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Abstract

Host immunity controls the development of colorectal can-
cer, and chemotherapy used to treat colorectal cancer is likely to
recruit the host immune system at some level. Athough pre-
clinical studies have argued that colorectal cancer drugs, such as
5-fluorouracil (5-FU) and oxaliplatin, exert such effects, their
combination as employed in the oncology clinic has not been
evaluated. Here, we report the results of prospective immuno-
monitoring of 25 metastatic colorectal cancer (mCRC) patients
treated with a first-line combination regimen of 5-FU, oxali-
platin, and bevacizumab (FOLFOX-bevacizumab), as com-
pared with 20 healthy volunteers. Before this therapy was
initiated, T regulatory cells (Treg), Th17, and granulocytic
myeloid-derived suppressor cells (gMDSC) were increased sig-
nificantly in mCRC, but only a high level of gMDSC was
associated with a poor prognosis. Chemotherapy modulated

Introduction

Colorectal cancer is the fourth most commonly diagnosed
cancer worldwide and is a major cause of cancer-related deaths.
Numerous studies have demonstrated a link between chronic
inflammation and many cancers, including colorectal cancer. For
example, inflammatory bowel disease is associated with increased
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the Treg/Th17 balance by decreasing Treg and increasing Th17
cell frequency by 15 days after the start of treatment. Increased
Th17 frequency was associated with a poor prognosis. FOL-
FOX-bevacizumab treatment elicited a decrease in gMDSC in
15 of 25 patients and was associated with a better survival
outcome. Notably, the gMDSCs that expressed high levels of
PD-L1, CD39, and CD73 exerted a robust immunosuppressive
activity, relative to other myeloid cells present in blood, which
could be reversed by blocking the CD39/CD73 and PD-1/PD-L1
axes. Our work underscores the critical prognostic impact of early
modifications in Th17 and gMDSC frequency in mCRC. Further-
more, it provides a clinical rationale to combine FOLFOX-bev-
acizumab chemotherapy with inhibitors of ATP ectonucleotidases
and/or anti-PD-1/PD-L1 antibodies to more effectively treat this
disease. Cancer Res; 76(18); 5241-52. ©2016 AACR.

incidence of colorectal cancer (1). Colorectal cancer is controlled
by the immune system: Accumulating evidence shows that T-cell
infiltration of primary tumors is associated with better prognosis
(2, 3). Similar findings were also observed in patients with
metastatic colorectal cancer (mCRGC; ref. 4). In particular, infil-
tration with memory CD8 T cells, follicular helper T cells, or
regulatory T cells (Treg) is associated with better tumor prognosis
in colorectal cancer (5-7). However, infiltration with Th17 cells is
associated with poor prognosis (8) due to the secretion of proin-
flammatory cytokines like IL17A, which can promote angiogen-
esis or other protumor effects (9).

Myeloid-derived suppressor cells (MDSC) are a heterogeneous
population composed of myeloid cells blocked at several stages of
differentiation. These cells were observed to accumulate in the
blood, lymph nodes, bone marrow, and tumor sites of tumor-
bearing patients and in experimental animal models of cancer
(10, 11). These cells are characterized by their ability to inhibit
both innate and adaptive immune responses, thus having a
negative effect on antitumor immunity (12). In humans, MDSCs
are not well characterized, partially because no unified markers
are currently available for these cells. However, these cells typi-
cally express the common myeloid markers, CD33 and CD11b,
but lack markers of mature myeloid cells, such as HLA-DR. Among
human MDSCs, the monocytic subset comprises CD14 7 cells, and
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the granulocytic subset comprises CD15"% cells (13, 14). We
previously reported that 5-fluorouracil (5-FU) could induce
MDSC depletion in mouse models of cancer (15) but enhance
Th17 cell accumulation (15, 16).

Currently, mCRC patients are frequently treated in front line
with a combination of chemotherapies, which associates 5-FU
with either oxaliplatin (FOLFOX) or irinotecan (FOLFIRI). In
addition to the chemotherapeutic regimens, patients are often
treated with biotherapies, such as antiangiogenic agents like the
anti-VEGF mAb bevacizumab or anti-EGFR mAb. The effect of
such combination chemotherapies on peripheral immune
responses is currently poorly explored. In addition, the prognostic
value of initial immune parameters and their putative alteration
by chemotherapy is also unknown.

In this work, we have first compared blood repartition of
memory T-helper cells and MDSC [granulocytic MDSC (gMDSC)
and monocytiic MDSC (mMDSC)] subsets in 20 healthy volun-
teers versus 25 consecutive mCRCs treated with FOLFOX plus
bevacizumab combination as first line and tested the association
of immune parameters with patients' outcome.

Patients and Methods

Patients and healthy donors

Between January 2014 and October 2014, we collected whole
blood from healthy volunteers (n = 20) and mCRC patients
(n = 25) at the Centre Georges Francois Leclerc (Dijon, France).
mCRC patients were diagnosed in our cancer center and were
proposed to be treated with FOLFOX plus bevacizumab as a
first-line regimen. FOLFOX regimen was given every 14 days
as follows: oxaliplatin (85 mg/m? over 2 hours), leucovorin
(400 mg/m? over 2 hours), and 5-FU (400 mg/m? bolus, then
2,400 mg/m? over 46 hours). Bevacizumab was given at a dose
of 5 mg/kg once every 2 weeks.

After 12 cycles or sooner in case of toxicity, responder patients
received a maintenance treatment with bevacizumab, leucovorin
(400 mg/m? over 2 hours), and 5-FU (400 mg/m? bolus, then
2,400 mg/m? over 46 hours every 2 weeks). All patients must have
received at least four cycles of chemotherapy to be evaluable.
Tumor response was prospectively assessed every four cycles
according to RECIST criteria by CT scan (17). Treatment was
repeated until the occurrence of disease progression or unaccept-
able toxicity, whichever occurred first.

Validation set

We added another study of immunomonitoring performed on
20 patients treated in Centre Georges Fran¢ois Leclerc formCRC in
second or third line by 5-FU-based chemotherapy plus bevaci-
zumab combination.

All patients gave informed consent approved by the local
Ethics Committee. The collection of blood sample is authorized
by the French authorization (nr. AC2014-2460). No additional
blood samples beyond those required for routine testing were
taken. Whole blood of mCRC patients was sampled before
(DO) and after chemotherapy (D15, D30, and D60) on EDTA-
K2 tubes (BD Biosciences) for complete blood count, which
was performed in our Clinical Biology Unit (Centre George
Frangois Leclerc) and on heparinized tube for leucocyte phe-
notyping. All analyses were performed following the first 6
hours after sampling. Review of pathology reports confirmed
the diagnosis. Information regarding clinical, pathologic, and
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biological characters of patients and healthy volunteers is
presented in Supplementary Table S1.

Flow cytometry

Antibodies and cytometry procedure. Anti-CXCR3-PE-Vio700
(REA232), anti-CCR6-PE (REA190), anti-CD25-APC (4E3),
anti-CD45RA-APV-Vio770 (T6D11), anti-CD4-VioGreen (VIT4),
anti-CD8-VioGreen ~ (BW135/80),  anti-CD33-APC-Vio770
(AC104.3E3), anti-HLA-DR-Vioblue (AC122), anti-CD15-Vio-
Green (VIMCG), anti-CD14-PerCP-Vio700 (TUK4), anti-CD3-
FITC (BW264/56), anti-CD56-FITC (REA136), anti-CD19-FITC
(LT19), anti-CD20-FITC (LT20), anti-TNF-0-PE (REA656), and
anti-Foxp3-PE (3G3) were purchased from Miltenyi Biotec. Anti-
CCR4-BV450 (1G1), anti-PD-L1-APC (MIH1), anti-Ki-67-
eFluor450 (20Raj1), and anti-PD-1-PerCP-eFluor710 (J105) were
purchased from BD Biosciences and eBioscience, respectively.
Anti-CD4-Alexa Fluor 700 (RPA-T4), anti-CD39-PE (Al), anti-
CD73-Brillant Violet 421 (AD2), and anti-IL17A-Pacific Blue
(BL168) were purchased from BioLegend. All events were
acquired by a BD LSR-II cytometer equipped with BD FACSDiva
software (BD Biosciences), and data were analyzed using Flow]Jo
software (Tree Star).

Leucocyte population identification and numeration. For leucocytes
identification by flow cytometry, whole blood removed to hep-
arinized tube (100 pL) was stained with different antibody
cocktail for 45 minutes at room temperature. For MDSC identi-
fication, we used lineage cocktail (CD3, 56, 19, and 20), CD33,
CD15, CD14, and HLA-DR antibody. For Treg analysis, we used
CD4, CD45RA, CD25, and Foxp3 antibodies, and for other T-
helper subsets, we used CD4, CD45RA, CD25, CCR6, CXCR3, and
CCR4 antibodies. The gating strategy is described in Supplemen-
tary Fig. S1 and S2. After surface staining, 2 mL of red blood cells
lysis solution (BD Biosciences) was added for 10 minutes, cen-
trifuged (400 x g 5 minutes), and then resuspended in flow
cytometry buffer (eBioscience). Foxp3 staining was carried out
according to the manufacturer's protocol using the fixation/per-
meabilization solution (eBioscience).

Suppression assays

To test MDSC subset suppressive activity, total CD3" lympho-
cytes and MDSC subsets were sorted from mCRC patient blood
(around 15 mL). For gMDSC and granulocytes isolation (around
7.5 mL of blood), we used Whole Blood CD15 MicroBeads and
column following the manufacturer's instructions (Miltenyi Bio-
tec). For mMDSC and monocytes isolation (around 7.5 mL of
blood), we performed peripheral blood mononuclear cell
(PBMC) isolation on lymphocyte separation medium (Eurobio).
CD15" cells and PBMCs were then stained with anti-CD33-APC-
Vio770 (AC104.3E3), anti-HLA-DR-Vioblue (AC122), anti-
CD15-VioGreen (VIMCG6), anti-CD14-PerCP-Vio700 (TUK4),
and anti-CD3-FITC (BW264/56) in flow cytometry buffer
(eBioscience) for 30 minutes. Myeloid subsets (gMDSC,
mMDSC, monocytes, and granulocytes) and total T cells were
cell sorted on ARIA-III (BD Biosciences). CD3™ cells were acti-
vated with 2 pg/mL anti-CD3 (Bio X Cell) and anti-CD28 (Bio
X Cell) as effector cells and cocultured with or without gMDSC,
mMDSC, granulocytes, or monocytes (T-cell/myeloid cell ratios
are 10:1 or 25:1) for one week in culture medium (AIM V
Medium, Fisher Scientific) in the presence of 2 umol/L of ATP
(Sigma). In some experiments, the CD39-neutralizing antibody
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(OREGA Biotech, clone BY40, 10 pg/mL) and/or anti-PD-1 anti-
body (Nivolumab, 2 pg/mL) were added. In some experiments,
TNFo and Ki67 expression was assessed in CD3™ T cells by flow
cytometry after 24 hours of coculture with or without MDSCs. This
was performed in the presence of anti-CD3 (2 pg/mL, Bio X Cell)
and anti-CD28 (2 ug/mlL, Bio X Cell). Mouse IgG1 (11711, R&D
Systems) and human IgG4 (ET904, eBioscience) antibodies were
respectively used as a control for anti-CD39 and anti-PD-1 anti-
body efficacy.

Measurement of cytokines

After 5 days of culture, cell culture supernatants were assessed
by ELISA for human TNFo (Biolegend) according to the manu-
facturer's protocol.

For intracellular cytokine staining, cells were stimulated for
4 hours at 37°C in culture medium containing PMA (50 ng/mL;
Sigma-Aldrich), ionomycin (1 ug/mL; Sigma-Aldrich), and mon-
ensin (GolgiStop; 1 uL/mL; BD Biosciences). After staining for
surface markers [anti-CD3-FITC (BW264/56)], cells were fixed
and permeabilized according to the manufacturer's instructions
(Fixation/Permeabilization Kit; eBiosciences), then stained for
intracellular products. Antibodies used for intracellular staining
were as follows: phycoerythrin (PE)-conjugated anti-TNFo. or
eFluor 450-conjugated anti-Ki67.

gRT-PCR

Total RNA from T cells was extracted with TRI Reagent
(Ambion), reverse transcribed using M-MLV Reverse Transcriptase
(Invitrogen), and was analyzed by qRT-PCR with the SYBR Green
method according to the manufacturer's instructions using the
7500 Fast Real Time PCR System (Applied Biosystems). Expres-
sion was normalized to the expression of human ACTB. Primers
designed to assess gene expression are as reported in Supplemen-
tary Table S2.

Statistical analyses

For the analysis of data, comparison of continuous data was
achieved by the Mann-Whitney U test or Wilcoxon Test and
comparison of categorical data by Fisher exact test, as appro-
priate. All P values are two tailed. P < 0.05 was considered
significant. Data are represented as mean + SEM. All patients
were followed up until death or the end of data recording (May
30, 2015). Progression-free survival (PFS) was calculated from
the date when therapy started to the date of disease progression,
and overall survival was calculated from the date when therapy
started to the date of death. Median follow-up with its 95%
confidence interval (CI) was calculated using the reverse
Kaplan-Meier method. Survival probabilities were estimated
using the Kaplan-Meier method, and survival curves were
compared using the log-rank test. Analyses were performed
using MedCalc Software.

Determination of the required number of patients

We proposed to separate patients using median as a cutoff to
have comparable number of patients in the two groups. The rate of
PFS under FOLFOX-bevacizumab is about 60% at 6 months (18).
We decided to only foster on clinically relevant biomarker that
could separate a group of patients with 6 months PFS rate of 40%
versus 80%. With a risk o of 5% and a power of 80%, we needed a
minimum of 11 patients per group to detect a difference. For this
reason, we decided to include 25 patients.

www.aacrjournals.org

MDSC and Th17 in FOLFOX-Bevacizumab-Treated mCRC Patients

Results

Accumulation of Treg and Th17 and Th1 depletion in mCRC
patients

We first analyzed the frequency of circulating immune cell
populations from mCRC patients at baseline compared with
healthy individuals. The clinical characteristics and blood para-
meters of patients and healthy volunteers are summarized in
Supplementary Table S1 and Supplementary Fig. S3. To assess
the frequency of memory T-cell subpopulations, we relied on their
chemokine receptor expression using a gating strategy adapted
from Mahnke and colleagues (19). The transcription factor Foxp3
occurred with a concomitant high expression of CD25, while Th1,
Th2,Th17,and Th17/Th1 cells were analyzed on the basis of their
expressions of CCR6, CXCR3, and CCR4 (Supplementary Fig. S1).
To validate our gating strategy, we analyzed IFNy and IL17A
cytokine expressions in memory T-CD4 cells regarding chemo-
kine receptor expression (Supplementary Fig. S4). The frequency
of memory Th2 cells was comparable between healthy volunteers
and mCRC patients while there was a small decrease in memory
Th1 (P = 0.035) in mCRC (Fig. 1A). In contrast, we observed a
significant increase in the number of Treg (P < 0.0001) and Th17
cells (P = 0.019) while inflammatory Th17 cells expressing the
CXCR3 marker, and called Th17/Th1 in the article, did not
accumulate in mCRC patients (P = 0.071) (Fig. 1A). We then
studied the prognostic role of accumulation of Treg or Th17 cells.
We separated patients into two groups using median as a cutoff,
and we did not observe any association between Treg (P = 0.68) or
Th17 (P = 0.42) accumulation and PFS during first-line chemo-
therapy and overall survival (Fig. 1B and C and not shown). Th1,
Th2, and inflammatory Th17 cells were also not associated with
prognosis (not shown). Together, these data show alterations in
the frequency of memory T-helper populations in mCRC patients
compared with healthy donors. However, these changes do not
seem to affect tumor prognosis.

Effect of FOLFOX-bevacizumab regimen on subsets of memory
CDA4 T cells

Chemotherapy using 5-FU was shown to affect both MDSC
levels and T-cell polarization (15, 16). Oxaliplatin was also shown
to improve antitumor T-cell functions via a mechanism called
immunogenic cell death (20). We observed that one cycle of
chemotherapy did not significantly alter the number of circulating
lymphocytes (Supplementary Fig. S5). T-helper frequencies (Th1,
Th2, Treg, Th1/Th17, and Th17) were monitored at days 0, 15, 30,
and 60 after chemotherapy. In the 25 mCRC patients, we did not
observe any change in the frequency of Th1, Th2, and Th17/Th1.
For Treg and Th17 cells, we observed only a respective decrease
(P =0.013) and increase (P = 0.047) frequency at day 15 that did
not persist during follow-up (Fig. 2A). As a control, we could not
detect significant modification of Treg and Th17 frequencies in
untreated patients (data not shown). Importantly, when we
focused on the impact of modifications of memory CD4 T-helper
cell frequency on PFS, we observed a subset of patients whose Treg
number is decreased 15 days after the first cycle of chemotherapy.
This modulation is maintained during the whole follow-up (D30,
P =0.021; D60, P = 0.013). Nevertheless, Treg frequency mod-
ulation at day 15 was not associated with PFS (P = 0.42; Fig. 2B
and C). Concerning Th17 cells' frequency modulation, we also
observed a subset of patients whose Th17 percentage increased
15 days after the first cycle of chemotherapy. This increase is only
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Treg, Th17 accumulation, and Th1 depletion in mCRC patients. A, whole blood of healthy volunteers or mCRC patients was stained with anti-CD4, anti-CD45RA,
anti-CCR®, anti-CXCR3, anti-CCR4, anti-CD25, and anti-Foxp3 antibodies and analyzed by flow cytometry. The frequency of memory CD4 (CD45RA™ CD4™),
Th1 (CCR6™ CXCR3"), Th2 (CCR6~ CXCR3~ CCR4), Th17 (CCR6" CXCR3 ™), Th17/Th1 (CCR6" CXCR3™), and Treg (CD25M" Foxp3™) cells is depicted. The
data presented constitute the analyses performed on 20 healthy volunteers and 25 mCRC patients. B, Kaplan-Meier curve of PFS for patients with mCRC
according to the presence of a high or low level of Th17 cells in blood (using median frequency as a cutoff). C, Kaplan-Meier curve of PFS for patients with
mCRC according to the presence of a high or low level of Treg cells in blood (using median frequency as a cutoff).

transitory. However, this increase in Th17 cell frequency at day 15
was associated with a poor PES (P = 0.048; Fig. 2D and E). In the
group of patients with increased Th17 frequency, we observed
46% of partial response after 3 months of treatment, while all
patients presented a partial response upon RECIST criteria in the
group of patients with a decrease of Th17 cell frequency (P = 0.03,
Fisher exact test). We could observe similar prognostic role of
Th17 frequency decrease after a cycle of 5-FU-based chemother-
apy plus bevacizumab in a series of 20 metastatic colorectal cancer
patients treated by this protocol in second or third line [median
PES of 7 months vs. 4 months for patients with decreased vs.
increased Th17 frequency (P = 0.04; data not shown)]. Together,
these results show that after the first cycle of chemotherapy, Treg

5244 Cancer Res; 76(18) September 15, 2016

frequency decreased to a normal level while Th17 frequency
increased in some patients. Increased Th17 level is associated
with poor prognosis and resistance to therapy.

Accumulation of MDSCs in mCRC patients

We also investigated the frequency of MDSCs using the Lin~
CD33"%8" HLA-DR ™ cell labeling. Using CD14 and CD15 labeling,
we separated the two types of MDSCs: gMDSCs, which express
CD15 and CD14 marker; and mMDSCs, which express the CD14
marker only (Supplementary Fig. S2). To validate our gating
strategy, we cell sorted from mCRC whole-blood CD15" cells
using magnetic beads. These cells were then separated cells upon
CD33 labeling and we observed that only CD15% CD33Meh

Cancer Research
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Figure 2.

Effect of FOLFOX-bevacizumab regimen on memory CD4 T-cell subsets. A, whole blood of mCRC patients was stained with anti-CD4, anti-CD45RA, anti-CCR6,
anti-CXCR3, anti-CCR4, anti-CD25, and anti-Foxp3 antibodies and was analyzed by flow cytometry before (DO) and after (D15, D30, and D60) first-line
chemotherapy. Memory CD4 T-cell frequency is depicted as described in Fig. 1. The data presented constitute the analyses performed on 25 mCRC patients.
B, evolution (DO, D15, D30, and D60) of Treg cell frequency in the blood of a patient with an induction or a decrease of Treg after chemotherapy (DO vs. D15).
C, Kaplan-Meier curve of PFS for patients with mCRC according to the evolution (increase vs. decrease) of Treg cell frequency in blood before (DO) and

after (D15) chemotherapy. D, evolution (DO, D15, D30, and D60) of Th17 cell frequency in the blood of a patient with an induction or a decrease of Th17 after
chemotherapy (DO vs. D15). E, Kaplan-Meier curve of PFS for patients with mCRC according to the evolution (increase vs. decrease) of Th17 cell frequency in
blood before (DO) and after (D15) chemotherapy. n.s., not significant.

cells exerted immunosuppressive function and could be called
gMDSCs, while CD15" CD33'°% cells did not exert suppressive
function and could be called granulocytes (Fig. 3A-C). For CD14™"
cells isolated from PBMC, all cells expressed CD33 labeling but

www.aacrjournals.org

only cells with HLA-DR!®" expression had immunosuppressive
function and could be called mMDSCs (Fig. 3A-C). In addition,
only CD15% CD33M8" gMDSCs but not CD15 CD33'°% gran-

ulocytes expre:

ssed CD124 (IL4Ra), a classical marker of MDSC
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Figure 3.

Accumulation of MDSCs in mCRC patients. A, graphical representation of cell-sorting experiment performed for analysis of MDSC, monocyte, and granulocyte-
suppressive capacities on autologous T cells. B, representative gating strategy used for T cells, mMDSC, granulocytes, and gMDSC sorting from an mCRC
patient’s whole blood. C, total CD3™ lymphocytes, granulocytes, and gMDSC subsets were sorted from a cancer patient’s blood. Then, CD3™ T cells were activated
with anti-CD3 and anti-CD28 as effector cells and cocultured (in the presence of ATP) with or without myeloid cells at different ratios (1:10 or 1:25, myeloid cells:
T cells) during 5 days. We usually used around 20,000 T cells in our immunosuppression assay. TNFa and Ki67 expressions were assessed using intracellular
staining and were analyzed in CD3™ T cells. One representative experiment is shown (n = 3 mCRC patients). n.s., not significant. D and E, whole blood of
healthy volunteers or mCRC patients was stained with anti-CD33, anti-Lin (i.e., anti-CD3, -CD19, -CD20, -CD56), anti-HLA-DR, anti-CD14, and anti-CD15
antibodies and was analyzed by flow cytometry. The frequency (D) or the absolute count (E) of gMDSC (CD33* Lin™ HLA-DR~"°" CD14~ CD15*) or mMDSC (CD33™*
Lin~ HLA-DR /" CD14* CD15 ) is depicted. The data presented constitute the analysis performed on 20 healthy volunteers and 25 mCRC patients. F, Kaplan-Meier
curve of PFS for patients with mCRC according to the presence of a high or low level of gMDSC cells in blood (using median frequency as a cutoff). G, Kaplan-Meier
curve of PFS for patients with mCRC according to the presence of a high or low level of mMMDSC cells in blood (using median frequency as a cutoff).
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(Supplementary Fig. S2D). The proportion and absolute number
of total MDSCs in peripheral blood from untreated mCRC
patients was significantly increased compared with the proportion
found in healthy donors (P = 0.0027; Fig. 3D). We also observed
that both the frequency (Fig. 3D) and the absolute number (Fig.
3E) of gMDSC (P = 0.0013 and P < 0.001), but not mMDSC (P =
0.15 and P = 0.485), significantly accumulate in the blood of
mCRC patients compared with healthy donors. We then studied
the prognostic role of MDSCs. As described above, we separated
patients into two groups using median MDSC frequency as a
cutoff. We observed that high levels of gMDSC at baseline are
significantly associated with poor PFS [7 months vs. median not
reached (NR), P = 0.04] and overall survival (12 months vs. 23
months, P = 0.04; data not shown), while mMDSC level is not
associated with prognosis (Fig. 3F and G). We also confirmed that
decrease in the frequency of gMDSC is significantly associated
with longer median PES after a cycle of 5-FU-based chemother-
apy plus bevacizumab in a series of 20 colorectal patients treated
by this protocol in second or third line [median PFS 6 months vs.
4 months for patients with decreased vs. increased gMDSC
frequency (P = 0.05; data not shown)]. Together, these data
show that mCRC patients have high levels of MDSCs, and initial
high levels of gMDSCs are associated with poor prognosis.

Effect of FOLFOX-bevacizumab regimen on MDSC frequency

We previously observed that 5-FU induced MDSC cell death
in humans, so we tested the effect of the first cycle of FOLFOX-
bevacizumab chemotherapy on the frequency of MDSCs. We
tested the evolution of MDSC frequency during the first 2
months of treatment. We observed that FOLFOX-bevacizumab
chemotherapy did not impact on total MDSC or mMDSC
frequency. In contrast, we observed a significant decrease in
the number of gMDSCs 2 months after the beginning of the
treatment (P = 0.008; Fig. 4A). As a control, we could not detect
significant modification of MDSC frequency in untreated
patients (data not shown). However, when we studied gMDSC,
we found that 15 of 25 patients have a decreased frequency of
gMDSC after the first cycle of chemotherapy compared with
baseline (Fig. 4B). Analysis of gMDSC frequency at days 30 and
60 after initiation of the treatment confirmed that decreased
frequency of gMDSC is maintained during the whole follow-
up. For the other 10 patients, we did not observe a decrease in
gMDSC frequency. Importantly, we observed that decrease in
the gMDSC frequency is significantly associated with better
prognosis and longer PFS (P = 0.006; Fig. 4C). In contrast for
mMDSC, we observed that patients with a decreased frequency
of mMDSC at day 15 did not maintain this evolution during
the whole follow-up (D30, P = 0.57; D60, P = 0.99). Patients
with an increased frequency of mMDSC at day 15 maintained
this evolution during the whole follow-up (D30, P = 0.0013;
D60, P = 0.006; Fig. 4D). The increase of mMDSC frequency
did not change PFS (P = 0.09; Fig. 4E). We also confirmed that
decrease in the frequency of gMDSC is significantly associated
with longer median PFS after a cycle of 5-FU-based chemo-
therapy plus bevacizumab in a series of 20 metastatic colo-
rectal cancer patients treated by this protocol in second or third
line [median PFS 6 months vs. 4 months for patients with
decreased vs. increased gMDSC frequency (P = 0.05; data not
shown)]. Together, these data show that FOLFOX-bevacizu-
mab induces a decrease of gMDSC, and this decrease is asso-
ciated with better PFS.

www.aacrjournals.org

MDSC and Th17 in FOLFOX-Bevacizumab-Treated mCRC Patients

MDSCs in mCRC patients express high levels of CD73, CD39,
and PD-L1

Previous reports suggested that MDSCs in human cancers could
suppress immunity using PD-L1 and CD39 (14, 21). PD-L1 inter-
acts with PD-1, which is located on the surface membrane of
effector memoryT cells, and transmits an inhibitory signal reducing
the proliferation and activity of these cells. CD39 is an ectonucleo-
tidase that converts extracellular ATP or ADP into AMP. CD39
works together with CD73, another ectonucleotidase that converts
AMP into adenosine, which is the final immunosuppressive mol-
ecule (22). Thus, both enzymes are required to convert ATP into the
immunosuppressive molecule adenosine. We first tested the
expression of PD-L1, CD73, and CD39 in the peripheral different
myeloid cells (gMDSC and mMDSC, granulocytes, and mono-
cytes) of mCRC patients and healthy volunteers. We observed that
gMDSC is the myeloid population that expressed the highest levels
of PD-L1, CD73, and CD39 (Fig. 5A-C). Interestingly, a higher
expression of PD-L1, CD39, and CD73 is observed in gMDSCs of
mCRC patients compared with healthy volunteers, thus suggesting
a more important immunosuppressive activity in mCRC patients
(Fig. 5A-C). We also confirmed that gMDSC of mCRC patients
expressed more Pdl1, Entpdl, and Nt5e (coding for CD39 and
CD73, respectively) mRNA than mMDSC (Supplementary Fig. S6).

To exert its immunosuppressive effect, PD-L1 must encounter
PD-1 on a T cell. We checked the level of expression of PD-1 in
CD4 and CD8 T-cell subsets of mCRC patients and observed a
high expression of PD-1 on memory CD8 T cells in both healthy
volunteers and mCRC patients. In CD4 T cells, PD-1 is only found
on Thl cells and a higher level is found in mCRC patients
compared with healthy volunteers (Fig. 5D-F).

Then, we tested the expression of CD39 and CD73 in effector
CD4 and CD8 T-cell subsets and observed that while CD8 and
CD4 T cells expressed reduced level of CD73 in mCRC patients, a
similar level of CD39 was observed in mCRC patients compared
with healthy volunteers (Fig. 5D-F).

Together, these data demonstrate that in mCRC patients,
gMDSC expressed high levels of PD-L1, CD73, and CD39, while
Th1 and CD8 memory cells expressed PD-1, thus suggesting that
gMDSC could blunt T-cell response using both ectonucleotidases
and PD-L1.

gMDSC blunts T-cell function in a PD-L1- and
ectonucleotidase-dependent manner

To test the immunosuppressive function of MDSC from mCRC
patients, we sorted CD3 ™ T cells and gMDSC and mMDSC from 5
mCRC patients. In an autologous model, we stimulated T cells
with CD3 plus CD28 mAb and added in the culture either gMDSC
or mMDSC in the presence of ATP molecule. As a control, we used
granulocytes in this experiment. We observed that both gMDSC
and mMDSC subsets have an immunosuppressive effect on T
cells, demonstrated by reduced TNFo. and Ki67 proliferation
marker expression, however, gMDSC exert a more important
immunosuppressive effect (Fig. 6A and B). Similar results were
obtained using TNFo ELISA assay (Fig. 6C). Importantly, the
addition of nivolumab, a clinically available anti PD-1 mAb,
and/or the antagonistic anti-CD39 mAb BY40 blunted the immu-
nosuppressive effect of gMDSC on CD3* T cells, while it did not
affect the immunosuppressive effect of mMDSC (Fig. 6A-C).

Together, these data show that gMDSCs that accumulate in
mCRC patients have a high immunosuppressive function that
could be targeted with anti-PD-1 or anti-CD39 antibodies.

Cancer Res; 76(18) September 15, 2016

220z ¥snbny 9z uo ysenb Aq ypd° | ¥2G/8822 1. 2/\ ¥2S/81/9./4Pd-9|d11e/s1190UBd/610"S|BUINO[IOBE//:d)RY WO popeojumoq

5247



Limagne et al.

Total MDSC mMDSC
100 5 100 5
P=0.43 P=0.18
—— P=061 . P08 p_o19
[ ]
10 10 ®o o .0
¥¥
S S Y b
o 0 2 °
8 O.o 8 ] ° o 0
14 o ® 1 -
£ ° £ £ ®
X X N °®
°
0.1+ 0.1
[ ) [ ]
o® ° d
0.01 T T T T 0.01 T T T T 0.01 T T T T
D0 D15 D30 D60 D0 D15 D30 D60 DO D15 D30 D60
B gMDSC gMDSC C gMDSC (evolution DO vs D15)
10 o l‘omop=u,93 P=099 10 - ﬂ"no.oaz P=0.002
——— pr————_ 100
° o —— Decrease
°. ° ) 3
° . ° ° Z sof 1 = Increase
n ° 0 ° 3 [
L S 14 oo 0° S & 60f
> 5 °
g g & ol
[ f— -
- - © o £ 20 | Median =7 vs. NR months
£ o £ e ° a P = 0.006
°\° °\° 0_1_ L 2 1 L L 1
o ° ° 0 2 4 6 8 10 12
) . ° No. at risk Time after inclusion (months)
00
2 . . T 0.0141— . . . Increase:10 10 6 6 1 1 0
D0 D15 D30 D60 DO D15 D30 D60 Decrease:15 14 0 10 7 6 3
mMDSC mMDSC mMDSC (Evolution DO vs. D15)
100 100+
P <0.0001
— P=0013 e P=0gott o oy 2 | — —— Decrease
. Sl = — Increase
10 e® o o 104 o 5 80}
A ° @ oo a [
< ° ol® 14 Lf %, O 8 60}
g : g |
S 14 ° e 3 1, o a °F
3 ° o s L
- ° - ? Median = 8 vs. NR months
< £ o 3 20F pogoe
e\° a\° o T VRN W TR NN SN Y VR N S N T 1
014 . 0.1+ o 0 2 4 6 8 10 12
o o No. at risk Time after inclusion (months)
[ ] o
0'01 T T T T 0'01 T T T T .
DO D15 D30 D60 D0 D15 D30 D60 M 18 1 0 W7 8 B
Decrease: 10 10 6 6 1 1 0
Figure 4.

Effect of FOLFOX-bevacizumab regimen on MDSCs. A, whole blood of mCRC patients was stained with anti-CD33, anti-Lin (i.e., anti-CD3, -CD19, -CD20, -CD56),
anti-HLA-DR, anti-CD14, and anti-CD15 antibodies and was analyzed by flow cytometry before (DO) and after (D15, D30, and D60) first-line chemotherapy.
The frequency of total, gMDSC or mMDSC is depicted as described in Fig. 3D and E. The data presented constitute the analysis performed on 25 mCRC patients.
B, evolution (DO, D15, D30, and D60) of gMDSC cell frequency in the blood of a patient with an induction or a decrease of gMDSC after chemotherapy (DO vs. D15).
C, Kaplan-Meier curve of PFS for patients with mCRC according to the evolution (increase vs. decrease) of gMDSC cells in blood before (DO) and after (D15)
chemotherapy. D, evolution (DO, D15, D30, and D60) of mMDSC cell frequency in the blood of a patient with an induction or a decrease of mMDSC after
chemotherapy (DO vs. D15). E, Kaplan-Meier curve of PFS for patients with mCRC according to the ratio (increase vs. decrease) of mMDSC cells in blood before
(DO) and after (D15) chemotherapy.
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Figure 5.

MDSCs in mCRC patients express high levels of CD73, CD39, and PD-L1. A-C, expressions of PD-L1(A), CD73 (B), and CD39 (C) on gMDSC, mMDSC, granulocytes,

and monocytes are depicted. Top, representative histogram; bottom, individu

al data for healthy volunteers (HV; n = 6; gray circle) and mCRC (n = 14, blue

circle). MFI, mean fluorescence intensity. D-F, expressions of PD-1 (D), CD73 (E), and CD39 (F) on naive CD4 T cells, memory CXCR3" CD4 T cells, naive
CD8 T cells, and memory CD8 T cells are depicted. Top, representative histogram; bottom, individual data for healthy volunteers (n = 6, gray circle) and mCRC

(n =14, blue circle). *, P < 0.05; **, P < 0.01; ***, P < 0.001 (Mann-Whitney te:

Discussion

Previous reports have shown that a high number of MDSC is
associated with a poor prognosis in different solid cancers and in
hematologic malignancies like chronic lymphocytic leukemia or

www.aacrjournals.org

st). n.s., not significant.

myeloma (23-25). However, the prognostic role of MDSCs has
not been yet addressed in mCRC. We observed here that accu-
mulation of gMDSC in mCRC is associated with a poor outcome.
However, due to the low number of patients, further studies are
required to confirm this observation and determine whether
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gMDSC blunts T-cell function in a PD-L1- and ectonucleotidase-dependent manner. A and B, total CD3, granulocytes, mMDSC, and gMDSC subsets were sorted
from a cancer patient's blood. Then, CD3 cells were activated with anti-CD3 and anti-CD28 as effector cells and cocultured with or without myeloid
cells at different ratios (in the presence of ATP) for 5 days. TNFo and Ki67 expression was assessed using intracellular staining and was analyzed in CD3™
T cells. One representative experiment is shown for B and for A, results are for 5 independent patients. *, P < 0.05; **, P < 0.01; ***, P < 0.001. C, TNFo.
secretion was assessed using ELISA on the supernatants of cocultures after 5 days. Experiment was performed as in A. Data are mean + SD of three

independent experiments. *, P < 0.05. n.s., not significant.

gMDSC accumulation is an independent prognostic factor in
mCRC.

We observed that mMDSCs are the most frequent MDSC
population in patient blood. Such data contrast with previous
reports on MDSC in colorectal cancer, in which the authors did
not observe expression of CD15 or CD14 on MDSC or only
detected CD15" gMDSC (14, 21). Definition of human MDSC
phenotype is still controversial. Although CD14" Lin~ HLA-
DR™ cells were commonly admitted to be mMDSC, the defin-
itive of gMDSC is not consensual. Most reports define gMDSCs

5250 Cancer Res; 76(18) September 15, 2016

as low-density granulocytes copurified with PBMC during Ficoll
gradient. Here, we observed that blood CD15% CD33"#" Lin~
HLA-DR™ cells are immunosuppressive cells and could be
called MDSC, while CD15% CD33'°" Lin~™ HLA-DR™ cells are
not immunosuppressive and are granulocytes. Moreover, we
could compare the functions of both gMDSC and mMDSC.
We observed that gMDSC have a higher immunosuppressive
function than mMDSC on a per cell basis. Previous data
suggested that MDSC from mCRC patients have a more impor-
tant immunosuppressive function compared with MDSC from
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healthy donors, but the comparison of the function of gMDSC
and mMDSC was not addressed (21). We found that gMDSCs
have higher levels of PD-L1, CD39, and CD73 expression and
exerted a stronger immunosuppressive activity than mMDSCs.
Together, such data suggest that gMDSC is the major subset of
MDSC involved in immunosuppression in mCRC and strength-
en the rationale to combine PD-1/PD-L1 or ectonucleotidase-
neutralizing antibodies with chemotherapy to blunt immuno-
suppression induced by gMDSC in mCRC.

In a previous report, we observed that 5-FU mediated MDSC
depletion via an induction of cell death (15). In humans, a recent
study on a few colorectal cancer patients treated with FOLFOX (6
patients) or FOLFIRI (4 patients) showed that while FOLFOX
treatment of patients with colorectal cancer led to a decrease in
MDSC levels, FOLFIRI had the opposite effect (26). In this report,
we also observed that FOLFOX-bevacizumab induces a decrease
of MDSC but only of the gMDSC subset. This reduction of gMDSC
frequency is preferentially observed in patients with initial high
level of gMDSC (>1% in leucocytes), thus raising the hypothesis
that accumulating gMDSC from mCRC patients may have a
specific biology that renders them more sensitive to chemother-
apy-induced cell death.

We had previously reported that MDSC cell death mediated by
5-FU induced the activation of NLRP3 inflammasome and was
associated with IL1B secretion. This IL1J secretion promoted
induction of Th17 response. We demonstrated that Th17 induc-
tion was associated with the accumulation of proangiogenic
molecules in the tumor. Such phenomenon is deleterious, and
depletion of IL17A or IL1f is associated with enhanced efficacy of
5-FU treatment in mice (16). In this report, we observed that
FOLFOX-bevacizumab induced Th17 accumulation after one
cycle. Concomitantly, we also noted a decrease of gMDSC in
patients with high initial levels. Such data strongly support that
this combination of chemotherapy also affects antitumor
immune response through similar mechanisms to those observed
with 5-FU monotherapy in mouse and human models. Impor-
tantly, increase in Th17 cells and absence of reduction of gMDSC
frequency are both associated with a poor prognosis, thus suggest-
ing, in a similar way to mouse observations, that FOLFOX-
bevacizumab induced a deleterious effect on immune response
via induction of Th17 polarization.

In conclusion, our study shows that FOLFOX-bevacizumab
chemotherapy induced accumulation of Th17 cells in patients,
and this parameter is associated with poor prognosis, while
gMDSC depletion is associated with better outcome. However,
the most important point in this study is that gMDSC is an MDSC
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