL-1f secretion was com-
parable in both monocytic and granulocytic subsets (data not shown).
MDSCs from tumor-bearing caspase-1-deficient (Caspl~/~) mice
treated with 5FU were unable to produce IL-1f (Fig. 2b). These data
suggest that 5FU and Gem activate caspase-1 in MDSCs, leading to
IL-1 secretion. In vivo, we found IL-1f in the serum of tumor-bearing
wild-type mice from day 2-10 after 5FU administration (Fig. 2c).
Notably, MDSC depletion before 5FU treatment aborted IL-1f pro-
duction, suggesting that MDSCs are the primary producers of IL-1f
(Supplementary Fig. 8). In the cohort of patients with metastatic
colorectal cancer who were treated with 5FU-based chemotherapy,
IL-1p serum concentrations were increased in 9 out of 12 patients
24 h after 5FU administration (P = 0.03) (Fig. 2d).

The NLRP3 inflammasome is frequently involved in caspase-1
activation induced by endogenous signals!”. We found that in vitro
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Figure 2 5FU and Gem promote the secretion of
bioactive IL-1B in a NLRP3-dependent manner.

(a) IL-1p secretion, measured by ELISA after 3 d of
culture, from splenic MDSCs of EL4 tumor—bearing

mice treated with 5FU or Gem sorted after the

indicated time periods. (b) IL-1p secretion 2 d after
treatment, measured as in a, from splenic MDSCs of
EL4 tumor—bearing WT or Caspl~/~ mice treated with
PBS or 5FU. (c) Western blot detecting the presence

of IL-1B (top) and quantification of IL-1B (bottom) in
immunoprecipitated serum from blood samples taken at
the indicated time periods after 5FU treatment (with
treatment at day 10 after tumor-cell injection) in EL4
tumor-bearing mice. The serum was immunoprecipitated
using IL-1B-specific antibody. (d) IL-1B concentration in the sera of patients
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with colon cancer obtained before and 1 d after in vivo 5FU treatment.

n =12 patients. (e) MSC-2 cells transduced with control shRNA (shCTL) or NIrp3 shRNA (shNirp3) and treated with PBS, 5FU (1 uM) or Gem (27 nM)

for 24 h. Caspase-1 activation was measured by flow cytometry. Inset, NLRP3

expression in shCTL or shN/rp3 using western blot. EL4 tumor-bearing WT

or Nirp3~"- mice were treated with PBS, 5FU (50 mg per kg body weight) or Gem (120 mg per kg body weight). After 48 h, splenic CD11b*Gr-1+ cells

were labeled. (f,g) Caspase-1 activation determined by flow cytometry (f) and |

-1 secretion from sorted splenic MDSCs cultured for 3 days measured by

ELISA (g). Data are representative of one out of five (a,e) or three (b,c,f,g) experiments and are the mean + s.e.m. *P < 0.05 by Wilcoxon rank-sum test.

treatment of MDSCs with Gem or 5FU activated caspase-1 in
MDSCs transduced with control shRNA but not in those trans-
duced with shRNA specific for Nlrp3, (Fig. 2e). In addition, 5FU
and Gem activated caspase-1 in MDSCs from wild-type but not
Nirp3-deficient (NIrp3~/~) mice in vivo (Fig. 2f). MDSCs from
tumor-bearing NIrp3~/~ mice were also unable to produce IL-1f
after 5FU or Gem treatment, in contrast to wild-type mice (Fig. 2g).
These data demonstrate that 5FU and Gem induce activation of
the NLRP3 inflammasome in MDSCs, which triggers secretion of
bioactive IL-1p.

Cathepsin B mediates inflammasome activation

NLRP3 activation may occur through crystal phagocytosis, induc-
tion of radical oxygen species (ROS), altered calcium or potassium
ionic movements, high concentrations of extracellular ATP or lyso-
some disruption and cathepsin B release!8. To identify the NLRP3
activator in 5FU- and Gem-induced inflammasome activation,
we tested the effect of selective inhibitors on caspase-1 activation
in 5FU-treated MDSCs. 5FU-induced caspase-1 activation was not
prevented by inhibition of phagocytosis, ROS synthesis or the P2X
purinoceptor 7 (P2rx7) channel (Fig. 3a). Inhibition of lysosomal
acidification using bafilomycin A blunted the caspase-1 activation
induced by 5FU or Gem (Fig. 3a and data not shown). 5FU and
Gem induced permeabilization of lysosomes (Fig. 3b). We detected
mature cathepsin B in MDSCs treated with 5FU or Gem (Fig. 3¢ and
Supplementary Fig. 9).

Moreover, we found reduced caspase-1 activation in MDSCs after
5FU or Gem treatment in the presence of a cathepsin B inhibi-
tor!® or in MDSCs transfected with cathepsin B shRNA (Fig. 3d).
Confocal microscopy confirmed that 5FU and Gem induced cathep-
sin B cytosolic release (Fig. 3e). In human MDSCs, caspase-1

activation induced by 5FU was blunted by the cathepsin B inhibitor
(Fig. 3f). In a cohort of patients with metastatic colorectal cancer,
we also observed that infusion of 5FU induced cathepsin B activ-
ity in circulating MDSCs in 16 of 21 patients (P = 0.01) (Fig. 3g).
Together these data demonstrate that 5FU and Gem trigger
NLRP3 inflammasome activation mainly through the release of
cathepsin B in the cytosol as a result of chemotherapy-dependent
lysosome permeabilization.

Cathepsin B directly interacts with Nlrp3

We found that mouse recombinant Nlrp3 and cathepsin B proteins
co-precipitated in vitro (Fig. 4a). We confirmed the specificity of
this interaction using human NLRP3 and cathepsin B recombinant
proteins in a surface plasmon resonance assay (Fig. 4b).

In a cellular system, we also found a specific interaction between
endogenous Nlrp3 and cathepsin B in mouse MSC-2 cells treated
with 5FU (Fig. 4c). We obtained the same results with cell-sorted
MDSCs from tumor-bearing mice, demonstrating that 5SFU triggered
this interaction in MDSCs (Fig. 4d). Nlrp3 contains three protein
domains?’. We generated recombinant vesicular stomatitis virus
(VSV)-tagged Nlrp3 protein deleted in the pyrin domain (PYD), the
NACHT domain or the leucine-rich repeat (LRR) domain (Fig. 4e)
and found that cathepsin B interacted with Nlrp3 deleted in the
PYD or NACHT fragment but not with Nlrp3 deleted in the LRR
fragment (Fig. 4f).

Cathepsin B was readily able to cleave the control protein nucleo-
phosmin but not Nlrp3, suggesting that activation of Nlrp3 by cathep-
sin B is not caused by direct cleavage (Supplementary Fig. 10).
Together, these data demonstrate that 5FU allows a direct interaction
between cathepsin B and the LRR domain of Nlrp3 through release
of cathepsin B from the lysosome.
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Figure 3 5FU- and Gem-induced NLRP3 g
inflammasome activation results from DAPI
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(a) Caspase-1 activation, determined

by flow cytometry, in MSC-2 cells

treated with PBS or 5FU (1 uM) in the
absence or presence of cytochalasin D

(200 nM), oxi ATP (150 uM),

N-acetylcysteine (NAC; 10 mM),

apocynin (20 pM) or bafilomycin Al

(10 nM) for 24 h or K* (140 mM) or
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integrity, measured using lysotracker, of MSC-2
cells treated with PBS, 5FU (1 uM) or Gem (27 nM).
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The inset shows a representative lysotracker signal (PBS-treated cells, red; 5FU-treated cells, green). (c) Cathepsin B activity, assessed by fluorometry,
of the cells described in b. AU, arbitrary units. (d) Caspase-1 activation, determined as in a, in MSC-2 cells incubated in the absence or presence of
the cathepsin B (Cath B) inhibitor CAO74Me (33 uM) or transduced with control shRNA (shCTL) or cathepsin B shRNA (shCtsb) and treated as in b.
(e) Colocalization of cathepsin B and CD107a, assessed by confocal microscopy, in MSC-2 cells cultured on glass, treated for 24 h as in Figure 2b
and fixed and stained for cathepsin B and CD107a. Scale bar, 10 um. (f) Caspase-1 activation, assessed by flow cytometry, in HLA DR-CD14-CD33*
MDSCs derived from PBMCs of patients with cancer that were cultured with PBS or 5FU (40 uM) in the presence or absence of CAO74Me for 2 d.

(g) Cathepsin B activity, assessed by fluorometry, in PBMCs from patients with colon cancer obtained before and 1 d after in vivo 5FU treatment. Data

are representative of one out of four experiments and are the mean + s.e.m. (a—

IL-1B production restrains 5FU antitumor effect

Genetic inactivation of Nlrp3 or Caspl enhanced the antitumor effi-
cacy of 5FU against EL4 thymoma growing in vivo (Fig. 5a). Whereas
all wild-type mice died within 30 d, 42% and 30% of CaspI~/~ and
Nlrp3~/~ mice, respectively, remained tumor free 60 d after 5FU treat-
ment (Supplementary Table 1). Anakinra is a recombinant soluble
IL-1Ra. Administration of anakinra enhanced the antitumor effi-
cacy of 5FU in the EL4 tumor model and the combination induced
cure in 45% of the mice (Fig. 5b). Notably, MDSC depletion before
5FU treatment aborted the antitumor effect of the IL-1Ra. Similarly,
the enhanced efficacy of 5FU treatment in Nlrp3~/~ and Caspl~/~
mice was abrogated by MDSC depletion (Supplementary Table 1).
We extended this observation to three other experimental tumor
models: 4T1 mammary carcinoma, B16F10 melanoma and Lewis
lung carcinoma (LLC) (Fig. 5¢).

We noted that neither IL-1f nor IL-1Ra had an impact on the direct
cytotoxic effect of 5FU in the EL4, B16, LLC or 4T1 tumor cell models
(Fig. 5d and Supplementary Fig. 11). In addition, genetic inactivation
of IL-1R markedly enhanced the antitumor efficacy of 5FU against
EL4 thymomas in vivo, thus demonstrating that IL-1 does not exert
its effect on tumor cells but rather on host cells (Fig. 5e).

IL-1B production enhances IL-17 production by CD4+ T cells

IL-1B has a crucial role in inflammation?!, as illustrated by its ability
to induce IL-17 secretion from proinflammatory CD4* T cells?>23.
IL-1P has also been implicated in CD8* T cell activation®. We found
that although high concentrations of IL-1f were required for activating

e). *P < 0.05 by Wilcoxon rank-sum test.

CD8* T cells (Supplementary Fig. 12), low concentrations of IL-1f,
similar to those released by MDSCs as a result of 5FU treatment,
were sufficient to trigger IL-17 production by CD4* cells (Fig. 6a)
but did not induce production of IFN-y or IL-4, expression of
forkhead box P3 (Foxp3) or activation of CD8* T cells (data not
shown). Notably, CD4 depletion enhanced the antitumor effect
of 5FU but did not improve the effect of the combination of 5FU
plus IL-1Ra, suggesting that CD4* T cells limit 5FU efficacy in an
IL-1-dependent manner (Fig. 6b). In contrast, CD8* T cell depletion
had no impact on the antitumor efficacy of 5FU or 5FU plus IL-1Ra
(Supplementary Fig. 13).

We found that naive T cells cultured with MDSCs isolated from
tumor-bearing mice treated with Gem or 5FU differentiated into
IL-17-producing CD4* T cells in an IL-1-dependent manner
(Fig. 6¢). To validate the involvement of the NLRP3 inflammasome in
IL-17 secretion from CD4* T cells, we cultured naive T cells with MDSCs
from tumor-bearing wild-type, CaspI~/~, Nlrp3~/~, cathepsin B-
deficient (Ctsb~/~) or P2rx7~/~ (control) mice treated with or with-
out 5FU. We found that only wild-type or control P2rx7~/~ MDSCs
from tumor-bearing mice treated with 5FU were able to enhance IL-17
production by CD4* T cells in an IL-1-dependent manner, whereas
Casp1~/=, Nlrp3~'~ and Ctsb~/~ MDSCs were unable to do so (Fig. 6¢).
We confirmed these results using ROR-yt-GFP mice (Supplementary
Fig. 14). In vivo, 5FU and Gem enhanced the capacity of CD4* cells
in tumor-draining lymph nodes to produce IL-17 in a caspase-1-
dependent manner; however, caspase-1 deficiency did not affect IL-4
or IFN-y secretion by these cells (Fig. 6d and data not shown).
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Figure 4 NIrp3 binds to cathepsin B. (a) Immunoprecipitation (IP) and
western blot performed using antibodies to Nirp3 or cathepsin B (Ab)

or isotype control antibodies (Ig). Recombinant mouse Nirp3

protein synthesized in vitro using a cell-free system and incubated

with recombinant mouse cathepsin B (Cath B) for 1 h before
immunoprecipitation. (b) Surface plasmon resonance studying the
binding of NIrp3 (10 nM) to a cathepsin B protein chip and a rat
albumin serum (RSA) control chip. (¢) Immunoprecipitation and western
blots performed as in a of MSC-2 cells treated with PBS or 5FU (1 uM)
for 24 h. (d) Immunoprecipitation performed with antibody to

cathepsin B followed by western blot performed with antibody to Nirp3 of
cell-sorted splenic MDSCs from EL4 tumor—bearing mice 24 h after
treatment with PBS or 5FU (50 mg per kg body weight). (e) The design
of VSV-tagged recombinant mouse Nirp3 deleted (A) in the PYD or

the NACHT or LRR domain. (f) Immunoprecipitation and western blot
performed as in a on the truncated Nirp3 proteins described in e and
incubated with recombinant mouse cathepsin B. Data are representative
of one out of three experiments (a—f).

We also found an increased frequency of CD4*GFP™ cells in the
tumor-draining lymph nodes of ROR-yt—-GFP mice after treatment
with Gem or 5FU. This increase was abrogated by IL-1Ra injection
(Supplementary Fig. 15). In humans, we found enhanced production
of IL-17 in peripheral blood mononuclear cells (PBMCs) 14 d after
5FU treatment (Fig. 6e).

IL-17 has been reported to promote angiogenesis**-2°, resulting
in tumor progression. In mice, we found that in vivo 5FU drove the
expression of T helper type 17 (Ty17) cell-related genes (Il17a and
Rorc) in the tumor bed, as well as the expression of angiogenesis-
related genes (Eng and Pecam1), whereas we did not observe increased
expression of these genes when we used 5FU plus IL-1Ra (Fig. 6f).
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As MDSC-derived IL-1B enhanced IL-17 secretion from CD4*
T cells, we tested whether the enhanced antitumor effect between 5FU
and the inhibition of IL-1p relied on downregulation of IL-17. 5FU
showed a better antitumor efficacy in I/17a~/~ mice compared to its
effect in wild-type mice (Fig. 6g), and IL-1Ra did not enhance the effi-
cacy of 5FU in I117a~/~ mice (Fig. 6g). Together these data demonstrate
that 5FU drives IL-1-dependent CD4" T cell polarization into IL-17-
producing cells and IL-17 limits the therapeutic effect of 5FU.
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Figure 5 NLRP3-dependent IL-1B production restrains the antitumor effect of 5FU. (a) Tumor growth, monitored three times a week, in EL4 tumor—
bearing WT, Nirp3-/- and Casp1~'- mice that received PBS (left) or 5FU (50 mg per kg body weight; right) 10 d after tumor-cell injection. (b) Tumor
growth, monitored as in a, in EL4 tumor—bearing WT mice treated with PBS or IL-1Ra (1.5 mg per kg body weight) three times a week that also received
PBS (left) or 5FU (50 mg per kg body weight; right) 10 d after tumor-cell injection. (c¢) Tumor growth, monitored as in a, in WT mice with 4T1, B16

or LLC tumors treated with PBS or IL-1Ra (1.5 mg per kg body weight) three times a week that also received PBS or 5FU (50 mg per kg body

weight) at days 5 and 7 (4T1 and LLC) or days 5, 7 and 9 (B16). Tumor sizes at days 20 (4T1), 18 (B16) and 30 (LLC) are shown. (d) Viability

of EL4 cells treated with increasing doses of 5FU alone or with IL-1B (200 pg mI=1), IL-1Ra (10 nM) or both assessed after 2 d by flow cytometry.

(e) As described in a but using //1r1~- and WT mice. Data are representative of one out of three experiments and are the mean + s.e.m. (a—e).

*P < 0.05 by Wilcoxon rank-sum test.
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DISCUSSION

Here we show that 5FU and Gem induce direct activation of the
NLRP3 inflammasome through the release of cathepsin B from
lysosomes, leading to secretion of IL-1B, production of IL-17 and
tumor growth. Although we previously reported a positive antitu-
mor immune effect of 5FU caused by its capacity to deplete MDSCs?,
5FU also induces IL-1f release by MDSCs. IL-1P production could
thereby restrain the beneficial effect of MDSC depletion. The in vivo
relevance of these events may be explained by their temporal dissocia-
tion. However, we were unable to induce MDSC depletion without
caspase-1 activation by modulating 5FU dose, suggesting the rationale
of combining IL-1 inhibition with 5FU treatment.

In this report we demonstrate that 5FU and Gem do not induce
ROS activation or potassium efflux in MDSCs, two classical activators
of the inflammasome, but they do trigger NLRP3 activation through
lysosome permeabilization and cathepsin B release. In addition,
we show that cathepsin B induces a direct activation of Nlrp3 by bind-
ing to its LRR fragment without inducing cleavage.

Our observation underscores an atypical mode of caspase-1 activa-
tion that occurred 12 h after the stimulus induced by 5FU or Gem.

—A— J117a”" PBS
400 {-O- 117a”" IL-1Ra

400 1~ WT 5FU
—B WT5FU IL-1Ra
—A— [[17a™" 5FU

300 L

—O- ll17a™" 5FU IL-1Ra

1 0
10 20 0 10 20 30

Time (d)

This delay is very different from those usually observed with other
ligands. This result may be expected because of the requirement of
5FU to metabolize and integrate into DNA to exert its effects. In our
observations, 5FU induced caspase-1 activation through lysosome
destabilization. These data are in line with a previous study in which
5FU was shown to exert its cytotoxic effect through BCL2-associated
X protein (Bax) activation, which is known to induce mitochondria
and lysosome disruption?”. In our model, we found that Bax inactiva-
tion using shRNA blunted lysosome permeabilization and caspase-1
activation in MDSCs (Supplementary Fig. 16), thus linking this spe-
cific mechanism of 5FU cytotoxicity on MDSCs with its capacity to
trigger caspase-1 activation in these cells.

Chronic inflammation is recognized as an important event in
carcinogenesis and tumor progression?8-31. For example, chronic
overactivation of the IL-1B system3? has been considered a tumor-
promoting condition, arguing in favor of IL-1f inhibition for tumor
prevention or therapy33-3°. In addition, IL-1B was previously shown
to negatively regulate anticancer immune responses through its capac-
ity to induce MDSC expansion®’. In another model, the expression
of Nlrp3 in the tumor microenvironment diminishes antitumor
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immunity and vaccine efficacy by facilitating the migration of MDSCs
to the tumor site38, thus proposing another deleterious mechanism of
action of the NLRP3 inflammasome in the context of cancer. IL-1
was also shown to induce the generation and expansion of Ty17 cells,
which could promote tumor growth by signal transducer and activa-
tor of transcription 3 (Stat3) activation in tumor cells®. Stat3 then
exerts proangiogenic functions that drive pathologic neoangiogenesis
in tumors?.

In sharp contrast, we have previously shown that some antican-
cer chemotherapeutic agents such as anthracyclines induced a spe-
cific mode of death called immunogenic cell death*!. This type of
tumor-cell death elicits an immune response that requires calreticulin
externalization®?, high mobility group box 1 (HMGBI1) secretion??,
autophagy induction** and IL-1p signaling for the priming of anti-
cancer CD8* T cells®, suggesting that acute inflammation triggered by
chemotherapy is beneficial for anticancer responses. This discrepant
result may be explained by the fact that 5FU and Gem do not induce
immunogenic tumor-cell death®. Consequently, these drugs do not
favor the cross priming of tumor antigens by dendritic cells and CD8*
T cell activation. In addition, the effects of IL-1f may depend on its
concentration. Although even at low concentrations IL-1f3 is able to
enhance IL-17 production by T cells, only high concentrations drive
CD8* T cell activation®?3. These data may help to explain the ambigu-
ous role of IL-1B during tumor growth and treatment.

The specific mechanisms underlying the capacity of Gem and 5FU
to target MDSCs remains unclear. We found that MDSCs have low
expression of thymidylate synthase and cytidine deaminase, the rate-
limiting enzymes that protect from 5FU- and Gem-induced cell death,
respectively (Supplementary Fig. 17). In addition, the expression of
these enzymes was inversely correlated with caspase-1 activation (data
not shown). These data suggest that the specificity of 5FU and Gem
in targeting MDSC:s is the result of an enzymatic deficiency.

This report unravels a new mechanism of resistance to chemo-
therapy by highlighting the downside of two widely used anticancer
cytotoxic agents, 5FU and Gem. Although these drugs induce MDSC
killing and thus impede tumor-induced immunosuppression, they
also mediate cathepsin B-dependent activation of the NLRP3 inflam-
masome. Consecutive IL-1[ release promotes a state of inflamma-
tion that enhances IL-17 production and accelerates tumor growth.
As caspase-1 activation in MDSCs and IL-1f production can also be
detected in patients treated with 5FU for metastatic colon cancer, our
work supports the use of inhibitors of IL-1p or the NLRP3 inflamma-
some in combination with 5FU or Gem to enhance their efficacy.

METHODS
Methods and any associated references are available in the online
version of the paper.

Note: Supplementary information is available in the online version of the paper.
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ONLINE METHODS

Mice. For all experiments, only female mice were used. Nlrp3~/~ transgenic
mice were provided by J.-L.C. P2rx7~/~ transgenic mice were obtained from
J.K. Casp1~/=, 1117a~'=, ll1r1~/~ and ROR-yt-GFP mice were given by B.R., and
Ctsb™'~ mice were provided by T. Reinheckel. All mice were on a C57BL/6 back-
ground. Female C57BL/6 and BALB/c mice (aged 6-8 weeks) were obtained
from the Centre délevage Janvier and Charles River Laboratories.

Cell lines. MSC-2 is an immortalized MDSC cell line obtained from BALB/c
Gr-1* splenocytes and was obtained here from V. Bronte (Istituto Oncologico,
Padova, Italy). EL4 thymoma cells, LLC cells and B16F10 melanoma cancer cells
(all syngenic from C57BL/6 mice), 4T1 mammary adenocarcinoma cancer cells
(syngenic from BALB/c mice) and MSC-2 cells were cultured at 37 °C under
5% CO, in RPMI 1640 with 10% (v/v) FCS supplemented with sodium pyruvate,
penicillin and streptomycin and 4 mM 4-(2-hydroxyethyl)-1-piperazine-
ethanesulfonic acid (HEPES).

Chemotherapeutic drugs. For in vitro experiments, unless otherwise stated,
cells were treated for 24 h with 5FU (Sanofi-Aventis) at 1 uM, Gem (Lilly
France) at 27 nM or oxaliplatin (Teva) at 2.5 WM. For drug screening, Deticene
(Sanofi-Aventis) was used at 430 UM, paclitaxel (Bristol-Myers Squibb) at 175 nM,
mitomycin C (Sigma-Aldrich) at 3 uM and doxorubicin (Pfizer) at 73 nM.

In vivo treatments. To induce tumor formation, 10 EL4, 3 x 10° B16F10, 105
4T1 or 3 x10° LLC cells were injected subcutaneously into mice. All experi-
ments were carried out in accordance with guidelines prescribed by the Ethics
Committee at the University of Burgundy.

EL4 tumor-bearing mice received a single injection of 5FU at 50 mg per kg
body weight or Gem at 120 mg per kg body weight 10 d after tumor-cell injection
(tumor size, 100-120 mm?). BI6F10 tumor-bearing mice were treated with three
injections of 5FU at 50 mg per kg body weight at days 5, 7 and 9 after tumor-cell
injection. 4T1 and LLC tumor-bearing mice received two injections of 5FU at
50 mg per kg body weight at days 5 and 7. For each model, we chose the minimal
number of 5FU injections that would induce a delay in tumor growth in wild-
type mice. Thirty micrograms of IL-1Ra (Kineret from Biovitrum) were injected
three times a week beginning with the chemotherapeutic treatment at day 10.
All drugs were administrated intraperitoneally.

To deplete CD4 or CD8 cells, mice were injected with 250 ug of CD4-specific
(GK 1.5) or CD8-antibodies (2.43) antibodies (obtained from BioXcell) at days 0
and 3 after chemotherapeutic treatment. To deplete MDSCs, mice were injected
with 200 pg of Gr-1-specific monoclonal antibody (BE0075) from BioXcell at
days —2 and -1 before 5FU injection.

Reagents. Cytochalasin D (C8273), oxi ATP (A 6779), CaCl, (C3881), bafilomy-
cin Al (B1793), LPS and ATP (A7699) were all purchased from Sigma-Aldrich
(St. Louis, MO, USA). N-acetylcysteine was from Zambon, apocynin (17838)
was bought from MERCK, and KCl was purchased from PROAMP. All tissue
culture reagents were bought from Lonza.

Determination of caspase-1 activity. To assess caspase-1 activity, the FAM-
YVAD-FMK fluorescent probe (Immunochemistry Technologies Bloomington)
binding to cleaved caspase-1 was used according to the manufacturer’s instruc-
tions. Briefly, 4 x 10° cells per ml were cultured for 45 min in the presence of the
substrate, and cells were subsequently washed and analyzed by flow cytometry
in the presence of DAPI from Sigma-Aldrich to exclude necrotic cells.

ELISA. Cell culture supernatants were assayed for mouse IL-1B (R&D Systems),
IL-17a (Biolegend) IFN-vy or IL-4 (BD Biosciences, Franklin Lakes, NJ, USA).
Human sera were tested for IL-1B (BD Biosciences and R&D Systems) and IL-17
(Biolegend) according to the manufacturers’ instructions.

Flow cytometry analyses. Fluorescence-activated cell sorting (FACS) analyses
on mouse cells were performed using phycoerythrin-cyanine 7 (PE-Cy7)-con-
jugated antibodies to Gr-1 (RB6-8C5 from ebioscience, San Diego, CA, USA),
PE-conjugated antibodies to CD11c (N418 from ebioscience), Alexa Fluor
700-conjugated F4/80 (BM8 from Biolegend), allophycocyanin (APC)-conju-

gated antibodies to CD11b (M1/70 from abcam, Paris, France), DAPI, fluores-
cein isothiocyanate (FITC)-conjugated annexin V (from BD Pharmingen) and
lysotracker (DND-26 from Invitrogen). All antibodies were diluted to 1:100.

For human cell labeling, we used APC-conjugated antibodies to CD33
(WMS53), PE-conjugated antibodies to CD14 (M5E2) and peridin-chloro-
phyll-protein complex (PercP)- conjugated antibodies to HLA-DR (L243),
all purchased from BD Pharmingen and used according to the manufacturer’s
protocol.

All acquisitions were performed with a BD LSR-II cytometer equipped with
BD FACSDiva software (BD biosciences), and all data were analyzed with
FlowJo software.

Immunoblot analysis. Protein extracts were prepared by lysing cells in boiling
buffer (1% SDS, 1 mM sodium vanadate and 10 mM Tris, pH 7.4) in the presence
of complete protease inhibitors (Roche diagnostics) for 10 min at 4 °C. Viscosity
of the samples was reduced by sonication. Protein concentration was measured
using the Bio-Rad DC protein assay kit. Protein lysates were incubated in load-
ing buffer (125 mM Tris-HCL, pH 6.8, 10% B-mercaptoethanol, 4.6% SDS, 20%
glycerol and 0.003% bromophenol blue), heated at 95 °C for 5 min and then sepa-
rated by SDS-PAGE and electroblotted to a nitrocellulose membrane (Schleicher
and Schuell). After incubation for 2 h at room temperature with 5% nonfat milk
or BSA in Tris-buffered saline and 0.1% Tween 20 (TBS-Tween), membranes
were incubated overnight with primary antibody diluted in 5% nonfat milk or
BSA in TBS-Tween, washed, incubated with secondary antibody for 30 min at
room temperature and washed again before analysis with luminol reagent (Santa
Cruz Biotechnologies).

Rabbit polyclonal antibody to mouse caspase-1 was purchased from Invitrogen
(AHZ0082, 1:1,000) or Santa Cruz (M-20, 1: 200). Rat monoclonal antibody to
mouse IL-1f was obtained from R&D Systems (166926, 1:500). Mouse mono-
clonal antibodies to the following were used: B-actin (A1978, 1:5,000) and
VSV-G (V4888, 1:1,000) (Sigma-Aldrich) and Nlrp3 (Cryo2, 1:1,000, Enzo Life
Sciences). Goat polyclonal antibody to cathepsin B (S-12, 1:200) was obtained
from Santa Cruz.

Immunoblot analysis of mice serum. Two-hundred microliters of mouse
serum was immunoprecipitated using rat monoclonal antibody to mouse IL-1f3
(166926, 1:125, R&D Systems) and analyzed using immunoblot analysis.

Cell proliferation assay. For the cell proliferation assay, 4T1, B16, LLC or EL4
cells were seeded at 1 x 10 cells per well in a 96-well plate. To assess the impact
of IL-1P on tumor-cell survival after 5FU treatment, cells were treated for 24 h
with IL-1P (200 pg ml~!) before receiving 5FU. Two days after 5FU treatment,
cell survival was determined by crystal violet staining for 4T1, B16 and LLC cells
and flow cytometry using annexin V and DAPI staining for EL4 cells.

Confocal microscopy. Cells were cultured on glass in complete medium. They
were fixed and permeabilized using BD Cytofix/Cytoperm buffer (BD bio-
science) and saturated with BD Perm/Wash containing 5% BSA. The primary
antibodies used were rat antibodies to mouse CD107a (SC71488, 4 g ml~},
Santa Cruz Biotechnology) and goat antibodies to mouse cathepsin B (SC6493,
4ugml~!, Santa Cruz), and the secondary antibodies used were antibodies to rat
Alexa 488 (1:1,000) and antibodies to goat Alexa 594 (1:1,000) from Invitrogen.
Samples were observed with a LEICA TCS SP2 microscope (Leica microsystem
SAS). Pictures were merged using Image].

Recombinant proteins. Recombinant human NLRP3 protein (H00114548-P01)
was obtained from Abnova, and recombinant human cathepsin B (953-CY) and
mouse cathepsin B (965-CY) were purchased from R&D Systems.

To synthesize recombinant mouse Nlrp3 and VSV-tagged recombinant mouse
Nlrp3 deleted in the PYD or the NACHT or LRR domain, we used the TNT T7
quick-coupled transcription/translation system from Promega according to the
manufacturer’s instructions.

Plasmid constructs. The sequence coding for Nlrp3 was inserted in the pCR3-
VSV N-ter plasmid (kind gift from P. Schneider). Nirp3 deleted in the PYD or
the NACHT or LRR domain were generated by site-directed mutagenesis with
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the GeneTailor mutagenesis system (Invitrogen). The sequences of the oligo-
nucleotides used are listed in Supplementary Table 2.

Knockdown of Nlrp3, Ctsb or Bax expression in MSC-2 cells. MSC-2 cells were
transduced with MISSION Lentiviral Transduction Particles (Sigma-Aldrich) to
silence Nlrp3, Ctsb or Bax or with negative control particles according to the manu-
facturer’s instructions. Briefly, 1.6 x 10* cells were seeded in 96-well plates, and
the next day, lentiviral particles (multiplicity of infection tested between 0.5 and
10) were added in the presence of 8 ug ml~! of hexadimethrine bromide (Sigma-
Aldrich) for 20 h. Then the medium was removed and replaced by fresh medium
containing 3 ug ml~! of puromycin (Sigma-Aldrich) every 3 d until obtaining resist-
ant cells. Resistant cells transduced with control ShRNA particles and others trans-
duced with shRNA specific for Nirp3, Ctsb or Bax were obtained. Downregulation
of Nlrp3, cathepsin B and Bax was checked by western blotting.

Determination of cathepsin B activity. To assess cathepsin B activity, 2 x 10°
cells were incubated in the presence of a fluorogenic cathepsin B substrate
(100 uM, 219392, EMD chemicals) for 30 min at 37 °C. Fluorometry was then
measured at 460 nm using a Wallac 1440 Victor2 luminometer (PerkinElmer).

Experiments with Human PBMCs. For in vitro experiments, 2.5 x 106 PBMCs
from patients with cancer were cultured in 200 ul of RPMI with PBS or 5FU
(40 uM) in the presence or absence of CA074Me at 33 uM (205531 from
Calbiochem) for 2 d. Caspase-1 activation in HLA DR-CD14-CD33* MDSCs
was assessed using flow cytometry.

For in vivo experiments, PBMCs and sera from patients with colon cancer
were obtained before and 1 d after 5FU treatment. Caspase-1 activation was
determined in HLA DR-CD14-CD33* MDSCs. Experiments were approved by
the local ethical committee (Institutional Review Board of the Centre Georges
Francois Leclerc).

Surface plasmon resonance analysis. The design and fabrication of homemade
chips compatible with surface plasmon resonance was performed as previously
published with the help of the MIMENTO technological platform (Besangon,
France)*.

Biacore experiments were performed with the Biacore 2000 apparatus at
25 °C with a flow rate of 2-30 pl min~!. Human cathepsin B and rat serum albu-
min (both at 15 ug ml~!) were immobilized on chemically activated self-assembly
monolayers of 11-mercapto-1-undecanol (11-MUOH) and 16-mercapto-1-
hexadecanoic acid (16-MHA) (97/3 by mole). Real-time monitoring allowed the
control of 10 femtomoles per mm? of immobilized proteins in each experiment.
Human NLRP3 was injected at 10 nM in PBS buffer according to the Kinject
procedure (association time, 2 min; dissociation time, 3 min).

Coculture of naive T cells with MDSCs. Two days after PBS or 5FU treatment
in vivo, splenic MDSCs from EL4 tumor-bearing mice (tumor size, 80-100 mm?)
and splenic CD4*CD62L* naive T cells from naive mice were sorted by flow
cytometry with a BD ARIA cytometer equipped with BD FACSDiva software
(BD biosciences). Two-hundred thousand naive T cells were cultured with
2 x 10° MDSCs in RPMI in the presence of antibodies to CD3 (5 ug ml~!) and
CD28 (5 pug ml™!) for 3 d. IL-17a production was assessed by ELISA.

Quantitative PCR analysis. Total RNA from T cells was extracted using TRIzol
(Invitrogen). One hundred to three hundred nanograms of RNA were reverse
transcribed into complementary DNA (cDNA) using Moloney murine leuke-
mia virus (M-MLV) reverse transcriptase, random primers and RNAseOUT
inhibitor (Invitrogen). cDNAs were quantified by real-time PCR using a
SYBR Green Real-time PCR kit (Applied Biosystems) on a Fast7500 detection
system (Applied biosystems). Relative mRNA levels were determined using the
ACt method. Values were expressed relative to CD3. The sequences of the
oligonucleotides used are listed in Supplementary Table 2.

In vitro T cell differentiation. Naive CD4*+ T cells (CD4*CD62LM) or naive
CD8* T cells (CD8a*) were isolated from spleens and lymph nodes of C57BL/6
wild-type mice using magnetic beads from Miltenyi Biotec. Naive CD4* T cells
were stimulated with plate-bound antibodies to CD3 (145-2C11, 10 g ml™!)
and CD28 (PV-1, 10 pug ml™!) in the presence of either no cytokines or IL-6
(20 ng ml™!), TGF-B (2 ng ml~!), antibodies to IFN-y (10 ig ml~!) and anti-
bodies to IL-4 (10 ug ml~!) to obtain Ty0 and Ty17 cells, respectively. Naive
CD8" T cells were stimulated with plate-bound antibodies to CD3 and CD28,
and IL-12 (10 ng ml~!) was added to obtain Tcl cells. Mouse IL-1(3 (401-ML),
IL-6 (406-ML), IL-12 (419-ML) and TGF-f3 (100-B)were all purchased from
R&D Systems. Antibodies to IL-4 (1B11) and IFN-y (XMG1.2) were obtained
from BioXcell.

Bone marrow-derived dendritic cells. Bone marrow-derived dendritic cells were
propagated in Iscove’s Modified Dulbeccos Medium (IMDM) (Sigma-Aldrich)
supplemented with penicillin (100 UI ml~}; Gibco), streptomycin (100 pig ml~;
Gibco), L-glutamine (Gibco), 2-mercaptoethanol (50 uM; Sigma), 10% heat-
inactivated endotoxin-free FCS (Gibco) and granulocyte-macrophage colony-
stimulating factor (GM-CSF) (20 ng ml~!; R&D Systems). Dendritic cells were
used between days 10 and 12 when the proportion of dendritic cells within the
culture was above 80%, as determined by coexpression of CD11c and MHC class
IT antigens.

Isolation of mouse peritoneal macrophages. Peritoneal cells were isolated by
lavage with 4 ml of ice-cold PBS containing NaCl (150 mM; Sigma-Aldrich). Cells
were seeded in 24-well plates in culture medium. Twenty-four hours later, the super-
natant was discarded, and the adherent cells were regarded as macrophages.

Statistical analyses. Results are shown as means + s.e.m., and comparisons of
datasets were performed using unpaired Student’s ¢ test (test group compared
to control group). For human experiments, paired ¢ test was used to compare
samples from the same patients before and after 24 h of 5FU treatment, and
Wilcoxon matched-pairs signed-rank test was used to compare samples from the
same patients before and 14 d after 5FU treatment. Differences in survival in the
tumor growth experiments were assessed using Fisher’s exact test. We performed
statistical calculations with GraphPad Prism 5. All P values were two tailed.
P <0.05 was considered statistically significant for all experiments.

45. Boireau, W., Rouleau, A., Lucchi, G. & Ducoroy, P. Revisited BIA-MS combination:
entire “on-a-chip” processing leading to the proteins identification at low femtomole
to sub-femtomole levels. Biosens. Bioelectron. 24, 1121-1127 (2009).
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