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Immune checkpoint blockade is a promising anticancer therapy, but must be used
in combination with other anticancer therapies to increase its therapeutic efficacy.
Cyclophosphamide (CP) is a chemotherapeutic drug that shows immune-modulat-
ing effects. In this study, we examined the effect of CP on anti-CTL-associated
protein 4 (CTLA-4) blockade therapy in two mouse tumor models. Drastic tumor
regression was observed in the CT26 colon carcinoma model after i.p. injection of
CP (100 mg/kg) followed by anti-CTLA-4 antibody. However, administration in the
reverse order increased apoptosis in tumor-specific CD8" T cells. In the RENCA renal
carcinoma model, the antitumor effect of combination therapy was marginal and
the tumor-bearing state reduced body weight with an increased serum level of
interleukin-6. Interestingly, although CP monotherapy increased myeloid-derived
suppressor cells (MDSCs) in the spleens of both models, subsequent anti-CTLA-4
therapy increased MDSCs only in RENCA-bearing mice. Additionally, the serum
levels of chemokine ligand 2 and C-X-C motif chemokine 10 were increased by the
combination therapy only in RENCA-bearing mice and in vivo depletion of Gr-1*
cells augmented the antitumor effect to some degree. These results reveal a
contrasting effect of CP on anti-CTLA-4 therapy between the two mouse tumor
models. Cyclophosphamide augments the antitumor effect of anti-CTLA-4 therapy
in CT26-bearing hosts, whereas CP after anti-CTLA-4 therapy attenuates this effect
through induction of apoptosis in tumor-reactive T cells. Alternatively, CP-induced
MDSCs can be increased by anti-CTLA-4 therapy only in RENCA-bearing hosts with
an elevated level of interleukin-6.

mmune checkpoint blockade therapy targeting CTLA-4 or

PD-1/PD-L1 has been considered a promising anticancer
therapy.”"® Although the therapeutic efficacy of ICB has been
reported in several types of cancers, several issues remain to
be addressed. First, its therapeutic efficacy has been observed
in approximately 20% of ;)atients; the majority of patients
show no definite response.”” Accordingly, there is an urgent
need to expand the proportion of patients that respond to ICB
therapy or its combination with other anti-cancer therapies.*>
Another issue associated with ICB is IrAEs. Immune check-
point blockade therapy is commonly associated with IrAEs,
such as autoimmune disease."® Given that ICB therapy takes
the brake off T cell immunity,m a therapy-associated risk of
IrAEs is inevitable. Thus far, clinical treatment for ICB ther-
apy-associated IrAEs involves inhibiting inflammatory and
immune responses. However, this supportive care could exert
negative effects on the therapeutic efficacy of ICB therapy.

Several chemotherapeutic drugs show immune-modulating
effects.® Anticancer drugs such as anthracyclines induce can-
cer cell death and promote the uptake of dgying tumor cells and
the processing of tumor antigens by DCs. ) This immunogenic
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cancer cell death is crucial for treatment-associated prognosis
and for the survival of tumor-bearing hosts. Other chemothera-
peutic drugs modulate immune responses. The alkylating agent
CP is a representative immune-modulating drug that dimin-
ishes the functionality of Tregs while maintaining immune
competence when given at low/medium doses.11D
Cyclophosphamide also induces immunogenic cancer cell
death and, at higher doses, lymphopenia accompanying a cyto-
kine storm.'” Other chemotherapeutic drugs, such as gemc-
itabine and S-fluorouracil, decrease immunosuppressive
MDSCs. (%19 Therefore, many researchers have aimed to
determine the optimal combination of chemotherapeutic drugs
and ICB therapy.(3’7) However, one important aspect to
remember is that chemotherapeutic drugs can destroy prolifer-
ating cancer cells as well as immune cells. Given that ICB
therapy exerts antitumor effects through reactivation of
exhausted antitumor T cells, subsequent CP treatment could
abolish vigorously proliferating antitumor T cells after ICB
therapy.

In this study, we examined the antitumor effects induced by
combining CP and anti-CTLA-4 blockade therapy using two
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murine tumor models: the immunogenic CT26 colon carci-
noma model and the non/low immunogenic RENCA renal car-
cinoma model. In the CT26 model, T cell-dependent tumor
regression was observed following i.p. injection of CP
(100 mg/kg) on day 12 followed by i.p. injection of anti-
CTLA-4 antibody on days 13 and 15. However, this antitumor
effect was attenuated when the order was reversed, with
increased apoptosis in tumor-specific CD8" T cells in the
draining LNs. In contrast, the combination therapy-induced
antitumor effects were marginal in the RENCA model and the
RENCA-bearing state was associated with increased serum
levels of IL-6, as well as a reduction in body weight. Interest-
ingly, this combination therapy significantly increased the
serum levels of CCL2 and CXCL10 only in RENCA-bearing
mice. Furthermore, CP monotherapy significantly increased
MDSCs in both tumor models, whereas the following anti-
CTLA-4 therapy escalated these CP-induced MDSCs only in
RENCA-bearing hosts. These results reveal contrasting effects
of CP on anti-CTLA-4 blockade therapy in two mouse tumor
models.

Materials and Methods

Mice and tumor cell lines. BALB/c and C57BL/6 female mice
(67 weeks old) were purchased from CLEA Japan (Tokyo,
Japan). Mice were maintained under specific pathogen-free
conditions. Experiments were carried out according to the ethi-
cal guidelines for animal experiments of the Shimane Univer-
sity Faculty of Medicine (1Z226-248, 17Z27-145) (Shimane,
Japan). CT26 is a colon carcinoma cell line and RENCA is a
renal cell carcinoma cell line. Both cell lines are of BALB/c
mouse origin. B16 melanoma is of C57BL/6 mouse origin. All
cell lines were maintained in RPMI-1640 Medium (Sigma-
Aldrich, St. Louis, MO, USA) supplemented with 10% FBS
and 20 pg/mL gentamycin (Sigma-Aldrich).

Dose-dependent effects of CP in vivo. BALB/c mice received
an s.c. injection of 5 x 10° tumor cells in the right flank. On
day 12, mice received an i.p. injection of 50, 100, 200, or
300 mg/kg CP (Shionogi, Osaka, Japan) or PBS as a control.
Thereafter, tumor size (mm?) and body weight were measured
on the indicated days.

Treatment protocol. BALB/c mice were injected s.c. with
5 x 10’ tumor cells in the right flank and received an i.p. injec-
tion of 100 mg/kg CP and/or an i.p. injection of anti-CTLA-4
mAb (100 pg) on the indicated days. Anti-CTLA-4 mAb was
prepared from the supernatants of hybridoma UCI10-4F10-7,
which was purchased from ATCC (Rockville, MD, USA). The
same volume of hamster IgG (100 pg) (Alpha Diagnostic Inter-
national, San Antonio, TX, USA) was injected as a control. In
some experiments, CT26-bearing mice received an i.p. injection
of 100 mg/kg CP and/or an i.p. injection of anti-PD-1 mAb
(100 pg) (RMP 1-14; Bio X Cell, West Lebanon, NH, USA) on
the indicated days. The same volume of rat IgG (100 pg)
(Sigma-Aldrich) was injected as a control. Thereafter, tumor size
(mm?) and body weight were measured on the indicated days.

In vivo depletion of immune cells. To deplete CD4" or CD8*
T cells, 100 pg anti-CD4 mAb (GK1.4; eBioscience, San
Diego, CA, USA) or anti-CD8 mAb (53-6.72; eBioscience)
were given i.p. on days 14 and 16 after tumor inoculation. To
deplete MDSCs, 100 pg anti-Gr-1 mAb (RB6-8C5; Cedarlane
Laboratory, Burlington, NC, USA) was injected i.p. on days 15
and 17. The same volume of rat IgG was injected as a control.

Flow cytometry. To assess the frequency of tumor-specific
CTLs, PE-conjugated tetramer of an H-2L%binding peptide
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(SPSYVYHQF) was used, which is derived from the envelope
protein (gp70) of an endogenous murine leukemia virus. It is a
CT26-associated tumor-derived peptide"® and is designated
AHI1 in the current study. The tetramer was purchased from
MBL (Nagoya, Japan). Measles virus hemagglutinin
(SPGRSFSYF) was used as an H-2L%binding control peptide.
All peptides were >80% pure and were purchased from Invit-
rogen (Grand Island, NY, USA). On day 23 after tumor inocu-
lation (7 days after the last therapy), spleen cells were cultured
in vitro with AH1 peptide (10 pg/mL) in the presence of IL-2
(20 U/mL) for 4 days. Thereafter, the cultured cells were
stained with FITC-conjugated anti-CD8 mAb (Southern Bio-
tech, Birmingham, AL, USA) and analyzed on a FACSCaliber
flow cytometer (Becton-Dickinson, Franklin Lakes, NJ, USA).
To assess the cellular subsets of the spleen, the cell suspension
was treated with red blood cell-lysing buffer, stained with the
indicated mAbs, and analyzed by flow cytometry. The follow-
ing mAbs were used for staining: APC-conjugated anti-CD45
(BioLegend, San Diego, CA, USA), PE-conjugated anti-
CDI11b (BioLegend), FITC-conjugated anti-Gr-1 (R&D Sys-
tems, Minneapolis, MN, USA), and PE/cy7-conjugated anti-
Ly6C (BioLegend). To examine Tregs, the cell suspension was
stained with APC-conjugated anti-CD45 (BioLegend) and PE-
conjugated anti-CD4 (AbD Serotec, Oxford, UK). After fixing
with IntraPrep Permeabilization Reagent (Beckman Coulter,
Brea, CA, USA), cells were stained with FITC-conjugated
anti-Foxp3 mAb (Santa Cruz Biotechnology, Santa Cruz, CA,
USA). To examined apoptotic cells in the AHI peptide-specific
CD8" T cell subset, cells were first stained with FITC-conju-
gated anti-CD8 mAb and the PE-conjugated AHI tetramer
(MBL) followed by APC-conjugated annexin V (BD Pharmin-
gen, Tokyo, Japan). To examine PD-L1 expression, CT26 cells
were stained with anti-PD-L1 mAb (rat IgG, 10F.9F2; BioLe-
gend) or rat IgG followed by FITC-conjugated goat anti-rat
IgG (Abcam, Cambridge, UK). Analysis was performed on the
FACSCaliber.

Cytotoxicity assays. On day 23 after tumor inoculation
(7 days after the last therapy), spleen cells were cultured
in vitro with AH1 peptide (10 pg/mL) in the presence of IL-2
(20 U/mL) for 4 days. Thereafter, cytotoxicity was measured
using a 5-h >'Cr-release assay.

Enzyme-linked immunosorbent assay. Levels of IL-6 and
TNF-o in culture supernatants and the sera were determined
using an ELISA Development Kit (PeproTech, Rocky Hill, NJ,
USA).

Proteome profiler cytokine array. To evaluate the levels of a
panel of cytokines and chemokines, sera were analyzed using
the Proteome Profiler Mouse Cytokine Array (R&D Systems)
according to the manufacturer’s protocol. For the analyses,
300-pL sera samples were used. Densitometric analyses were
carried out using ImageJ software (http://rsb.info.ni.gov/ijl).

Statistical analysis. Data were analyzed using unpaired two-
tailed Student’s t-test (between two groups) or ANOVA with
Tukey’s post hoc test (among more than two groups). A P-
value < 0.05 was considered statistically significant.

Results

Dose-dependent effects of CP on tumor size and body weight
in CT26-bearing mice. We first examined the dose-dependent
effects of CP on tumor size and body weight in CT26-bearing
mice. Cyclophosphamide was introduced by i.p. injection on
day 12 at doses of 50, 100, 200, and 300 mg/kg. Injection of
CP (50 mg/kg) suppressed tumor growth, albeit not
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Fig. 1. CD8* T cell-dependent regression of established CT26 colon carcinoma cells following cyclophosphamide (CP) and anti-CTL-associated

protein 4 (aCTLA-4) therapy. (a,b) BALB/c mice were inoculated with CT26 cells (5 x 10°) by s.c. injection and on day 12, CP was introduced by
i.p. injection at 50, 100, 200, or 300 mg/kg. Thereafter, tumor size and body weight were measured. Arrows indicate the times of CP injection
(n = 6 or 7). Data from day 24 (tumor size) and day 16 (body weight) are presented as means + SD. *P < 0.05, **P < 0.01 (anova). (c) BALB/c mice
were inoculated s.c. with CT26 cells (5 x 10°) or RENCA cells (1 x 10°). Twelve days after tumor inoculation, mice received an i.p. injection of CP
(100 mg/kg) followed by an i.p. injection of anti-CTLA-4 mAb (100 pg) on days 13 and 15. As a control, hamster IgG was administered i.p. Line
graphs: arrows represent the timing of CP injection and arrowheads represent the timing of anti-CTLA-4 therapy (n = 5 or 7). Column graphs:
data from day 29 or 30 are presented as the mean + SD. Similar results were obtained from three independent experiments. *P < 0.05,
##P < 0.01 (anova). (d) CT26-cured BALB/c mice that received the combination therapy were inoculated with s.c. with 2.5 x 10° cells 3 months
after the last therapy. Naive mice were also inoculated with CT26 cells (n = 5). (e) On day 18 after CT26 inoculation, the spleens were harvested
and cultured with AH1 peptide in the presence of interleukin (IL)-2 (20 U/mL) for 4 days. In vitro-stimulated spleen cells were stained with FITC-
conjugated anti-CD8 mAb and the phycoerythrin-conjugated AH1 tetramer. The percentage of tetramer* cells among CD8* T cells was calculated
(n = 4). *P < 0.05 (anova). (f) Cytotoxicity of the cultured cells against CT26 cells was examined using a 5-h >'Cr-release assay at a ratio of 50:1
(n = 5). *P < 0.05, **P < 0.01 (anova).

significantly. Injection of CP at 100, 200, or 300 mg/kg sup-
pressed tumor growth similarly (Fig. 1a). However, weight
loss was more severe when CP was injected at a dose of 200
or 300 mg/kg than when injected at a dose of 100 mg/kg
(Fig. 1b). These results indicate that 100 mg/kg CP exerted a
comparable antitumor effect with less weight loss. We also
examined the effect of 100 mg/kg CP on Tregs in CT26-

© 2017 The Authors. Cancer Science published by John Wiley & Sons Australia, Ltd
on behalf of Japanese Cancer Association.

bearing mice (Fig. S1). Although i.p. injection of CP (100 mg/
kg) on day 12 did not change the percentages of CD4" Foxp3*
Tregs among CD45" cells in tumor sites, this treatment
decreased the percentages of tumor-infiltrating CD45" immune
cells, thereby resulting in a significant decrease in the percent-
ages of Tregs in tumor sites (Fig. S1b). Based on these results,
we judged that 100 mg/kg CP was the optimal dose for use in

Cancer Sci | October 2017 | vol. 108 | no. 10 | 1976



www.wileyonlinelibrary.com/journal/cas

Original Article
lida et al.

(@) Untreated CP > aCTLA-4 aCTLA-4 > CP
= 400 400 400
E
£ 300 | 300 300
o Yy
N 200 200 200
s ’
E 100 00 (718) 100
g — (0/8) @X\— = =
[ 0 0 -~ _-*-‘-_LH':“‘-,%&_ ~ 0__-____-:—_‘:.:__'\.\.'-';=. =
12 15 19 22 26 29 33 36 12 15 19 22 26 29 33 36 39 12 15 19 22 26 29 33 36 39
Time after tumor inoculation (days)
(&) Naive CP 2> aCTLA-4
<, Dala. 002 .,.c nnhn. o g Data. 009
% 0.5 2 1.2 _2' 23.4 (©)
! - 3R 60
= ® 32 ;
o [=] 3 O =
. . : 2 0 _
77152 100 s
1 0% 10 F1L?-H 108 10 *> :', T
S o 5 B .
aCTLA-4 > CP 8 x 0O
i Tr—2 ol 53.5 20
o o d " a — | 16 0 - l ;
- P E EI— CP>Ab Ab->CP
= 2 2 ol || “ |
Anti-CD8-FITC % 1 o Annexin V-APC
FLt-H
Fig. 2. Cyclophosphamide (CP) after anti-CTL-associated protein 4 (aCTLA-4) therapy attenuates antitumor effects through the induction of

apoptosis in tumor-specific T cells. (a) BALB/c mice were inoculated s.c. with CT26 colon carcinoma cells (5 x 10°). One group of mice was given
CP (100 mg/kg) i.p. on day 12 followed by anti-CTLA-4 mAb (100 pg) on days 13 and 15. Another group of mice received anti-CTLA-4 mAb
(100 pg) on days 12 and 14, and CP (100 mg/kg) on day 15 (n = 8). Arrows represent the timing of CP injection; arrowheads represent the timing
of anti-CTLA-4 therapy. Hamster IgG was given i.p. as a control. Numbers in parentheses represent cured mice/total mice. (b) Draining lymph
nodes were harvested on day 18 after CT26 inoculation. Flow cytometry was carried out after staining with FITC-conjugated anti-CD8 mAb, phy-
coerythrin (PE)-conjugated AH1 tetramer (Tet), and annexin V-allophycocyanin (APC). Numbers represent percentages. (c) Percentage of annexin
V* cells in the Tet* CD8" T-cell subset is presented as the mean + SD (n = 4). *P < 0.05 (Student’s t-test).

combination with ICB therapy and used this dose in the fol-
lowing experiments.

Antitumor effects induced by CP and anti-CTLA-4 therapy. We
next examined the antitumor effects induced by a combination
of CP with anti-CTLA-4 therapy using two syngeneic tumor
mouse models, CT26 colon carcinoma and RENCA renal car-
cinoma (Fig. 1c). Cyclophosphamide (100 mg/kg) was given
i.p. on day 12 and anti-CTLA-4 mAb (100 pg) was given i.p.
on days 13 and 15. In the CT26 model, CP significantly
decreased tumor growth, whereas anti-CTLA-4 therapy
resulted in varied tumor growth with no statistical significance.
However, their combination induced drastic tumor regression
in most mice. In the RENCA model, neither CP nor anti-
CTLA-4 therapy resulted in any significant antitumor effect.
When combined, tumor growth was moderately suppressed
compared to that observed in the untreated controls. We also
examined the antitumor effects in B16 melanoma-bearing
mice. Either CP or anti-CTLA-4 therapy suppressed tumor
growth, whereas no additive or synergistic antitumor effects
were observed (Fig. S2).

We next determined whether tumor-specific T cells were
involved in the combination effects observed in CT26-bearing
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mice, because CT26-cured mice showed protective immunity
against CT26 at the rechallenge 3 months after the last therapy
(Fig. 1d). The antitumor effects were partially and completely
abrogated by in vivo depletion of CD4" T cells and CD8" T
cells, respectively (Fig. S3a). Spleen cells from CT26-bearing
and treated mice on day 18 after tumor inoculation were also
examined for their frequency of tumor-specific CD8" T cells
and anti-CT26 cytotoxicity after in vitro stimulation with AH1
peptide, an H-2L%restricted tumor peptide of CT26 carci-
noma.""¥ The combination therapy significantly increased the
frequency of AHI peptide-specific T cells among CD8" T cells
compared with the untreated group (Figs le and S3b).
Although monotherapy with either CP or anti-CTLA-4 mAb
significantly increased anti-CT26 cytotoxicity compared with
the untreated group (P < 0.05), their combination further
increased these levels (P < 0.01) (Figs 1f and S3c).
Cyclophosphamide after anti-CTLA-4 therapy attenuates the
antitumor effects through induction of apoptosis in tumor-speci-
fic CD8* T cells in vivo. Cyclophosphamide could kill tumor-spe-
cific T cells that are vigorously proliferating in response to
anti-CTLA-4 therapy. Therefore, we compared the antitumor
effects when CP was given either before or after anti-CTLA-4

© 2017 The Authors. Cancer Science published by John Wiley & Sons Australia, Ltd
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therapy (Fig. 2a). Cyclophosphamide before anti-CTLA-4 ther-
apy induced drastic CT26 regression in 7 of 8 mice, consistent
with the results presented in Figure 1(c), whereas CP after
anti-CTLA-4 therapy resulted in fewer cured mice. Although
no statistical difference in tumor size was observed between
these two regimens (data not shown), CP after anti-CTLA-4
therapy seemed to attenuate the antitumor effects. Therefore,
we next examined the frequency of tumor-specific CD8" T
cells in CT26-bearing and treated mice. Although there was no
difference in the percentage of AHI tetramer® CD8* T cells in
the draining LNs of CT26-bearing mice treated with CP before
or after anti-CTLA-4 therapy (data not shown), the percentage
of apoptosis increased significantly when CP was given after
anti-CTLA-4 therapy (Fig. 2b,c). These results indicate that
CP induces apoptosis in tumor-specific CD8" T cells that are
vigorously proliferating after anti-CTLA-4 therapy in CT26-
bearing mice.

We also examined the antitumor effects of CP and anti-PD-
1 therapy using the CT26 model. In vitro, CT26 -cells
expressed PD-L1 on the cell surface (Fig. 3a). Although the
mean tumor size was smaller in mice treated with CP followed
by anti-PD-1 therapy compared with the monotherapy group,
the antitumor effects induced by their combination were mar-
ginal and no tumor regression was observed (Fig. 3b,c).
Cyclophosphamide after PD-1 therapy slightly attenuated the
antitumor effects, but not significantly. Together, these results
suggest that the immune-modulating effects of CP on anti-PD-
1 therapy are not as effective as on anti-CTLA-4 therapy.

(a) CT26

www.wileyonlinelibrary.com/journal/cas

Changes of serum levels of IL-6, TNF-o, CCL2, and CXCL10 in
RENCA-bearing mice. Immune check]goint blockade therapy is
frequently associated with IrAEs;:®® thus, we measured the
body weights of treated mice as an indicator of IrAEs. In
RENCA-bearing mice, untreated mice began to lose weight
19 days after tumor inoculation (Fig. 4a). Either CP or anti-
CTLA-4 therapy further reduced body weight in RENCA-bear-
ing mice. However, such a tendency was not observed in
CT26-bearing or naive mice. Unexpectedly, the reduction in
body weight observed in RENCA-bearing mice appeared to be
relieved when CP was given before anti-CTLA-4 therapy.
These results suggest that RENCA-bearing mice are more sus-
ceptible to tumor-associated weight loss compared with CT26-
bearing mice, which is aggravated by anti-CTLA-4 therapy.

Inflammatory cytokines such as IL-6 and TNF-a are respon-
sible for cachexia in tumor-bearing hosts."> Therefore, we
measured their levels both in vitro and in vivo. RENCA cells
produced higher levels of IL-6 and TNF-a relative to CT26
cells in vitro (Fig. 4b). In addition, the serum levels of IL-6
were increased in untreated RENCA-bearing mice compared
with naive mice (Fig. 4c). Both CP and anti-CTLA-4 therapy
alone significantly decreased the levels of IL-6 in RENCA-
bearing mice, and their combination further decreased these
levels. Alternatively, although the RENCA-bearing state was
associated with increased levels of TNF-a, the difference was
not significant. However, either CP or anti-CTLA-4 therapy
significantly decreased the level of TNF-o. In contrast, such
significant changes were not observed in CT26-bearing mice.
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Fig. 4. Weight loss and increased levels of interleukin (IL)-6 in RENCA renal carcinoma-bearing mice. (a) BALB/c mice were inoculated s.c. with
CT26 colon carcinoma cells (5 x 10°) or RENCA cells (1 x 10°) and, on day 12, mice received an i.p. injection of CP (100 mg/kg) followed by an
i.p. injection of anti-CTLA-4 mAb (100 pg) on days 13 and 15. Body weights were measured thereafter. Data are representative of the means of
six mice. Arrows represent the timing of cyclophosphamide (CP) injection; arrowheads represent the timing of anti-CTL-associated protein 4
(CTLA-4) therapy. (b) Levels (pg/mL) of cytokines in the culture supernatants from CT26 colon carcinoma and RENCA cells (4 x 10* cells/mL for
48 h) were measured using ELISA. (c) Sera were collected on day 18 after tumor inoculation and the levels (pg/mL) of IL-6 and tumor necrosis fac-
tor (TNF)-o were measured using ELISA (n = 6). Data are presented as the mean =+ SD. *P < 0.05, **P < 0.01 (ANOVA).

We further examined changes in a panel of cytokines and
chemokines in the sera using the Proteome Profiler Mouse
Cytokine Array (R&D Systems). The serum levels of CCL2
and CXCL10 were increased in CP-treated mice followed by
anti-CTLA-4 therapy (Fig. 5a). In ELISAs, CCL2 and
CXCL10 serum levels were significantly increased in RENCA-
bearing mice, but only when treated with both CP and anti-
CTLA-4 therapy (Fig. 5b). Such changes were not observed in
CT26-bearing or treated mice.

Anti-CTLA-4 therapy accelerates CP-induced MDSCs in RENCA-
bearing mice. Chemokine ligand 2 traffics MDSCs that fre-
quently increase in cancer-bearing hosts.'®'® In addition,
CCL2 is increased after CP treatment, thereby trafficking
MDSCs from the bone marrow.""” To this end, we examined
MDSCs in the spleens of tumor-bearing and treated
mice. MDSCs were evaluated according to their expression of
Gr-1 and Ly6C among CD11b* cells. As shown in Figure 6(a),
the combination of CP and anti-CTLA-4 therapy increased the
percentage of CD11b" cells in the spleens of RENCA-bearing or
CT26-bearing mice. Myeloid-derived suppressor cells are gener-
ally divided into monocytic CD11b* Gr-1"" Ly6C* cells and
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granulocytic CD11b* Gr-1* Ly6C ™~ cells.?*?" The staining and
gating strategies used to examine myeloid cells are shown in
Figure 6(b). As a result, a unique subset of CD11b* Gr-1*
Ly6C"e" cells was detected. Given that the anti-Gr-1 mAb
(clone RB6-8CS5) binds to both Ly6G and Ly6C,*® this Gr-1*
Ly6C"e" cell population can be divided into monocytic cells.
Therefore, in this study, we discriminated three subsets: mono-
cytic CD11b* Gr-1~ Ly6C" cells, monocytic CD11b" Gr-1*
Ly6C"e" cells, and granulocytic CD11b* Gr-1* Ly6C'™™ cells.
Cyclophosphamide alone increased the percentage of CD11b*
Gr-1* Ly6C"&" MDSCs in the spleens in both RENCA-bearing
and CT26-bearing mice (Fig. 6b,c). Interestingly, additional
anti-CTLA-4 therapy increased their percentage only in the
spleen cells of RENCA-bearing mice. In RENCA-bearing mice,
there was no significant difference in the percentage of CD4*
Foxp3* Tregs in any group on day 6 after CP therapy (data not
shown). We finally determined whether in vivo depletion of Gr-
1" cells could affect the combination antitumor effects in
RENCA-bearing mice. The result was that selective depletion of
Gr-1* cells slightly enhanced the antitumor effect induced by the
combination of CP and anti-CTLA-4 therapy (Figs 6d and S4).

© 2017 The Authors. Cancer Science published by John Wiley & Sons Australia, Ltd
on behalf of Japanese Cancer Association.
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Fig. 5. Increased levels of serum chemokine ligand 2 (CCL2) and C-X-C motif chemokine 10 (CXCL10) in RENCA renal cell carcinoma-bearing

mice that received combination therapy with cyclophosphamide (CP) and anti-CTL-associated protein 4 (CTLA-4) therapy. (a) Sera were collected
and pooled from six mice on day 18 after tumor inoculation and the levels of cytokines and chemokines were evaluated using the Proteome Pro-
filer Mouse Cytokine Array. (b) Serum levels (pg/mL) of CCL2 and CXCL10 were measured using ELISAs (n = 6). Data are presented as the
mean =+ SD. **P < 0.01 (anova). GM-CSF, granulocyte macrophage colony-stimulating factor; IFN-y, y-interferon; IL, interleukin; Neg Cont., nega-
tive control; sICAM-1, soluble intercellular adhesion moleciles-1; TIMP-1, tissue inhibitors of metalloproteinase-1; TNF-o, tumor necrosis factor-o;

TREM-1, triggering receptor expressed on myeloid cell-1.

Discussion

Although several reports have described the antitumor effects
of combined anti-CTLA-4 therapy and chemotherapy,®*>> we
examined the antitumor effects of CP and anti-CTLA-4 ther-
apy using two tumor murine models. Cyclophosphamide fol-
lowed by anti-CTLA-4 therapy elicited a drastic regression of
CT26 colon carcinoma, whereas the antitumor effects were
weak in RENCA-bearing mice (Fig. 1c), prompting the ques-
tion, why is the therapeutic efficacy different between the two
models? One simple explanation is their different immuno-
genicities. In general, model antigen-expressing RENCA
cells have been wused to examine tumor-specific CTL
responses, 2® 2% suggesting their non/low immunogenicity. In
contrast, numerous reports have revealed that CT26-specific
CTLs are inducible, indicating their high immunogenicity. In
support of this, we demonstrated CT26-specific CD8* T cells
in cured mice (Fig. le,f). We also examined the antitumor
effects of CP and anti-CTLA-4 therapy using poorly immuno-
genic B16 melanoma, although no tumor regression was
observed (Fig. S2). These lines of evidence suggest that CP
followed by anti-CTLA-4 therapy is a promising regimen to
treat immunogenic tumors but not non/low immunogenic

© 2017 The Authors. Cancer Science published by John Wiley & Sons Australia, Ltd
on behalf of Japanese Cancer Association.

tumors. Alternatively, there may be other reasons for its insuf-
ficient therapeutic efficacy in RENCA-bearing mice. RENCA
cells produced higher levels of IL-6 and TNF-a in vitro, and
serum levels of IL-6 were higher in RENCA-bearing mice
compared to CT26-bearing mice (Fig. 4b,c). Given that these
inflammatory cytokines induce cachexia at high levels,"” an
increase in IL-6 might aggravate the immune competence of
RENCA-bearing mice and decrease their responsiveness to
combination therapy. In addition, as discussed below, the
accelerated increase in MDSCs after anti-CTLA-4 therapy may
account for its insufficient therapeutic efficacy in RENCA-
bearing mice.

We tested the optimal combination regimen of CP and ICB
therapy using an immunogenic CT26 model. Cyclophos-
phamide before anti-CTLA-4 therapy exerted a more efficient
antitumor effect than CP after anti-CTLA-4 therapy (Fig. 2a).
This result may be because cytotoxic CP was given on day 12
in the former regimen but injected on day 15 in the latter. It is
plausible that a larger tumor (on day 15) is more resistant to
CP than a smaller tumor (on day 12). However, CP after anti-
CTLA-4 therapy induced apoptosis in tumor-specific CD8" T
cells in draining LNs compared to when the order was

Cancer Sci | October 2017 | vol. 108 | no. 10 | 1980
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Fig. 6. Anti-CTL-associated protein 4 (CTLA-4) therapy following cyclophosphamide (CP) elevates CP-induced myeloid-derived suppressor cells in
RENCA renal cell carcinoma-bearing mice. (a) Spleens were harvested on day 18 after tumor inoculation and analyzed by flow cytometry. The
spleen cell numbers and percentages of CD11b* cells are shown (n = 6). Data are presented as the mean + SD. **P < 0.01 (anova). (b) Staining
strategy and representative results. Numbers represent the percentage of each subset. (c) Percentage of each subset in CD11b™* cells is shown
(n = 6). Data are presented as the mean + SD. **P < 0.01 (anova). (d) BALB/c mice were inoculated s.c. with RENCA cells (1 x 10°). Mice were
injected i.p. with CP (100 mg/kg) on day 12 followed by anti-CTLA-4 mAb (100 pg) or hamster IgG on days 13 and 15. In the indicated groups,
anti-Gr-1 mAb (100 pg) or rat IgG was given i.p. on days 15 and 17. Tumor size (on day 29) are presented as the mean + SD (n = 6). *P < 0.05,
**P < 0.01 (anova). APC, allophycocyanin; PE, phycoerythrin; Tx, treatment.

reversed (Fig. 2b,c). Given that CP kills proliferating cancer
cells, this drug could also destroy tumor-specific T cells that
are reactivated and proliferating after anti-CTLA-4 therapy.
Consistent with this hypothesis, alloantigen-stimulated and pro-
liferating T cells can be preferentially destroyed by a subse-
quent injection of CP.?” This negative property of CP should
be considered when combined with ICB therapy.

Cancer Sci | October 2017 | vol. 108 | no. 10 | 1981

Cyclophosphamide induces PD-L1-expressing MDSCs, indi-
cating its therapeutic benefits in combination with anti-PD-1/
PD-L1 therapy.®® In this regard, the combination of CP and
anti-PD-1 therapy was not as effective in CT26-bearing mice
compared with CP and anti-CTLA-4 therapy (Fig. 3). With
respect to the mechanisms underlying this difference, we
hypothesize the following scenario. Treatment with CP

© 2017 The Authors. Cancer Science published by John Wiley & Sons Australia, Ltd
on behalf of Japanese Cancer Association.
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mitigates Treg-mediated immunosuppression”'®'" and induces

immunogenic cancer cell death.”” Next, DCs that uptake
released tumor antigens move to the draining LNs where DCs
prime tumor-specific T cells. Primed and activated T cells
express CTLA-4 molecules, but anti-CTLA-4 mAbs effectively
relieve immune exhaustion. In addition, anti-CTLA-4 therapy
attenuates Treg-mediated immunosuppression.®" Thereafter,
effectively activated antitumor T cells in draining LNs migrate
into tumor sites and exert their cytotoxic activity against cancer
cells. The repeated uptake of tumor antigens by DCs from
destroyed cancer cells triggers the priming of tumor-specific
CTLs at draining LNs. Considering the significance of the
cancer—immunity cycle in anticancer immunotherapy,“? the
combination of CP and anti-CTLA-4 therapy may effectively
rotate this cycle. Conversely, anti-PD-1 therapy mainly exerts
its effects at tumor sites where CD8" T cells kill cancer cells.”
The priming of tumor-specific CTLs at draining LNs must not
be sufficient when CP is combined with anti-PD-1 therapy, sug-
gesting that the cancer—immunity cycle does not rotate well.

In the RENCA model, anti-CTLA-4 therapy led to a reduc-
tion in body weight, as a representative symptom of IrAEs, but
pretreatment with CP relieved this effect (Fig. 4a). Given that
either CP or anti-CTLA-4 therapy alone significantly decreased
serum IL-6 and TNF-a levels (Fig. 4c) but that the reduction
in body weight was not recovered, decreases in IL-6 and TNF-
o cannot explain why pre-injection of CP relieved the reduc-
tion in body weight in RENCA-bearing and anti-CTLA-4-trea-
ted mice. Interestingly, both CCL2 and CXCLI10 were
elevated in combination therapy-treated RENCA-bearing mice
(Fig. 5). Intriguingly, it has been known that CCL2 increases
after CP treatment, thereby leading to trafficking of MDSCs
from the bone marrow.'” Therefore, we hypothesized that the
increase in immunosuppressive MDSCs after combination ther-
apy mitigated the reduction in body weight in anti-CTLA-4-
treated RENCA-bearing mice. However, the depletion of Gr-1*
cells failed to replicate the reduction in body weight observed
in anti-CTLA-4-treated RENCA-bearing mice (data not
shown). At present, we cannot confirm the mechanisms
involved. However, a recent report revealed that the antitumor
effects and IrAEs after anti-CTLA-4 therapy are influenced by
intestinal microbiota.®® Further studies are required to eluci-
date the precise mechanisms involved.

Chemokines CCL2 and CXCL10 were elevated in combina-
tion therapy-treated RENCA-bearing mice but not in CT26-
bearing mice (Fig. 5b). These chemokines are known to play
multiple roles in antitumor immunity and immunotherapy.
High-dose CP increases the circulating levels of type I inter-
feron-induced cytokines, including CXCL10, and inflammatory
mediators, including CCL2.°** Chemokine ligand 2 is
secreted in response to apoptotic bodies in the “sterile” inflam-
matory response.(36) C-X-C motif chemokine 10 is required for
IL-12-mediated regression of RENCA.C” It seems that
CXCL10 and CCL2 are antitumor and tumor-promoting
chemokines, respectively.®®*? Of note, CCL2 regulates the
recruitment of myeloid cells into tumors.'®'7*? Additionally,
several reports have indicated that CP induces immunosuppres-
sive MDSCs not only in tumor-bearing mice but also in naive
mice.®” These results suggest that CP triggers a surge of
inflammatory cytokines and chemokines to elicit homeostatic
proliferation and to recover immune cells. Alternatively,
MDSCs can also be increased after treatment with other anti-
cancer drugs, such as melphalan and doxorubicin, radiother-
apy, and adoptive T-cell therapy.©®*>"*!'*?  Presumably,

© 2017 The Authors. Cancer Science published by John Wiley & Sons Australia, Ltd
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increased MDSCs after these therapies may exert a counter-
regulatory role in preventing excessive inflammatory and
immune responses after cell death.

As the combination of CP and anti-CTLA-4 therapy
increased the serum levels of CCL2 in RENCA-bearing mice,
we examined MDSCs in the spleen. Monocytic CD11b* Gr-1*
Ly6C"€" MDSCs were increased in both RENCA- and CT26-
bearing mice 6 days after CP monotherapy (Fig. 6b,c),
consistent with a previous report.*® Importantly, additional
anti-CTLA-4 therapy escalated the percentage only in
RENCA-bearing mice. This increase seems to depend on
CCL2. However, it remains to be determined whether
CP-induced MDSCs are the same as tumor-derived MDSCs.
As mentioned above, CP can increase MDSCs in naive
mice.®? In this regard, previous reports have suggested that
the CP-induced MDSC 4Igopulation is not identical to that in
the tumor-bearing state;*> both are immunosuppressive mono-
cytic MDSCs, whereas CP-induced MDSCs exert immunosup-
pression, mainly through nitric oxide and reactive oxygen
species.” " To overcome MDSC-mediated immunosuppression,
several methods have been proposed. Chemotherapeutic drugs,
such as gemcitabine and 5-fluorouracil, can decrease
MDSCs.'*"® The combination of CP and gemcitabine can
simultaneously mitigate Tregs and MDSCs.*> In addition,
anti-CCR2 agents, all-trans retinoic acid, and the DNA-
demethylating agent 5-azacytidine have been reported to
prevent an increase in CP-induced MDSCs. %346 These
agents could thus prevent an emergence of counter-regulatory
MDSCs and thereby augment its therapeutic efficacy.

In conclusion, our results reveal the contrasting effects of
CP on anti-CTLA-4 therapy in two mouse tumor models.
These findings provide insight into effective antitumor thera-
pies in which ICB therapy is combined with chemotherapeutic
drugs.
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APC allophycocyanin

CCL2 chemokine ligand 2

CP cyclophosphamide

CTLA-4 CTL-associated protein 4
CXCL10 C-X-C motif chemokine 10
DC dendritic cell

Gr-1 granulocyte-differentiation antigen-1
ICB immune checkpoint blockade
IL interleukin

IrAE immune-related adverse event
LN lymph node

MDSC myeloid-derived suppressor cell
PD-1 programmed cell death-1
PD-L1 programmed cell death ligand-1

PE phycoerythrin
TNF-a tumor necrosis factor-o
Treg regulatory T cell
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Fig. S1. Effect of several doses of cyclophosphamide (CP) on regulatory T cells (Tregs) in tumor tissues.
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Fig. S2. Antitumor effects of cyclophosphamide (CP) and anti-CTL-associated protein 4 (CTLA-4) therapy on established B16 melanoma.
Fig. S3. Induction of CT26-specific CTLs following cyclophosphamide (CP) and anti-CTL-associated protein 4 (CTLA-4) therapy.

Fig. S4. Effects of in vivo depletion of Gr-1" cells in RENCA-bearing mice treated with cyclophosphamide (CP) and anti-CTL-associated protein
4 (CTLA-4) mAb.
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