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Abstract
The spread of primary tumor cells to distant organs, termed metastasis, is the principal cause of cancer mortality and is a critical
therapeutic target in oncology. Thus, a better understanding of metastatic progression is critical for improved therapeutic
approaches requiring insight into the timing of tumor cell dissemination and seeding of distant organs, which can lead to the
formation of occult lesions. However, due to limitations in imaging techniques, primary tumors can only be detected when they
reach a relatively large size (e.g., > 1 cm3), which, based on our understanding of tumor evolution, is 10 to 20 years (30 doubling
times) following tumor initiation. Recent insights into the timing of metastasis are based on the genomic profiling of paired
primary tumors and metastases, suggesting that tumor cell seeding of secondary sites occurs early during tumor progression and
years prior to diagnosis. Following seeding, tumor cells may remain in a dormant state as single cells or micrometastases before
emerging as overt lesions. This timeline and the role of metastatic dormancy are regulated by interactions between the tumor, its
microenvironment, and tumor-specific T cell responses. An improved understanding of the mechanisms and interactions respon-
sible for immune evasion and tumor cell release from dormancy would support the development of novel targeted therapeutics.
We posit herein that the immunosuppressive mechanisms mediated by myeloid-derived suppressor cells (MDSCs) are a major
contributor to tumor progression, and that these mechanisms promote tumor cell escape from dormancy. Thus, while extensive
studies have demonstrated a role for MDSCs in the escape from adoptive and innate immune responses (T-, natural killer (NK)-,
and B cell responses), facilitating tumor progression and metastasis, few studies have considered their role in dormancy. In this
review, we discuss the role of MDSC expansion, driven by tumor burden, and its role in escape from dormancy, resulting in
occult metastases, and the potential for MDSC inhibition as an approach to prolong the survival of patients with advanced
malignancies.
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1 Introduction

In tumor progression, the invasion and metastasis of tumor
cells to other organs result in the onset of overt metastases
and, eventually, patient mortality. It is established that the
clinical detection of metastases is associated with poor patient
outcomes [1]. However, many patients with no detectable me-
tastases at diagnosis develop overt metastases or primary

tumor relapse months, years, or even decades following “cu-
rative surgery” [2]. This latency period, during which cancer
cells do not grow and remain in a quiescent or equilibrium
state, is known as “cancer dormancy” [3]. In these patients,
disseminated tumor cells (DTCs) can remain in a latent state
as micrometastases, designated as “dormant metastases.”
Furthermore, it is widely reported that the dormancy of pri-
mary tumor and metastatic cells occurs during tumor progres-
sion, with a duration that varies among tumors and cancer
phenotypes [4] Fig. 1.

2 MDSCs and metastasis

Cancer patients with a high tumor burden and/or advanced
clinical stage or histologic grade often have an increased fre-
quency of myelopoietic progenitor cells (MPCs) in their pe-
ripheral blood (PB) [5, 6] and an increased number of
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circulating neutrophils, termed neutrophilia [7, 8]. Cancer-
associated neutrophilia and the associated circulating MPCs
are suggested to be due to tumor secretion [7] of hematopoi-
etic growth factors, including colony-stimulating factors
(CSF)s. These CSFs stimulate the proliferation of myeloid
cells and mobilize hematopoietic progenitor cells from the
bone marrow (BM) into the circulation [9, 10]. Mobilized
MPCs may establish themselves in the spleen or liver where
they proliferate, forming sites of extramedullary myelopoiesis
(EMM), further increasing the frequency of circulating mye-
loid cells.

A subset of circulating and tumor-infiltrating MPCs is
identified as MDSCs due to their innate immune suppressive
activity [11, 12]. Currently, there are three recognized types of
MDSCs [13–15]: granulocytic (G) or polymorphonuclear
(PMN), monocytic (M), and immature or early (i or e). Their
human phenotype remains somewhat controversial; however,
at present, most investigators agree that human MDSCs are
lineage-negative (Lin−), i.e., lacking T-(CD3), B-(CD19), and
NK- (CD56) cell markers, and are CD11b+CD33+HLA-DR-

[16]. The three known MDSC subsets are differentiated based
on their expression of the granulocyte markers CD15 or
CD66b and the monocyte marker CD14. The third MDSC

subset (i-MDSC) has been identified as lacking markers for
granulocytes and monocytes but expresses CD33.

MDSCs are functionally associated with immune evasion
by inducing T cell dysfunction through the production of re-
active oxygen species (ROS) [17, 18], arginase-1 (ARG1)
[19], and nitric oxide synthase (NOS2) [20]. ARG1 hydro-
lyzes L-arginine [21], which is critical for T cell proliferation
[19], cytokine production [19], and expression of the T cell
receptor zeta chain (TCR- ζ) [19], into urea and ornithine [21].
Thus, depletion of extracellular L-arginine by MDSC-derived
ARG1 thereby inhibits T cell proliferation, function, and anti-
tumor activity [22–25], and potentially inducing cell cycle
arrest [26]. The downregulation of TCR- ζ chain expression
on T cells is associated with reduced stability of the TCR-ζ
mRNA [27], which may also be responsible for inhibiting T
cell proliferation [28]. Furthermore, L-arginine is also a sub-
strate for inducible (i)-NOS [21] that results in the production
of nitric oxide (NO): a potent signaling molecule with
lymphotoxic potential [29]. ROS produced by MDSCs reacts
with NO to form peroxynitrite, which can modify the T cell
receptor by nitrosylating a tyrosine residue within the major
histocompatibility complex (MHC)-TCR complex [30],
inhibiting antigen recognition and T cell function [30]. In
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Fig. 1 Overview of clonal selection and tumor progression and dormancy
within the life history of a tumor. During tumor initiation, progression,
and metastasis, ~ 30 doubling times (DTs) or an estimated 7 to 10 years
(yrs) is required to achieve the 1-cm tumor (109 tumor cells) that can
allow a clinical diagnosis. During this time, cancer-associated genetic
instability results in metastatic variants such that circulating tumor cells
(CTCs) circulate and arrest with the potential to form a disseminated
tumor cell (DTC) early during tumor growth. Furthermore, host immunity

via tumor-specific cytotoxic T-lymphocytes (CTL) can control the DTC
growth, resulting in a dormant lesion that can be held in stasis for years or
decades until released from dormancy in association with an increase in
myeloid-derived suppressor cells (MDSCs) reversing host T cell re-
sponses. Regardless of the timing associated with the process metastases,
in the absence of intervention, a lethal tumor volume (~ 1012 tumor cells)
occurs within 10 doubling times and 0.5 to 20 years post-diagnosis.
Differences in tumor cell colors represent different clonal phenotypes
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addition, MDSCs can secrete immunosuppressive cytokines,
most notably IL-10 [31], contributing to their immunosup-
pressive activity.

In patients with solid tumors, the primary cause of mortal-
ity is metastasis, which is the growth of tumor cells at sites
discontinuous from the primary tumor. MDSCs are thought to
have a role in the development of tumor metastases by sup-
pressing the immune system, contributing to vasculogenesis,
and possibly by aiding in the formation of a pre-metastatic
niche. A pre-metastatic niche provides a microenvironment
consisting of infiltrating inflammatory cells and extracellular
matrix proteins that can aid in metastatic cell colonization; the
nature of this microenvironment is suggested to contribute to
the arrest and survival of DTC [32]. The concept of a pre-
metastatic niche originated in a paper published by Steven
Paget in 1889, stating that tumor cells exhibit site-specific
preferences, with specific tumor types having the tendency
to “seed” specific organs [33]. Paget posited in his “seed-
and-soil” hypothesis that the spread of tumor cells was not
random, but rather governed by regulated processes [33].
This hypothesis was elaborated upon by Kaplan et al., who
observed that the formation of a pre-metastatic niche was sup-
ported by vascular endothelial growth factor receptor-1 posi-
tive (VEGFR1+) BM-derived hematopoietic progenitor cells
[34], a cell population now known as MDSCs.

MDSCs are associated with myelopoiesis, a process com-
monly dysregulated in cancer patients and associated with the
failure of immature myeloid cell differentiation. This creates a
source of immature myeloid cells in the BM that can then
mobilize into the circulation and arrest in common metastatic
organ sites. Hematopoietic progenitor cell mobilization occurs
through tumor secretion of growth factors, such as G-CSF,
and is mediated in part by the CXC chemokine receptor 4
(CXCR4) [35] which is expressed on CD34+ hematopoietic
progenitor cells and its ligand, stromal cell-derived factor 1
(SDF-1/CXCL12) [35]. G-CSF induces progenitor cell mobi-
lization and secretion of proteases that can cleave CXCR4
[36], making it unable to bind to its ligand (CXCL12) and
thereby increasing progenitor cell mobilization [36]. In cancer
patients, this clinically presents as neutrophilia and
monocytosis. Furthermore, the administration of growth fac-
tors in both cancer patients and normal stem cell donors [37]
has been shown to increase the serum levels of the stromal
factor matrix metalloproteinase-9 (MMP-9). MMP-9 aids in
MDSC migration through the bone marrow [38, 39], as well
as tumor progression [40–42]. Circulating MDSCs can then
arrest in secondary lymphoid tissues, such as the spleen or
liver, and proliferate, i.e., EMM.

Indeed, increased frequencies of myeloid (CD33+) and pro-
genitor (CD34+) cells have been found in the splenic tissue of
cancer patients with solid tumors as compared to patients
without neoplastic disease [43, 44]. Furthermore, the frequen-
cies of myeloid and progenitor cells in the spleens of cancer

patients negatively correlate with overall survival (OS) [44].
Though rare, patients with solid tumors can develop an en-
larged spleen [45], termed splenomegaly. This is caused by
increased EMM [46], which can also occur in the liver [47,
48], following dysregulation of the BM microenvironment
[49]. Perturbation of the BMmicroenvironment by tumor pro-
gression, metastasis, and/or chemotherapy can also result in
myelofibrosis (MF) resulting from an inability of the BM to
undergo hematopoiesis and extensive EMM in organs such as
the spleen or liver. As observed in a case report by Kiely et al.
[46], 6 out of 8 patients with metastatic carcinoma experi-
enced bone pain and marrow fibrosis [46]. Similarly, BM
metastases secondary to MF has also been documented in a
breast cancer patient [50]. Studies such as these provide in-
sight into how tumor growth can cause immune dysregulation
in the marrow, leading to increased myelopoiesis and MDSC
frequencies that can further neoplastic progression.

3 Timing and processes of tumor initiation,
metastasis, and progression

Metastasis is initiated when tumor cells leave the primary
tumor and enter the hematologic or lymphatic circulation as
circulating tumor cells (CTCs). However, a clinically relevant
metastasis requires that CTCs survive innate immune cell in-
teractions in the circulation, as well as vascular turbulence,
arrest, and extravasation in a vascular bed. The arrest of
CTCs is a mechanical process, whereas the survival and
growth of the arrested cells are in part, capillary bed-selective,
as specific tumor cell phenotypes preferentially establish
themselves in distinct secondary organs [51]. Thus, the circu-
latory anatomy has a role in the dissemination of tumor cells;
however, this is not the complete mechanism regulating site-
specific distribution of CTCs. As such, the arrest of tumor
cells in a given organ is a necessary, but insufficient process
for the initiation of a metastasis [52]. For example, breast
adenocarcinoma metastases are first observed in axillary
lymph nodes, then eventually, if not successfully excised,
the liver, lungs, bones, and lastly, brain, supporting a process
of lymphatic followed by hematogenous spread [33, 53].
Similarly, lung cancers initially metastasize to the regional
lymph nodes, then to the brain [53, 54]. Thus, when CTCs
survive arrest, they may begin to proliferate and become
vascularized, developing into DTCs [55]. However, due to
selective pressures, the presence of CTCs and DTCs are,
again, not predictive of overt metastasis [56], as most tumor
cells that enter the circulation are rapidly eliminated [57].
Paget suggested that specific organ microenvironments nour-
ish the formation of secondary tumor foci by providing con-
genial “soils” integral to metastasis formation, contributing to
site-specificity and establishing appropriate microenviron-
mental support for tumor seeding [33]. Supporting Paget’s
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observation, a later study observed that BM metastases of
breast cancer cells had genetic alterations and BM DTCs
had different phenotypes relative to the primary tumor [58].
Thus, the selection of metastatic sites is not due to chance, but
rather due to the affinity of tumor cells for the milieu of spe-
cific organs. Despite metastatic inefficiency [54], i.e., the low
frequency of CTCs that survives to formDTCs, it is DTCs and
their growth into micrometastatic foci that represent the pri-
mary challenges to adjuvant therapy following primary tumor
resection. Therefore, successful adjuvant therapy [59] for met-
astatic disease requires an understanding of the factors con-
tributing to the survival of DTCs and the intra- and
interlesional heterogeneity of micro- and overt metastases
[60].

This lesional heterogeneity is associated, in part, with the
independent progression of metastases arising from early
DTCs rather than from the primary tumor cells: a process
known as parallel progression [61–63]. Early dissemination
of cancer cells is supported by the finding that DTCs can be
detected in the BM of patients with early-stage breast cancer
[64], including patients with pre-invasive ductal carcinoma in
situ (DCIS) [65, 66]. Several studies comparing the genotypes
of DTCs with those of primary tumor cells have shown that
DTCs are less evolved than the primary tumor [67], further
supporting parallel evolution given that they likely arose ear-
lier than the bulk of primary tumor cells [61, 67–69]. For
example, in breast cancer patients, BM DTCs have been
shown to display fewer chromosomal aberrations, sub-
chromosomal allelic losses, and gene amplification events
than cells from primary tumors, as assayed by comparative
genomic hybridization [70]. Indeed, only half of BM DTCs
display abnormal karyograms, as opposed to 100% of cells
from the primary tumor [58, 70]. This divergent genetic/
mutational progression between primary tumors and DTCs
suggests that a prolonged time period occurs between CTC
arrest, formation of an overt metastasis, and when a diagnosis
can be made, supporting the initiation of metastases when the
primary tumor is at a less-progressed genomic state.
Furthermore, the occurrence of parallel evolution is supported
by microarray studies of primary tumors and the identification
of expression profiles that predict the risk of developing a
metastasis [58, 71, 72]. These microarray studies, in addition
to timeline studies that have focused on cell doubling times,
support the occurrence of DTCs and micrometastases years
before diagnosis, such that gross metastases develop late in the
life history of a tumor, providing time for cellular heterogene-
ity of metastatic cells and selection to occur [67].

Studies of parallel evolution in breast cancer patients have
been confirmed and extended by studies in colorectal carcino-
ma (CRC) patients, further improving our understanding of
the genetic modifications undergone by primary tumor cells
that lead to the development of cells with metastatic potential.
In the CRC studies, tumor cells in early-stage patients were

shown to have a subset of primary tumor cells with invasive
potential [73]. Genetic mapping of clonal and subclonal can-
cer progression, using whole-exome sequencing data from 23
metastatic CRC patients, showed, in agreement with prior
studies [74], that despite their phenotypic and functional dif-
ferences, the majority of single-nucleotide variants were
shared between the primary tumor and its metastases. A sep-
arate study employing phylogenetic analysis of CRC progres-
sion extended these observations and documented that the
divergence of metastatic lineages occurs early in cancer pro-
gression [75], supporting the origin of metastases from a sin-
gle founder tumor cell. These studies suggest that, in a major-
ity of patients, a metastatic lesion is derived from a single
primary tumor cell before it is clinically detectable.
Furthermore, it has been concluded that the primary tumors
of ~ 90% of patients with metastatic CRC exhibit a subclonal
selection of cells with a selective growth advantage. Together,
these studies demonstrate that parallel evolution of primary
and secondary tumors occurs in association with selection
pressures [76] and that metastasis occurs early in tumor pro-
gression [71, 77].

In this review, we emphasize the need for a translation and
clinical focus on therapy, rather than the prevention of metas-
tasis, based on our understanding of the metastatic process
[55] and its timeline [78]. As discussed herein, CTCs fre-
quently seed at secondary sites years prior to the primary
tumor diagnosis, at a time when the primary tumor is only a
few millimeters in diameter [33, 73]. Current diagnostic
methods can identify primary tumors or metastases only when
they grow to ~ 1 cm3 volume, which contains about 109 cells
[79], depending on the tumor phenotype. However, a tumor
does not reach this size until ~ 7 to 10 years after initiation,
and, by then, CTCs will have seeded secondary sites. During
the exponential growth phase of a solid mammary tumor [80],
the cellular doubling time is between 44 and > 1800 days, and
with this information, a calculation of the timeline from tumor
induction to a diagnosable tumor volume is possible [78]. For
example, primary breast cancers have an average doubling
time of 130 days during their exponential growth phase [63,
81]. This suggests that, following tumor initiation, a primary
tumor will undergo about 30 cell divisions over approximately
10 years to achieve an overt tumor mass (~ 1 cm in diameter).
Furthermore, a tumor burden of approximately 1000 cm3 is
lethal [82], which would occur in about 10 doubling times
from a 1-cm3 diagnosable primary tumor. Thus, with a 130-
day doubling time, a tumor would become lethal in approxi-
mately 10 doubling times [83] from when the tumor can be
diagnosed, versus 30 doubling times to a diagnostic window.
However, the timing from diagnosis to mortality differs be-
tween tumors due to heterogeneity in doubling time, therapeu-
tic intervention, and the impact of growth retardation associ-
ated with an increasing primary and secondary tumor mass, a
variable phenomenon known as tumor dormancy [79].
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4 Metastatic tumor cell dormancy

Consistent with the chronology of the metastatic process
and parallel evolution is the observation that DTCs can
enter into a dormant state in which they survive, but do
not increase in size, and thus can remain undiagnosed
for years or even decades [84]. Only when DTCs are
released from dormancy do they proliferate and form an
overt metastatic focus. There are two overall mecha-
nisms for the establishment of dormancy: quiescence
and tumor mass dormancy. Quiescence is a state of
dormancy in which cells do not proliferate, and is in-
duced by exogenous cues such as changes in the extra-
cellular matrix, the formation of metastatic niches, hyp-
oxia, and/or endoplasmic reticulum stress [85]. The oc-
currence of quiescent dormancy is supported by a meta-
analysis of over 60,000 early-stage breast cancer pa-
tients treated with endocrine therapy, which revealed
that metastases can be detected 5 to 20 years following
primary tumor diagnosis, surgical resection, and adju-
vant chemotherapy [86]. However, the relative contribu-
tion of quiescent DTCs or micrometastases to cancer
relapse and survival, relative to chemo-resistance or oth-
er treatment challenges, remains unclear.

The second mechanism of dormancy, termed tumor mass
dormancy [85, 87], is suggested to occur when a balance is
achieved between cancer cell proliferation and cancer cell
death, generating a “steady state” in which the DTC size re-
mains constant [25]. This balance is achieved by angiogenic
or immune-mediated regulation. The growth of cancer cells
requires significant energy and resources, which is provided
by an increase in vascularity [88]. Angiogenesis, the process
by which additional blood supply (vascularity) is generated, is
regulated by pro-angiogenic and anti-angiogenic factors [89].
By regulating the tumor vascular supply, these factors affect
the transport of oxygen and nutrients to the tumor site,
supporting tumor growth and reducing the incidence of apo-
ptosis [90].

Immune-mediated tumor mass dormancy is critical to con-
trolling tumor development and growth. Thus, the survival
and continued growth of tumors requires that they evade the
host immune response [91, 92]. This mechanism of dormancy
is evoked when the rate at which immune-mediated cancer
cell cytotoxicity matches the rate of cancer cell proliferation,
resulting in a malignant mass with a stable size [93]. The
cancer cell cytotoxicity that is thought to invoke immune-
mediated dormancy is suggested to be the result of tumor-
specific cytostatic and cytolytic CD8+ T-effector cell activity
[94]. However, T cell responses that can cause dormancy can
also lead to the secretion of cytokines that inhibit angiogenesis
[95, 96], which would then lead to angiogenic dormancy. This
response suggests the potential for cross-talk between these
two dormancy mechanisms.

5 MDSCs, pre-metastatic niches, and release
from metastatic dormancy

Metastatic site microenvironments contribute to the establish-
ment of DTCs by providing support for tumor cell survival
and outgrowth [55] and are identified as metastatic niches
[97]. In addition, organ microenvironments contribute to met-
astatic site-specificity, due in part to primary tumor-induced
conditioning associated with the systemic expansion of, and
infiltration by, tumor-associatedmacrophages (TAM), neutro-
phils, T-regulatory (T-regs) cells, and MDSCs [98]. Tumor-
infiltrating MDSCs and T-regs are derived from the BM,
where they are found in high numbers [99], which is in part
why bone is a common site for DTCs to escape from cancer-
directed immunity. Prior to or following CTC arrest, a meta-
static niche incorporates a number of additional functional
elements critical to tumor cell survival and proliferation, in-
cluding vascularization, modification of the extracellular ma-
trix (ECM), recruitment and infiltration of MPCs, establish-
ment of hypoxia, and organ-associated epithelial cell secretion
of hormones and growth factors [100]. Indeed, breast cancer
metastasis to bone involves cross-talk between tumor and
bone such that tumor-secreted factors stimulate bone marrow
cells to release growth factors and cytokines that support the
growth and survival of DTCs in bone [101]. Additionally,
tumor-associated MDSCs and fibroblasts can support the in-
filtration and expansion of non-transformed cells, including
endothelial cells and their precursors, contributing to the vas-
cularization of a micrometastatic site [102]. Together, these
processes support the survival of DTCs and the formation of
micrometastatic foci by inhibiting tumor-specific cytotoxic T
cell infiltration and facilitating the survival and growth of
tumor cells. Furthermore, T-regs and MDSCs can inhibit
adaptive immune responses [103] that would otherwise limit
the growth of micrometastatic lesions [87], supporting their
release from dormancy.

Although primary tumors can modulate the microenviron-
ment of distant organs and metastases, they may not have a
direct role in tumor cell arrest via the formation of a metastatic
niche. While primary tumors frequently result in neutrophilia
and circulating and organ-infiltrating MDSCs, due to growth
factor secretion, this is associated with the presence of a bulky
tumor burden. Thus, this may not be relevant to the arrest of
CTCs, their extravasation, and the establishment of DTCs, as
these metastatic processes occur prior to the primary tumor
growth into a sizable tumor mass. However, given the role
of MDSCs in the suppression of adaptive immunity, we posit
that their role in tumor progression may include the release of
DTC from dormancy, associated with adaptive host immunity
and the subsequent development of overt metastatic foci. This
would occur following MDSC infiltration of organ capillary
beds when the primary tumor has achieved a substantial size.
Given that MDSC frequency is directly correlated with tumor
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burden [104], it is unlikely that they affect CTC arrest at sec-
ondary sites, as there is minimal tumor burden when DTCs
first begin to form and CTCs arrest. Given their potential
function in the release of micrometastatic foci from dormancy,
we posit that MDSCs are involved in the metastatic process
late in cancer progression, at the time of or after cancer diag-
nosis. Furthermore, it is suggested that MDSCs have an im-
portant role in sustaining the survival and growth of DTCs and
micrometastatic foci by conferring resistance to host
immunosurveillance and immunotherapy.

In addition to releasing metastases from dormancy,
MDSCs may also contribute to metastatic organ specificity,
as their presence can support tumor cell escape from host
adoptive immunity [16]. As mentioned previously, the organ
specificity of CTCs is supported by organ-specific growth
factors that regulate the survival and growth of DTCs and
micrometastatic foci. Thus, while lesion-infiltrating lympho-
cytes may contribute to tumor cell dormancy, MDSCs may
release DTCs from dormancy, allowing outgrowth of
micrometastatic foci. The spleen, arguably a rare site for me-
tastasis formation [105], is one example of organ-specific con-
trolled tumor cell growth [106] due in part to it being a rela-
tively hostile environment for tumor cells due to high number
of T cells [107]. Thus, T cells can control tumor cell growth,
while metastatic site-infiltration by MDSCs, in association
with their immunosuppressive activity, may facilitate the sur-
vival and growth of DTCs and micrometastatic foci.

The role of MDSCs in CTC arrest, DTC formation, release
of DTCs from dormancy, and in tumor progression remains
controversial. Sophisticated models and techniques need to be
developed to answer questions regarding pre-metastatic niche
development and maintenance, and how we can use these
tools to explore therapies to inhibit neoplastic progression.
Although dormancy has been recognized for several decades,
many unknowns remain concerning its regulation: for exam-
ple, what changes to the microenvironment initiate the release
of DTCs from dormancy, and what external events trigger
these changes? To answer these questions, a better under-
standing of the microenvironmental changes to DTC niches
is required. Specifically, what are the key processes in the
evolution of a DTC to a micrometastatic focus? How does
the form and function of niches change as they mature?
Similarly, do endogenous niches differ between solid organs,
and what role do the various environmental constituents (my-
eloid, lymphoid, fibroblast, ECM, and vascular) contribute to
the evolving niche, and what is their relevance to tumor pro-
gression? Answering these questions will not only enrich our
understanding of the metastatic process but will also help
identify new strategies for the effective treatment and manage-
ment of metastatic cancer. Thus, it may be that our clinical
goal should be to slow/prevent the release of DTCs from dor-
mancy as a less toxic and practical therapeutic approach to
limit development of metastatic clinical disease.

6 Therapeutic regulation of MDSCs
in neoplasia

Emerging evidence regarding the role of MDSCs in cancer
progression and their association with poor clinical outcomes
[108] has stimulated an exploitation of MDSCs as targets for
cancer treatment. In addition to studying novel therapies spe-
cifically targeting MDSCs and their effector functions, many
of the current clinical trials employ off-label use of FDA-
approved drugs to assess their efficacy against MDSCs as
monotherapeutics or in combination with other immune-
modulating therapeutic strategies. Currently, MDSC-
targeting modalities aim to deplete MDSCs [109], inhibit
MDSC-mediated immunosuppressive mechanisms [109], in-
duce MDSC differentiation [110], and block MDSC prolifer-
ation and recruitment to tumor sites [109, 111]. The following
discussion is focused on clinical strategies that have been sug-
gested in clinical trials to targetMDSCs and their bioactivities.
Although a number of drugs with potential activity against
MDSCs, both off target and novel, have been studied in pre-
clinical models, in this review, we emphasize therapeutics that
have been examined clinically and which have shown provi-
sional activity against immune surrogates (Table 1).

7 Inhibition of MDSC proliferation

In addition to tumor cytotoxicity, off-target immune regula-
tion has been documented for some chemotherapeutic agents.
Capecitabine, a 5-fluorouracil (5-FU) prodrug, can signifi-
cantly decrease the frequency of circulating MDSCs and in-
crease cytotoxic T cell infiltration, as shown with glioblasto-
ma multiforme (GBM) tumors, theoretically enhancing anti-
tumor activity [108]. Similarly, the antimetabolite,
gemcitabine, can significantly reduce the frequency of circu-
lating G-MDSCs, but not M-MDSCs, as shown in patients
with pancreatic adenocarcinoma (PDAC) [112]. However,
the study documenting this effect measured MDSC frequency
using cryopreserved PB mononuclear cells (PBMC), despite
reports that MDSCs are sensitive to freeze-thaw lysis [152,
153]. In a separate study, administration of gemcitabine with
capecitabine (GemCap) in PDAC patients resulted in a de-
creased frequency of total circulating MDSCs (Lin−HLA-
DR−CD11b+) in 8 out of 19 patients [113]. In another arm
of this study, 21 patients were treated with GemCap, an anti-
cancer vaccine, and granulocyte–macrophage (GM)-CSF to
reduce chemotherapy-associated myelosuppression, with a
decreased frequency of circulating MDSCs observed in 18
of the 21 patients [113]. The decreased frequencies of total
MDSCs in both groups were associated with reduced serum
levels of tumor-secreted cytokines and inversely correlated
with changes in tumor size [113]. However, this study also
measured MDSC frequencies from previously cryopreserved
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Table 1 Therapeutic agents that have demonstrated efficacy againstMDSCs or other biomarkers of myeloid-associated immunosuppression in clinical
studies

Drug class Drug Diseases Findings

Cytotoxic agents Capecitabine +
bevacizumab (anti-VEGF)

GBM ↓ % circulating MDSCs,↑ intratumoral infiltration by
cytotoxic T cells, ↓ CTLA-4, and PD-1 expression
on macrophages and CTLA-4 on lymphocytes [108]

Gemcitabine PDAC ↓ % circulating G-MDSCs [112]

Gemcitabine+capecitabine ↓ total circulating MDSCs [113]

FOLFOX CRC ↓ total MDSCs [114]

FOLFOX+bevacizumab ↓ % circulating G-MDSCs [115]

PDE-5 inhibitors Tadalafil MM ↓ % M-MDSCs, expression of ARG1, and iNOS in BM,
↓ tyrosine nitrosylation, ↑ % and proliferation of
CD8+IFN-γ+, and TCR-ζ+ cytotoxic T cells [116]

HNSCC ↓ expression of ARG1 and iNOS, ↓ % circulating MDSCs
[117]

Melanoma ↓ NO production, ↑ T cell recruitment to tumor sites [118]

Arginase inhibitors CB-1158 Lung cancer ↑ T cell proliferation in patient-derived
G-MDSC-conditioned media [119]

CRC Demonstrated minimal treatment-related toxicities [120]

iNOS inhibitors L-NMMA+ docetaxel Triple-negative
breast cancer

22.2% ORR to higher-dose L-NMMA (17.5 mg/kg) and
docetaxel (100 mg/m2) [121]

NCX-4016 Healthy volunteers ↓ monocyte activation, ↓ IL-6 levels, ↓ CD11b expression
on monocytes (17.5 mg/kg) [122]

CRC (mouse model) ↓ iNOS and ARG1 activity by CD11b monocytes [123]

CSF1R inhibitors GW-2580 AML ↓ CSF1RhiHLA-DR+CD33+ monocytes (unclear whether
these are myeloid suppressor cells) [124]

Pexidartinib + paclitaxel Advanced solid tumors Resulted in clinical benefit and ORR 16%, ↓ % circulating
CD14dimCD16+ non-classical monocytes [125]

Pexidartinib GBM ↓ % circulating CD14dimCD16+ non-classical monocytes, ↓
expression of intratumoral Iba1+ microglia; however, did
not improve patient progression-free survival [126]

Imatinib CML ↓ % circulating G-MDSCs [127]

Immune
checkpoint
inhibitors

Ipilimumab
(CTLA-4 inhibitor)

Melanoma Found to result in greater overall survival in patients with
lower MDSC frequency [128]

↓ NO production by M-MDSCs and ↓ % PD-1+ G-MDSCs
were found to be biomarkers of response to therapy [129]

↓ % circulating G-MDSCs and ARG1+ myeloid cells [130]

↓ % G-MDSCs, ↓ iNOS and ARG1 expression [131]

Pembrolizumab
(PD-1 inhibitor)

Urothelial carcinoma ↓ % PD-1+ M-MDSCs and iMDSCs [132]

Pembrolizumab +
chemotherapy

NSCLC Significantly improved overall survival compared to standard
of care alone [133]

Atezolizumab, avelumab
(PD-L1 inhibitors)

Urothelial carcinoma ↓ % PD-L1+ M-MDSCs [132]

Ibrutinib (BTK and
ITK inhibitor)

MM Inhibits BTK phosphorylation on MDSCs generated from
patient PBMCs and MDSC migration, generation, and
nitrate production in vitro [134]

CLL ↑ absolute number of CD4+ and CD8+ T cells, ↓ number of
circulating G-MDSCs [135]

Ibrutinib + nivolumab
(PD-1 inhibitor)

Metastatic solid tumors ↓ % circulating MDSCs in the first cycle of therapy, ↑ T cell
function, ↓ plasma chemokines involved in MDSC
trafficking (IL-12, CCL2, CCL3, CCL4) [136]

Chemokine inhibitors HuMax-IL8
(anti-IL-8 monoclonal
antibody)

Metastatic or
unresectable
solid tumors

↓ serum IL-8, but no significant changes in circulating
MDSCs [137]

PDAC ↑ intratumoral CD8+ effector T cells, ↓ metastasis
infiltration by MDSCs, ↑ circulating CD4+ and
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PBMCs [113] limiting conclusions regarding cytotoxic agent
reduction in the MDSC frequency. In patients with metastatic
CRC, treatment with the FOLFOX (folic acid, 5-FU, and
oxaliplatin) regimen in combination with the tyrosine kinase
inhibitor (TKI), bevacizumab, was reported to significantly
reduce the frequency of circulating G-MDSCs, but not M-
MDSCs [115] in 15 out of 25 patients, and was associated
with a better progression-free survival (PFS) [115]. Taken
together, these data show that the frequency of MDSCs, par-
ticularly G-MDSCs, may be lowered with some cytotoxic
therapies. However, some chemotherapeutic protocols may
elevate the frequency of MDSCs, negatively affecting the

tumor microenvironment. This difference in response was
found in a study of 23 metastatic CRC patients treated with
either FOLFOX or FOLFIRI (folic acid, 5-FU, and irinotecan)
chemotherapeutic regimens. The FOLFOX-treated patients
had a decrease in the frequency of MDSCs (CD33+HLA-
DR−CD11b+), whereas the FOLFIRI-treated patients had an
increase in the frequency of MDSCs [114]. The increased
frequency of MDSCs and its chemotherapy-dependence was
also documented in a clinical study of breast cancer patients
given 4 cycles of dose-dense doxorubicin plus cyclophospha-
mide (AC) every 2 weeks followed by 4 cycles of dose-dense
paclitaxel [5]. In all cycles of chemotherapy, peg-filgrastim

Table 1 (continued)

Drug class Drug Diseases Findings

BL-8040 (CXCR4 inhibitor)
+ pembrolizumab (PD-1
inhibitor) + chemotherapy

CD8+ T cells, ↓ circulating T-regs, resulted in an overall
response rate of 32% [138]

TK and JAK/STAT
inhibition

Sunitinib (multi-kinase
inhibitor)

RCC ↓ % peripheral blood MDSCs and induced MDSC apoptosis
in vitro, ↓ % circulating MDSCs (which also correlated
with ↑ IFN-γ production) [139]

Sunitinib + stereotactic
body radiotherapy

Oligometastatic disease ↓ % circulating MDSCs [140]

Ruxolitinib (JAK1/2 inhibitor) Myeloproliferative
neoplasms

↓ % circulating G-MDSCs, ↓ number of T-regs, ↓ pSTAT5
expression [141]

Anti-cancer vaccines
and MDSC
inhibition

Nelipepimut-S Breast cancer ↑ cytotoxic T cell response, ↓ % T-regs [142]

Personalized cancer peptide
vaccine + gemcitabine

PDAC ↓ tumor size [143]

INGN-225 (autologous DC
vaccine transduced with
modified adenoviral p53)
+ ATRA

SCLC 43.4% of patients developed a tumor-specific T cell response
[144]

52% of patients had p53-specific T cell response, 61.9% of pts
receiving the vaccine achieved complete or partial treatment
response; also, ↑ IFN-γ production. However, ↑ circulating
immature myeloid cells, including MDSCs [145]

p53MVA + gemcitabine Platinum-resistant
ovarian cancer

↑ p53-reactive CD4+ and CD8+ T cells, but no effect on
circulating MDSCs or T-regs [146]

Modulation of
myeloid cell
differentiation

Zoledronic acid PDAC No effect on MDSCs; thought to be due to low dose [147]

ATRA Metastatic RCC ↓ % circulating Lin−HLA-DR−CD33+ myeloid cells [148]

ATRA + ipilimumab
(CTLA-4 inhibitor)

Advanced melanoma ↓ % circulating MDSCs and expression of
immunosuppressive markers [149]

Vitamin D3 HNSCC Inhibited cancer progression and recurrence, ↑ disease-free
survival [150]

↓ % circulating CD34+ suppressor cells and serum
GM-CSF, but they increased again after 6 weeks [151]

This is not an inclusive list of drugs believed to decrease MDSC numbers and function. Rather, it is a list of drugs that have been studied clinically,
frequently off label, and have been shown to have or potentially have clinical activity on MDSCs

ALVAC, cancer vaccine containing a canary pox virus; AML, acute myeloid leukemia; ARG1, arginase 1; ATRA, all-trans retinoic acid; BM, bone
marrow; BTK, Bruton’s tyrosine kinase; CCL, chemokine (C-C motif); CLL, chronic lymphocytic leukemia; CML, chronic myeloid leukemia; CRC,
colorectal carcinoma; CSF-1R, colony-stimulating factor – 1 receptor; CTLA-4, cytotoxic T lymphocyte-associated protein 4; CXCR4, CXC chemokine
receptor 4; DC, dendritic cell; DFS, disease-free survival; FOLFOX, folic acid, 5-fluorouracil, oxaliplatin; GBM, glioblastoma multiforme; HLA-Dr,
human leukocyte antigen – DR isotype; HNSCC, head and neck squamous cell carcinoma; Iba-1, ionized calcium-binding adaptor molecule 1; IFN-g,
interferon-gamma; IL, interleukin; L-NMMA, L-N(G)-monomethyl arginine acetate;MDSC, myeloid-derived suppressor cell; MM, multiple myeloma;
MVA, modified vaccinia virus Ankara; NO, nitric oxide; NSCLC, non-small cell lung cancer; ORR, overall response rate; OS, overall survival; PBL,
peripheral blood; PD-1, programmed cell death; PDAC, pancreatic ductal adenocarcinoma; PDE-5, phosphodiesterase type 5; PD-L1, programmed
death-ligand 1; PFS, progression-free survival; pt(s), patient(s); RCC, renal cell carcinoma; SCLC, small cell lung cancer; STAT, signal transducer and
activator of transcription; TCR, T cell receptor; TK, tyrosine kinase; VEGF, vascular endothelial growth factor; ZA, zoledronic acid
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(PEGylated G-CSF) was administered on protocol day 2 to
reduce therapy-induced neutropenia [154]. Both the AC and
paclitaxel regimens resulted in a different impact on the per-
centage and absolute number of circulating MDSCs as com-
pared to baseline [5]. AC was associated with a significantly
greater frequency and absolute number of circulating MDSCs
(11.72% and 1157 cells/μL) as compared to paclitaxel (3.65%
and 257 cells/μL) [5]. The increase in MDSCs frequency was
suggested to be due to the use of peg-filgrastim and repeated
cycles of chemotherapy [5]. Furthermore, the dose-dense AC
therapy was associated with significantly higher frequency
and absolute number of MDSCs relative to paclitaxel therapy
cycles [5]. Furthermore, peg-filgrastim has been shown to
elevate the frequency of MDSCs in numerous cancer studies
[155], as have repeated cycles of chemotherapy that may be
positively associated with increased suppressor cell activity
[156]. It is noted that this dose-dense protocol of 4 cycles of
AC followed by 4 cycles of taxane therapy has been shown to
improve clinical outcomes, as opposed to a 21-day dosing
regimen [157]. As demonstrated in the aforementioned stud-
ies, given that cancer therapy is frequently a poly-therapeutic
approach, more research is needed to assess how anti-
neoplastics in combination with other agents can affect
MDSCs and, thus, the cancer-associated immunosuppressive
milieu.

8 Inhibition of MDSC immunosuppression

PDE-5 inhibitors, such as tadalafil, promote the accumulation
of intracellular cyclic guanosine monophosphate (cGMP),
triggering inhibitory downstream effects on MDSC function
[117, 158]. In a patient with refractory multiple myeloma
(MM), treatment with tadalafil was found to reduce serum
monoclonal immunoglobulin (M-protein) levels [116]. Later
studies inMMpatients [116] demonstrated that administration
of tadalafil, to their concurrent treatment regimens, signifi-
cantly reduced the frequency of BM M-MDSCs (HLA-
DR−CD14+) at 6 months. However, following 6–11 months
of treatment, although the frequency of BM M-MDSCs in-
creased, a significant decrease in the expression of iNOS
and ARG1 was observed [116]. Concomitant with a decrease
in iNOS and ARG1 expression on M-MDSCs in the BM, a
significant decrease in tyrosine nitrosylation was observed at
11+ months post-treatment [116] in association with an in-
crease in the frequency and proliferation of stimulated BM
CD8+IFN-γ+ and TCR-ζ+ cytotoxic T cells [116]. As men-
tioned previously, iNOS, ROS, and ARG1 promote MDSC-
mediated T cell suppression by contributing to the
nitrosylation of the T cell receptor [159, 160], depletion of
L-arginine, downregulation of TCR- ζ chain expression
[161], and upregulation of toxic mediators, including activat-
ed O2 radicals and NO [22–24]. Thus, it has been suggested

that by significantly decreasing iNOS and ARG1 expression
and increasing CD8+ T cell activity, tadalafil can successfully
target MDSCs in MM patients [116].

The response of MDSCs to PDE-5 inhibition has also been
reported in other cancers. In metastatic melanoma patients
with stable disease (SD), tadalafil treatment did not signifi-
cantly reduce the frequency of circulating M-MDSCs; how-
ever, it did reduce NO production by M-MDSCs in the met-
astatic lesions of 2 out of 3 patients who developed SD and
significantly increased cytotoxic T cell recruitment to these
secondary lesions [118]. In head and neck squamous cell car-
cinoma (HNSCC) patients, PDE-5 inhibition significantly de-
creased the expression of the immunosuppressive mediators
ARG1 and iNOS and the frequency of circulating MDSCs
from baseline [117]. Additionally, T cell proliferation and
activation were significantly increased in tadalafil-treated pa-
tients [117]. The above evidence suggests that PDE-5 inhibi-
tors can be useful in mitigating T cell inhibition and thus
potentially improving tumor-specific T cell responses by re-
ducing MDSC frequency and inhibiting iNOS and ARG1
levels [117, 162].

ARG1 expression is frequently increased in cancers, in-
cluding breast cancer [163, 164] and CRC [165]; however, it
is unclear whether a relationship exists between ARG1 ex-
pression and cancer patient survival [166]. In a cohort of hos-
pitalized critically ill patients, the frequency of G-MDSCswas
negatively correlated with plasma L-arginine concentration,
and patient mortality was associated with the frequency of
G-MDSCs (CD15+CD14−HLA-DR− and Lin−CD33+HLA-
DR−) on day 1 of hospitalization [167]. Based on these obser-
vations, it was suggested that L-arginine depletion by G-
MDSCs may contribute to an elevated risk of mortality in
patients with higher levels of G-MDSCs. A number of inves-
tigational new drugs (INDs) targeting ARG1 have been stud-
ied in preclinical models and are currently in clinical trials. For
example, the arginase inhibitor, CB-1158, has been shown to
increase T cell proliferation in medium conditioned by G-
MDSCs isolated from lung cancer patients [119] and, as of
2019, has shown minimal toxicities in a cohort of metastatic
CRC pat ients in an ongoing cl inical t r ia l [120]
(NCT02903914).

iNOS also contributes to MDSC immunosuppression by
increasing signal transducer and activator of transcription 3
(STAT3) activation, elevating ROS levels via the production
of NO [30, 168, 169], contributing to the formation of
peroxynitrites via an interaction between NO and ROS [30,
170] and results in nitrosylation of T cell receptors [110, 159,
160, 171]. Investigational iNOS inhibitors such as N(G)-
monomethyl L-arginine (L-NMMA) have been shown to de-
crease MDSC-suppressive activity in murine tumor models
[172] and are currently being investigated in clinical cancer
trials (NCT04095689, NCT02834403, NCT03236935).
Preliminary results from an ongoing phase Ib/II clinical trial
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in triple-negative breast cancer patients showed a 22.2% over-
all response rate (ORR) to higher-dose L-NMMA
(17.5 mg/kg) and docetaxel (100 mg/m2) [121]
(NCT02834403).

NCX-4016, an NO-releasing aspirin derivative, does not
reduce NO, but rather increases plasma NO levels nearly two-
fold [173], thereby inhibiting iNOS activity [174].
Furthermore, NCX-4016 has been reported to inhibit iNOS
and ARG1 activity by CD11b+ cells [123], increase anti-
tumor immune activity [123], elevate CD8+ T cells [123],
and increase IFN-γ release [123]. Administration of NCX-
4016 in healthy volunteers was shown to inhibit monocyte
activation, lower IL-6 levels, and reduce CD11b expression
on monocytes, indicating that it may inhibit MDSC in
humans, as well [122]. Despite the evidence regarding iNOS
inhibition, preclinical studies have indicated that NO and
peroxynitrites produced by macrophages can induce cytotox-
icity of tumor cells [172], potentially overcoming the effects
of iNOS- and NO-induced inhibition of T cell cytotoxicity
[30, 170]. Therefore, it remains unclear whether iNOS inhibi-
tion or NO supplementation may be worthwhile in the treat-
ment of cancer given the diverse bioactivities of NO, despite
their potential to curb tumor immune evasion.

Inhibition of myeloid cell growth factors has been suggested
to reduce MDSC proliferation, as well as tumor infiltration by
other immunosuppressive myeloid populations such as TAMs
[175]. We note that the literature for circulating and tissue-
infiltrating myeloid cells is controversial, as the phenotypes
of TAMs and MDSCs are not clearly defined. Therefore, we
applied the nomenclature used within each referenced manu-
script, with the understanding that the cellular phenotype and
function may be independent of terminology. The most exten-
sively studied drugs have targeted colony-stimulating factor-1
receptors (CSF1R), which are also known as c-fms proto-
oncogene and CD115. Several CSF1R inhibitors are currently
in clinical trials, with some showing promising results [176],
and in a few instances, their impact on monocytes and MDSCs
have been studied in addition to patient outcomes. In AML
patients, administration of the CSF1R inhibitor, GW-2580,
has shown to target CSF1Rhi monocytes, and patients with
CSF1Rhi monocytes that co-expressed HLA-DR and CD33
were particularly sensitive to GW-2580 [124]. Conversely,
CSF1Rhi monocytes that co-expressed CD16 and CD66b were
more resistant to intervention. While all MDSCs express the
common myeloid linage marker, CD33, and G-MDSCs ex-
press CD66b, M-MDSCs are known to be HLA-DRlow/− and
CD16− [177]. Thus, it is unknownwhether the CSF1Rhi mono-
cyte subsets include of MDSCs. However, in vitro studies of
GW-2580 on blood samples from chronic lymphocytic leuke-
mia (CLL) patients showed that GW-2580 treatment decreased
the total number of nurse-like cells (NLCs), a monocyte subset
in CLL patients that interacts with TAMs and is associated with
CLL progression [178, 179].

Pexidartinib (formerly PLX-3397) is a small molecule in-
hibitor of tyrosine kinases (TK) involved in hematopoiesis
[180] such as CSF1R, c-KIT (stem cell factor receptor), Flt-
3 (Fms-related tyrosine kinase 3), and VEGFR which has
been studied clinically. In patients with advanced solid tu-
mors, administration of pexidartinib in combination with pac-
litaxel showed clinical benefit (complete and partial response
and stable disease) in 19 of 38 patients and an overall response
rate (ORR) of 16% [181]. Furthermore, this was associated
with a decrease (between 57 and 100%) in the frequency of
circulating CD14dimCD16+ non-classical monocytes,
supporting a relationship between clinical benefit and
CSF1R inhibition, as non-classical monocytes highly express
CSF1R as compared to other monocyte subsets [181, 182].
Similarly, pexidartinib administration to patients with GBM
reduced the frequency of circulating CD14dimCD16+ non-
classical monocytes by nearly 50% and significantly de-
creased the expression of intratumoral Iba1+ microglia, a res-
ident macrophage of neural tissue and a form of TAM in
neurologic malignancies [126]. However, pexidartinib did
not improve PFS in this subset of GBM patients [126].
Another TKI, imatinib, with an inhibitory profile of activity
similar to pexidartinib, is currently used in the treatment of
BCR-ABL+ chronic myeloid leukemia (CML) and also tar-
gets CSF1R [183]. Imatinib has been shown to significantly
reduce the f requency of c i r cu la t ing G-MDSCs
(CD11b+CD33+CD14−HLA-DR−) [127] in patients with
CML.

The bisphosphonate derivative, zoledronic acid (ZA), in-
hibits bone-resorbing osteoclasts, residential tissue macro-
phages in bone that are derived from the myeloid linage, and
is thus used to treat osteopenia [184] and prolong disease-free
survival (DFS) in post-menopausal breast cancer patients
[185]. Treatment with ZA in murine studies has documented
a decrease in circulating MDSCs and increased tumor infiltra-
tion by T cells [186, 187]. To date, one clinical study of 15
PDAC patients with non-metastatic disease examined the ac-
tivity of ZA on MDSCs [147]. These patients received ZA
2 weeks prior to surgery and twice, 4 weeks apart, following
surgery [147]. Samples were obtained prior to ZA injection
and 3 months after surgery for flow cytometry analysis fol-
lowing cell isolation by Ficoll-density centrifugation and
c r y o p r e s e r v a t i o n , t o i d e n t i f y G - M D S C s
(CD45+CD33+CD11b+CD15+) [147]. In these studies, no dif-
ference was observed in the frequency of G-MDSCs in the PB
or BM following ZA treatment [147]. The authors suggested
that the lack ofMDSC response to ZA administration could be
due to an insufficient dose or duration of ZA administration
[147]. However, as mentioned previously, MDSCs and
granulocytes are sensitive to freeze/thaw lysis [152, 153], po-
tentially obscuring flow cytometric assessment.

Immune checkpoint inhibitors (ICIs) are a class of drugs
that block checkpoint proteins on tumor cells, such as
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programmed death-ligand 1 (PD-L1) and cytotoxic T
lymphocyte-associated protein 4 (CTLA-4), from binding to
their ligands, PD-1, and CD80/86, respectively. These
receptor-ligand interactions contribute to tumor evasion of
immunosurveillance by CD8+ T cells [188]. The CTLA-4
inhibitor, ipilimumab, approved by the FDA for metastatic
melanoma [189], improvedOS in patients with lower frequen-
cies of MDSCs [128, 129]. Furthermore, administration of
ipilimumab reduced the frequency ofM-MDSCs, NO produc-
tion by M-MDSCs, and the frequency of PD-1+ G-MDSCs
[129]. Melanoma patients given ipilimumab over the course
of 9 weeks had a significant reduction in frequencies of G-
MDSCs and ARG1+ myeloid cells in their PB as compared to
baseline levels [130, 190]. In a separate study in melanoma
patients, treatment with ipilimumab significantly decreased
the frequency of G-MDSCs and iNOS and ARG1 expression
relative to baseline [131], suggesting that ICIs may be effec-
tive in reducing the frequency of G-MDSCs and cells that
express the ICI-targeted checkpoint marker, as well as a pos-
sible use for MDSCs as biomarkers to predict and/or monitor
patient outcomes. Recent studies indicate that a low frequency
ofMDSCsmay be a predictive responsemarker for melanoma
patient benefit from ipilimumab treatment [191]. Interestingly,
patients treated with multiple doses of the PD-L1 inhibitors,
atezolizumab, or avelumab have been reported to have a sig-
nificantly decreased percentage of PD-L1+ M-MDSCs in their
PB [132], while multiple doses of the PD-1 inhibitor,
pembrolizumab, significantly decreased the PB frequency of
PD-1+ M- and i-MDSCs [132]. Consistent with these obser-
vations, several studies have documented a relationship be-
tween MDSC infiltration and PD1 blockade resistance, and
that selective depletion of MDSCs could restore anti-PD1
therapy efficacy [192, 193].

9 Inhibition of MDSC recruitment

Ibrutinib, a Bruton’s tyrosine kinase (BTK) and IL-2-
inducible kinase (ITK) inhibitor, has off-target effects on
MDSC mobilization, lending to its exploration as an immu-
nomodulatory therapy against a number of solid tumors [194].
Human and murine MDSCs express BTK [134], and treat-
ment with ibrutinib inhibits BTK phosphorylation of
MDSCs generated in vitro from patients with metastatic mel-
anoma [134]. In vitro studies using human donor PB samples
observed that administration of ibrutinib inhibits MDSC mi-
gration, generation, and nitrate production [134].
Furthermore, a clinical study in CLL patients treated with
ipilimumab observed an increase in the absolute numbers of
CD4+ and CD8+ T cells and a decrease in circulating G-
MDSCs [135]. Despite the rationale for its efficacy, current
clinical studies report no survival benefit with ibrutinib alone
or in combination with other therapies for patients with

pancreatic [195], breast [196, 197], or neuroendocrine cancers
[198]. However, preliminary results of an ongoing study in
solid tumors treated with ibrutinib observed a decrease in
plasma levels of chemokines involved in MDSC trafficking
[136], stimulating a number of clinical trials with ibrutinib
against solid tumors [196, 199].

Antigen presenting cells and tumor cells can secrete
chemokines that promote recruitment of inflammatory cells,
including MDSCs, into the tumor microenvironment.
Inhibition of chemokine function [200] has been used to block
MDSC recruitment [201] and MDSC-associated regulation of
tumor progression. One such inhibitor, HuMax-IL8 (formerly
BMS-986253) is a monoclonal antibody that binds IL-8: a
chemotactic factor that is associated with cancer progression
and MDSC accumulation at tumor sites [202]. In a 3 × 3 dose
escalation study of patients with metastatic or unresectable
solid tumors, HuMax-IL8 decreased serum IL-8 levels in all
doses studied, with a significant reduction in IL-8 occurring
on day 3 compared to baseline. In addition, stable disease was
observed in 73% of patients with a median treatment duration
of 24 weeks [137]. While preclinical studies showed that
HuMax-IL8 significantly inhibited MDSC recruitment in
combination with docetaxel and improved T cell-mediated
cytotoxicity [203], the clinical study by Bilusic et al. revealed
no significant changes in circulating the frequency ofMDSCs.
This study incorporated a mix of solid tumor patients with an
N of 3 during dose escalation and an N of 6 in the dose-
expansion phase [137]. In contrast to the HuMax- IL8 studies,
combination therapy with the CXCR4 antagonist BL-8040
and the PD-1 inhibitor pembrolizumab and chemotherapy in
a larger cohort of patients with metastatic PDACwas found to
elevate tumor-infiltrating CD8+ effector T cells and to reduce
infiltration by MDSCs in biopsies of tumor metastases [138].
Additionally, a significant increase in circulating CD4+ and
CD8+ T cells and a significant decrease in T-regs were ob-
served. In the first cohort, administration of BL-8040 and
pembrolizumab resulted in a disease control rate (DCR) of
34.5%, while the second cohort (BL-8040, pembrolizumab,
and chemotherapy) had a DCR of 77% and an ORR of 32%.
These results suggest that there may be potential for combi-
nation chemokine and checkpoint inhibitor therapy in mitigat-
ing MDSC recruitment and immunosuppression at tumor
sites.

10 Induction of MDSC differentiation

All-trans retinoic acid (ATRA) specifically targets immature
myeloid cells, including MDSCs, by inducing their differen-
tiation through the upregulation of glutathione synthase and
glutathione production [148, 204]. In one study, administra-
tion of ATRA significantly reduced the frequency of
Lin−HLA-DR−CD33+ myeloid cells in the PB of metastatic
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kidney cancer patients 7 and 14 days post-treatment [148]. In a
different study of advanced stage melanoma patients, admin-
istration of ATRA with ipilimumab significantly reduced the
frequency of circulating MDSCs and their expression of im-
munosuppressive genes [149].

Similar to ATRA, vitamin D3 has long been of interest in
cancer therapy due to its anti-inflammatory and immunomod-
ulatory activity [205]. Furthermore, vitamin D3 has been
shown to inhibit cancer progression and recurrence and im-
prove DFS [150]. A recent study in mice reported that
MDSCs, especially M-MDSCs, express the vitamin D recep-
tor (VDR) and respond to vitamin D3 binding with reduced
immunosuppressive activity [206]. A clinical study in
HNSCC patients given escalating doses of vitamin D3 ob-
served a significant decrease in the frequency of CD34+ sup-
pressor cells, likely MDSCs in the higher-dose groups, and a
significant decrease in serum GM-CSF levels at week two in
the highest dose group [151]. Unfortunately, the frequency of
CD34+ suppressor cells and serum cytokine levels increased
following 6 weeks of treatment [151]. The initial reduction
followed by the increase in the frequency of circulating sup-
pressor cells may be due to the lower serumGM-CSF levels in
the beginning of the study as compared to week six [151].
Additional studies are needed to determine which cancers
and associated treatment regimens, as well as patient charac-
t e r i s t i cs , would mos t benef i t f rom vi t amin D3
supplementation.

11 Tyrosine kinase and JAK inhibitors

The TKI, sunitinib, has been shown to inhibit the VEGFR-1/
2/3, PDGFR-α/β, c-Kit receptor, FLT-3, and receptor
encoded by the ret proto-oncogene (RET) [207], most of
which stimulate the proliferation of MDSCs [208] and are a
frontline therapy for renal carcinoma (RCC) [209]. A study in
RCC patients reported that a significant decrease in the fre-
quency of MDSCs was observed when patients’myeloid cells
were cultured in vitrowith varying concentrations of sunitinib
for 48 h, with the concentrations of sunitinib-inducing MDSC
apoptosis in a dose-dependent manner [139]. Furthermore, a
subset of patients treated with two cycles of sunitinib had
decreased frequencies of MDSCs from baseline, with this
MDSC reduction significantly correlated with an increase in
IFN-γ production [139]. In a separate study, cancer patients
with oligometastatic disease were treated with sunitinib prior
to stereotactic body radiotherapy [140]. Post-7 days of suniti-
nib therapy, patients had a significantly lower frequency of
circulating MDSCs (CD33+HLA-DR−/lo) [140]. Of note in
these studies, is that M-MDSCs were defined as
CD33+CD14+CD16+, differing from most studies, which in-
clude HLA-DR− cells and/or CD11b+ cells in the M-MDSC
phenotype.

Janus kinase/signal transducer and activator of transcrip-
tion (JAK/STAT) signaling pathways involve various TKs
and downstream effectors that are important for MDSC re-
cruitment, expansion, and suppression of T cell function via
binding of tumor-derived signaling molecules such as VEGF,
G-CSF, and GM-CSF. Therefore, JAK/STAT pathway inhi-
bition poses a promising MDSC-targeting strategy [210].
Ruxolitinib (Rux), an inhibitor of JAK1/2, has been shown
to significantly decrease the frequency of circulating G-
MDSCs, numbers of T-regs [141], and levels of pSTAT5 in
patients with myeloproliferative disease [141]. However,
treatment-induced STAT5 activation and reduction in the
numbers of T cells and pro-inflammatory cytokines can con-
tribute to loss of T cell function [141]. Rux treatment was not
found to be as beneficial for patients with solid tumors such as
non-small cell lung cancer (NSCLC) [211] and metastatic
pancreatic cancer [212].

12 Improving checkpoint inhibitor therapy
by targeting MDSCs

While ICIs are effective in reducingMDSCs, as demonstrated
in patients with metastatic melanoma [128, 131, 189], their
efficacymay be improved in combination with drugs targeting
MDSCs. MDSCs inhibit T cell activation and immune re-
sponses to tumor antigens [156, 213], despite the use of PD-
1 and PD-L1 checkpoint inhibitors [109, 214]. Therefore, the
development of therapeutic strategies promoting anti-tumor
immune responses, i.e., ICIs, and those that deplete or inhibit
MDSCs, has been suggested to potentially improve patient
outcomes and prevent the development of MDSC-associated
ICI resistance [215]. A meta-analysis of anti-PD-1 therapy
studies in NSCLC patients demonstrated that the addition of
PD-1 inhibitor, pembrolizumab, to chemotherapy resulted in a
significantly improved OS [133]. Similarly, combining the
anti-angiogenic drug, bevacizumab, with the antimetabolite
capecitabine, reduced circulating MDSCs following tumor re-
section [108]. Furthermore, in these studies, mass cytometry
time of flight (CyTOF) analysis of tumor samples determined
that adding capecitabine to the treatment regimen aided in
tumor-directed immune activation, with a significant reduc-
tion in the expression of CTLA-4 and PD-1 on macrophages
and CTLA-4 on lymphocytes [108]. Preliminary data in a
phase I clinical trial in patients with metastatic tumors using
the BTK inhibitor, ibrutinib, in combination with the PD-1
inhibitor, nivolumab, indicates that the two inhibitors signifi-
cantly decrease plasma chemokine levels (IL-12, CCL2,
CCL3, and CCL4) and circulating MDSCs in the first cycle
of therapy [216]. These studies provide early evidence of the
efficacy of combining ICIs with chemotherapeutics or immu-
nomodulatory agents and reinforce the theory that targeting
MDSCs is critical to the sustained efficacy of ICI therapy.
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13 Combination immunotherapy with cancer
vaccines

The aim of cancer vaccines is to sensitize and activate T cells
to kill tumor cells. Despite decades of study, only one vaccine,
sipuleucel-T (Provenge®), has received FDA approval,
though it only extends the OS of metastatic prostate cancer
patients by 4 months [217]. Therefore, similar to ICI combi-
nation therapy, strategies that simultaneously target MDSCs,
through their inactivation or depletion, may improve cancer
vaccine efficacy. An investigational nelipepimut-S vaccine
(NeuVax™) for breast cancer uses GM-CSF as an adjuvant
[218]. The use of GM-CSF as an adjuvant increases tumor
antigen presentation and, thus, potential anti-tumor responses
[218]; however, it also expands MDSCs at high doses [218,
219]. This demonstrates one of the challenges in maximizing
antigen presentation, while minimizing MDSC expansion, as
documented in a study in relapsed prostate cancer patients
given daily high doses of GM-CSF that experienced an in-
crease in the absolute number of MDSCs and T-regs, whereas
patients given lower, intermittent doses had fewer MDSCs
and T-regs [220]. Additionally, tumor-secreted GM-CSF in
mesothelioma patients was shown to bolster the immunosup-
press ive ac t iv i t i es of CD15+CD33−HLA-DRlow /

-CD11b+CD66b+CD16+ granulocytic cells [221]. In a phase
I/II trial of the nelipepimut-S vaccine, cytotoxic T cell re-
sponses were increased and the frequency of T-regs was de-
creased following the course of treatment and indicated favor-
able responses in patients; however, circulating MDSCs were
not assessed [222].

Aside from selecting an appropriate adjuvant to maximize
antigen presentation and anti-tumor immunity, chemothera-
peutics, as with ICIs, may also minimize the negative impact
of inhibitory immune factors and cell populations, such as
MDSCs, on vaccine efficacy. In a clinical trial, patients with
advanced pancreatic cancer were given personalized cancer
peptide vaccines plus gemcitabine. In this study, 11 of the
13 patients showed clinical responses defined as a reduction
in tumor size [143]. In another study in small cell lung cancer
(SCLC) patients, co-administration of INGN-225 (a vaccine
comprised of autologous dendritic cells transduced with a
modified p53 adenovirus) and ATRA resulted in the develop-
ment of a tumor-specific T cell response in 43.3% of vaccine
and ATRA-treated patients versus 20% of patients treated
with the vaccine alone [223]. In a similar study, administration
of INGN-225 to SCLC patients who had been receiving cyto-
toxic chemotherapy resulted in a significant p53-specific T
cell response in 52% of patients, along with persistently ele-
vated IFN-γ production 2–3 weeks after the last vaccine cy-
cle; however, a significant elevation in immature myeloid
cells (Lin−HLA-DR−CD33+) was also observed, which in-
cluded MDSCs [224]. Of the patients who received second-
line chemotherapy following vaccine administration, 61.9%

achieved a complete or partial response to therapy [224]. In
another study, patients with platinum-resistant ovarian cancer
were given a non-dendritic cell p53 vaccine (p53MVA; day
15) with gemcitabine (days 1 and 8) over 3 cycles of chemo-
therapy. Approximately, half of the patients had p53-reactive
CD4+ and CD8+ T cells, despite no change in the frequency of
circulating MDSCs or T-regs after the first treatment cycle
[225]. Although no association was observed between
MDSC or T-reg levels and treatment response, an inverse
trend in patient PFS and MDSC and T-reg frequency was
observed, but was not statistically significant [225]. Cancer
vaccines can augment tumor-specific immunity, but their use
would arguably be most effective in patients with minimal
MDSC frequencies [143, 217–219, 222–225]. The mixed re-
sponses to vaccine-based immunotherapy describes a need for
therapeutic strategies involving vaccine preparation and com-
bination therapy with other immune-modulating agents to ab-
rogate the immunosuppressive effects of MDSCs, to ensure
that patients are able to mount sufficient T cell anti-tumor
responses.

In summary, the goal of adjuvant therapy is to reduce the
risk of recurrence and outgrowth of metastases after primary
tumor treatment. The process of tumor dormancy contributes
to the time between initial diagnosis and metastatic relapse,
which is the primary cause of cancer mortality. Thus, improv-
ing our understanding of why DTCs enter dormancy, later
reawaken, and proliferate into an occult metastasis is vital to
developing effective therapeutic strategies against neoplastic
disease. Dormant DTCs are rarely detectable with current di-
agnostic technologies, making it critical to better understand
reawakening and preventing the outgrowth of gross metasta-
sis. Adaptive anti-tumor immune responses can maintain tu-
mor cell dormancy, whereas chronic inflammation, i.e., circu-
lating MDSCs, can reactivate DTC from immune-mediated
dormancy. Thus, we suggest that limiting the expansion and
function of MDSCs may maintain DTC dormancy and inhibit
outgrowth of micrometastases, resulting in prolonged surviv-
al. In conclusion, disrupting tumor immune microenviron-
mental interactions provides an attractive therapeutic option,
bringing us closer to the goal of preventing tumor relapse and
improving patient quality of life, while posing as a pragmatic
strategy to preventing relapse.
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