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Tumor recurrence remains a major problem for patients with cancer, even after initial beneficial responses to
standard-of-care chemotherapeutic agents. With the recent advances in immunotherapy strategies, there is growing
interest in synergistically combining immunotherapy with conventional chemotherapy to achieve durable antitumor
effects. In some cases, chemotherapy-induced myeloid suppressor cells represent a critical obstacle to achieving this
goal.

Cytotoxic chemotherapy has been his-
torically viewed as being incompatible
with immunotherapy due to its generally
lymphodepleting effects. This perception
was later challenged by mounting evidence
from animal studies showing that the host
immune system actually contributes to the
efficacy of a number of anticancer drugs.
In recent years, the cellular and molecular
mechanisms by which certain anticancer
drugs elicit antitumor immune responses
have begun to be unraveled. The alkylat-
ing agent cyclophosphamide (CTX) repre-
sents a prototypical immune-potentiating
anticancer drug. The immunostimulatory
effects of CTX are attributable to its abil-
ity to: (i) provoke immunogenic cell death
(ICD); ii) deplete/inactivate T regulatory
cells (Tregs); and (iii) induce lymphopenia
and accompanying cytokine storm.1 These
properties justify selecting CTX as a popu-
lar choice for chemo-immunotherapy
combinatorial regimens in which it has
been used to debulk tumors and condition
the host for subsequent immunotherapies.

While much attention has been
focused on the immunostimulatory effects
of CTX, the immunosuppressive aspect of
this chemodrug has been noticed for years.
Early studies showed that in addition to its

direct lymphodepletive effect, CTX can
induce cells with immunosuppressive
activities.2 Later studies identified these
suppressor cells as myeloid-derived sup-
pressor cells (MDSCs).3,4 We recently
reported that CTX can induce the expan-
sion of myeloid cells consisting of mono-
cytic and granulocytic subsets, and only
the monocytic subset harbors T-cell sup-
pressive activity.5 We herein term these
CTX-induced immunosuppressive mono-
cytic myeloid cells “CTX-MDSCs”. We
subsequently showed that selective deple-
tion of CTX-MDSCs following chemo-
immunotherapy in a mouse model of B-
cell lymphoma significantly improved
long-term survival, providing evidence
that CTX-MDSCs contribute to tumor
immune evasion and relapse.5

Our study provides new insights
regarding the ontogeny of CTX-MDSCs.
We found that the doses of CTX that
result in significant myeloid cell expansion
in mice fell into the medium-high range
(100–300 mg/kg), whereas metronomic
CTX doses (10–40 mg/kg) failed to
induce myeloid cells. Paradoxically, the
same dose range of CTX that elicits mye-
loid suppressor cells also engenders immu-
nostimulatory effects. We speculate that

the same mechanisms that underlie CTX’s
immunostimulatory effects may also lead
to the manifestation of CTX’s immuno-
suppressive effect. Our hypothesized sce-
nario is that following CTX-induced
myelo-leukodepletion, immature myeloid
cells undergo homeostatic proliferation in
the midst of a surge of inflammatory cyto-
kines, chemokines and growth factors.
These events converge to drive myeloid
cell expansion along with the unfortunate
acquisition of suppressive activity as well.
We showed that this phenomenon
occurred in mice after chemotherapy even
in the absence of tumor, suggesting that
induction of MDSCs is a fundamental
counter-regulatory mechanism employed
by the host in response to chemical insults
to prevent excessive, and potentially detri-
mental, inflammatory responses. At the
molecular level, granulocyte macrophage
colony stimulating factor (GM-CSF), col-
ony stimulating factor 3 (G-CSF/Csf3),
IL-1b, IL-6, and (C-C) motif chemokine
ligand 2 (CCL2) are among inflammatory
mediators induced after CTX treat-
ment,6,7 candidate effector molecules that
may promote the expansion of CTX-
MDSCs. We showed that this inflamma-
tory milieu was further heightened by the
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presence of T helper type 1 (Th1) CD4C

effector cells, which might explain why
CD4C effector cells can amplify CTX-
MDSCs.5,7 The exact inflammatory medi-
ators and signaling pathways involved in
this process remain to be defined.

Numerous studies have shown that
constituent tumor cells and tumor-derived
factors drive aberrant differentiation of
immature myeloid cells toward MDSCs.
Tumor-induced MDSCs also contain 2
major subsets, mononuclear MDSCs
(MO-MDSC) and polymorphonuclear
MDSCs (PMN-MDSC). Intriguingly, the
known markers for CTX-MDSCs and
tumor-induced MO-MDSCs are similar
(CD11bCLy6ChiLy6G¡GR1int), raising
the question of whether CTX-MDSCs
and tumor-induced MO-MDSCs are one

and the same. However, despite their phe-
notypical resemblance, CTX-MDSCs and
tumor-induced MO-MDSCs differ in
their induction kinetics and immunosup-
pression mechanisms. Specifically, tumor-
induced MO-MDSCs appear and accu-
mulate as tumors progress, whereas CTX-
induced myeloid suppressor cells emerge
after chemotherapy. Moreover, tumor-
induced MO-MDSCs mediate T-cell sup-
pression via nitric oxide synthase (iNOS)
and arginase, whereas CTX-induced mye-
loid suppressor cells attenuate T-cell acti-
vation in a programmed cell death 1 (PD-
1)-dependent manner. Our data, in line
with the study by Mikyskova et al,4 sup-
port the notion that CTX-MDSCs are not
identical to tumor-induced MDSCs.
Future studies should address the

relationship and interplay between these 2
suppressor cell populations.

Besides CTX, we found that 2 other
widely used anticancer drugs (doxorubicin
and melphalan) exhibit a similar effect,5

suggesting that induction of myeloid sup-
pressor cells is an inherent property of cer-
tain anticancer drugs. Future studies
should identify additional MDSC-induc-
ing chemotherapeutic agents. In humans,
chemotherapy-driven MDSC expansion
has been observed in cancer patients and
appears to correlate with increased meta-
static tumor burden.8 In the broader con-
text of cancer therapy, other treatment
modalities can also induce MDSCs,
including radiation therapy and adoptive
T-cell therapy.9,10 Taken together, these
data suggest the presence of a previously
unrecognized obstacle to successful cancer
therapies ¡ a robust inflammatory
response, which is an expected outcome of
many seemingly effective cancer therapies.
Therapy-induced inflammation may elicit
myeloid suppressor cells that counteract
the ultimate efficacy. Our study under-
scores the importance and necessity of con-
trolling therapy-induced myeloid
suppressor cells. We found that treatment
with gemcitabine or 5’fluorouracil (5-FU),
drugs known to deplete tumor-induced
MDSCs, was able to deplete CTX-
MDSCs. Moreover, targeting (C-C) che-
mokine receptor 2 (CCR2) with monoclo-
nal antibody or small molecule antagonist
appeared to be effective in reducing the
accumulation of CTX-MDSCs. Further-
more, all-trans-retinoic acid (ATRA) or
IL-12 can be used to reduce the number
and alter the function of CTX-MDSCs.4

Finally, our data have implicated the
potential clinical benefit of amelioration
via PD-1 blockade therapy. We found that
PD-1 blockade can abrogate CTX-
MDSC-mediated suppression, providing a
rationale for combining PD-1 blockade
with conventional chemotherapy.

Based on our results, we propose that
certain anticancer drugs are bi-functional
in immunomodulation (Fig. 1). On one
hand, chemotherapy can “reset” the tumor
microenvironment, helping to create an
immunogenic milieu conducive to immu-
notherapies. On the other hand, chemo-
therapy-induced inflammatory responses
may induce MDSCs that counter-regulate
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Figure 1. Chemotherapy-induced MDSCs represent a critical obstacle to successful chemo-
immunotherapy. Some standard-of-care chemotherapeutic agents, exemplified by cyclophospha-
mide (CTX), doxorubicin and melphalan, can induce the expansion of myeloid-derived suppressor
cells (MDSCs), possibly through the action of inflammatory mediators including GM-CSF, G-CSF,
IL1b, IL6 and CCL2. These therapy-induced MDSCs are highly proliferative and express high levels
of CCR2. Effector T cells (particularly Th1-type CD4C effector cells) can amplify chemotherapy-
induced MDSCs, likely by intensifying the inflammatory milieu. These chemotherapy-induced
MDSCs suppress T-cell activation in a PD-1-dependent manner. Chemotherapy also leads to expan-
sion of granulocytes, which contribute to tumor rejection. Chemotherapy-induced MDSCs may sup-
press the antitumor activity of granulocytes. Targeting therapy-induced MDSCs can thus prevent
immune tolerance and tip the balance toward durable antitumor immunity. Approaches that can
potentially target chemotherapy-induced MDSCs are listed. Dotted lines indicate hypotheses yet to
be tested.
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antitumor immune responses. Therefore,
the net impact of chemotherapy on tumor
immunity is a dynamic balancing act
between its 2 opposing immunomodula-
tory effects. Targeting therapy-induced
myeloid suppressor cells is conducive to
robust responses to immunotherapies

during the post-chemotherapy window,
thereby tilting the balance toward a dura-
ble, and beneficial, clinical outcome.
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