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Abstract Considering the large number of studies focused
on myeloid-derived suppressor cells (MDSCs) to date, only
a handful of well-defined relationships in human cancer
have been established. The difficulty of assessing the
impact of MDSCs in human cancer is partly due to the
relatively small number of studies performed in humans.
This is compounded in the literature by a common lack of
clear indication of which species is being referred to for
each characteristic described. These aspects may result in
inappropriate extrapolation of animal studies to those in the
human setting. This is especially the case for studies
focused on investigating therapies which can be used to
target MDSCs or those aimed at understanding their
mechanism. Here, we attempt to rectify this by reviewing
only studies on MDSC performed in humans. We survey
studies which explore (1) whether MDSC levels are altered
in cancer patients and if this is correlated with patient
survival, (2) the so far identified mechanisms employed by
MDSC to exert immune suppression, and (3) whether
therapeutic agents can be used to target MDSCs by either
altering their level, influencing their differentiation or
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inhibiting their suppressive function. Despite the fact that
these studies clearly show that MDSCs are important in
human cancer, the clinical employment of agents intended
to target them has not yet been accomplished. We identify
factors which have contributed to this and propose steps
which may facilitate the translation of these therapies to the
clinic in future.

Keywords MDSCs - Clinical - Targeting - Suppression -
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Introduction

Myeloid cells mature from hematopoietic stem cells (HSC)
into terminally differentiated populations. These include
dendritic cells (DCs), macrophages and granulocytes.
However, chronic inflammation in cancer can result in the
presence of secreted factors that prevent or disrupt this
maturation process, thereby generating populations of
immature cells at different stages of differentiation, of which
some may be immunosuppressive (reviewed in [1, 2]). To
emphasise their suppressive nature, these cells have been
termed myeloid-derived suppressor cells (MDSCs) [3].
These cells have been shown to be associated with tumour
progression and have consequently been gaining attention in
the field of cancer research. MDSCs were originally
described in tumour-bearing mice where they can be iden-
tified solely by the expression of CD11b and Gr-1 [1, 4].
These are currently organised into two main populations
using expression of the Gr-1 isoforms Ly6G and Ly6C.
Granulocytic MDSCs (grMDSCs) are defined as CD11b*
Ly6C Ly6G™€" and monocytic MDSCs (moMDSCs) as
CD1 1b*Ly6ChighLy6G7(reviewed in [5, 6]. However, there
is no Gr-1 homologue in humans and a universal and

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00018-016-2278-y&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s00018-016-2278-y&amp;domain=pdf

4044

C. Shipp et al.

accurate definition of MDSCs using other markers has not
yet been achieved. Because of this, studies have investigated
multiple different candidate molecules in an attempt to
identify specific markers for human MDSC [7]. This has
resulted in a large number of different phenotypes being
reported. General consensus across current studies has
allocated human MDSC into three predominant populations.
MoMDSCs which morphologically resemble monocytes and
express CD14 but usually not CD15 [8, 9]. GrMDSCs share
morphological characteristics with granulocytes and express
CD15 and/or CD66b but lack CD14 [9-12]. Immature
MDSCs represent the least well-defined population and lack
expression of CD14 or CD15 [13, 14].

Detailed information on the origin, differentiation and
development of MDSCs has been extensively covered in
other publications [6, 7, 15] and is only outlined in brief
here. In healthy individuals, bone marrow-generated
immature myeloid cells (IMCs) develop from common
myeloid progenitor cells which differentiate into mature
non-suppressive myeloid cells including, DCs, macro-
phages or granulocytes after entering the blood stream
and migrating to tissue-specific sites. Factors produced in
response to infection, inflammation or by tumour cells can
direct the differentiation of IMCs away from mature non-
suppressive cells into those with suppressive function.
This disrupted maturation can lead to the activation and
accumulation of suppressive myeloid cells that contribute
to local and systemic immune suppression. Several
secreted factors have been reported to be involved in the
expansion and activation of MDSCs. These can either be
secreted by tumour cells themselves, or by tumour stromal
cells, such as activated T cells. COX-2 and PGE2
[8, 16-18] can both stimulate myelopoiesis, inhibit the
differentiation of IMCs into mature myeloid cells and lead
to the accumulation or activation of MDSCs. Low dose
GM-CSF can have immune stimulatory functions [19]
while higher levels have been shown to expand popula-
tions of myeloid cells with suppressive properties
[8, 13, 20, 21]. Secreted levels of IL-6 [21, 22], IL-10 [22]
1L-13 [23] and TNF [21, 24] were also correlated with the
presence of different MDSC subtypes. Direct evidence of
tumour-specific regulation of MDSC differentiation in
humans comes from in vitro studies which have shown
that inflammatory factors produced by tumour cells direct
their differentiation into cells with suppressive ability
[17, 24]. These results suggest that the programming of
immune suppression occurs in the tumour microenviron-
ment in situ.

Considering the amount of studies to date, it is note-
worthy that only a handful of well-defined relationships in
human cancer have been established. One of the major
issues contributing to the lack of clarity is the large number
of studies which have been performed using animal
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models, resulting in the unwarranted extrapolation of
results from animals to those in humans. Caution should be
exercised due to the demonstrated biological differences
between the murine and human immune systems [25]. This
ongoing issue can be confounded by the lack of clear
species indication in the literature when discussing,
reporting and interpreting experimental results, especially
when referring to the work performed by other investiga-
tors. This is particularly problematic in the clinical setting
where our view of MDSCs, especially of the therapeutic
strategies aimed at targeting them, is largely derived from
animal studies. In humans there are currently no clinically
available agents which specifically act on MDSCs, but they
have been successfully targeted in mice to result in pro-
longed survival [26].

In this review, we attempt to rectify this by limiting our
focus to studies which have solely investigated MDSCs in
humans. The scope of this review branches across three
themes where we survey studies that have (1) compared
MDSC levels between cancer patients and healthy indi-
viduals and examined MDSCs in association with clinical
response to therapy and tumour burden, (2) examined the
mechanisms employed by MDSC to suppress the immune
system, and (3) investigated therapeutic strategies that can
be used to target MDSCs.

Clinical relevance of MDSCs in human cancer

This section focuses on MDSC populations which have
been shown to be clinically relevant in human cancer to
date. Considering the multiple MDSC phenotypes that have
been reported, this section is broadly organised according
to the three major groups of MDSC phenotypes: (1)
moMDSC which express CD14, but typically not CDI15,
(2) grMDSC which show expression of CD15 or CD66b
but lack CD14, and (3) immature or undefined-phenotypes
which are negative for CD14 and/or CD15 or have not been
defined according to CD14, CD15 or CD66b. The majority
of studies have been performed using peripheral blood, but
a small number also investigated MDSCs in tissue. These
studies investigating the clinical relevance of MDSCs can
be broadly grouped into the following categories: those
comparing the level of MDSCs between cancer patients
and healthy individuals (“MDSC levels in human cancer
and response to therapy”); those which have investigated
MDSC levels in relation to tumour burden and clinical
stage (“MDSC levels in human cancer and response to
therapy”); reports showing that MDSC levels relate to
patient response to cancer therapies (“MDSC levels in
human cancer and response to therapy”), and MDSC levels
in association with patient survival (“MDSC levels in
association with patient survival”).
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MDSC levels in human cancer and response
to therapy

The most common moMDSC phenotype reported to be
associated with clinical features in cancer patients is
CDI14THLA-DR ™% (studies describing this phenotype
may have also used other markers, such as CD11b, CD33
and different lineage cocktails, but this phenotype will be
referred to herein as “CD14THLA-DR°%”). Twenty-two
studies reported significantly more CDI14"HLA-DR ¥
MDSCs compared with healthy individuals in the peripheral
blood of cancer patients including melanoma [8, 27-34],
prostate cancer [35, 36], bladder cancer [37], hepatocellular
carcinoma (HCC) [38, 39], non-small cell lung cancer
(NSCLC) [40, 41], chronic lymphocytic leukaemia (CLL)
[42], esophageal squamous cell carcinoma (ESCC) [43, 44],
Hodgkin lymphoma [45], renal cell carcinoma (RCC) [46],
and one study showing higher levels in head and neck
squamous cell carcinoma (HNSCC) patients in comparison
with chronic inflammatory disease patients [47]. A study by
Gros et al. [30] was noteworthy in finding that of 14 phe-
notypically defined circulating MDSC populations, the
percentage of HLA-DR cells within the CD14" population
was the only one observed to be higher in melanoma
patients than healthy donors. The majority of these studies
also reported that the CD14THLA-DR™°¥ MDSC popula-
tion was associated with clinical parameters, such as tumour
progression, cancer pathological grade and clinical stage
[27, 28, 33, 35-38, 40, 47-49] in different types of cancer.
Another point worth considering when comparing MDSC
levels between patients and controls is that levels of
monocytes themselves have also been shown to differ
between cancer patients and healthy individuals [50].

In contrast to the commonly reported influence of circu-
lating moMDSCs on clinical parameters, less evidence is
available for grMDSCs in human cancer. We identified
twelve studies performed in patients with NSCLC [41, 49],
HNSCC[51], bladder cancer [52], prostate cancer [53], HCC
[38], melanoma [32], pancreatic cancer [54], gastric cancer
[55], RCC [46], lung cancer, breast cancer, gastrointestinal
cancer and others [50, 56], which reported significantly
higher levels of grMDSCs in cancer patients compared with
healthy individuals, or discussed their association with
clinical parameters, such as stage of disease. Notably, the
phenotype CD157CD14 CD33"CD11b" investigated by
Liu et al. [49] resulted in very robust relationships, perhaps
due to the significantly larger cohort examined in this study.
This provides convincing evidence for the clinical relevance
of grMDSCs in addition to the more widely studied
moMDSCs.

The remainder (12) of the identified studies was per-
formed either on less well-defined MDSC phenotypes
(those which might express mo- or gr-markers but were not

tested) or on immature/undifferentiated phenotypes (those
that were negative for mo- and gr-markers). A recent study
by Wu et al. [57] for example, revealed that the frequencies
of certain circulating granulocyte-monocyte progenitors
(GMPs) were markedly higher in the peripheral blood of
seven different cancer patient cohorts (HCC, breast cancer,
gastrointestinal cancer, ovarian cancer, lung cancer, eso-
phageal cancer, and cervical cancer) compared to healthy
donors. The authors also showed that MDSC levels cor-
related with clinical stages in HCC, cervical and
gastrointestinal cancer. Significantly more MDSCs com-
pared with healthy individuals as well as clinical
correlations were also found in further studies including
prostate cancer [58], Hodgkin lymphoma [45], melanoma
[28, 59], breast cancer [14, 60], colorectal cancer [61, 62],
RCC [46], pancreatic cancer, esophageal and gastric cancer
[23] and other cancer types [50].

Further emphasising the clinical importance of MDSC
populations in blood, their levels have been shown to be
associated with clinical response to cancer treatments, ren-
dering patients with high MDSC levels less sensitive to
hormone [35], chemo-[13,40, 41,43, 63], radio- [50, 64, 65]
and immunotherapy [66, 77]. Despite these studies showing
that MDSC levels relate to cancer therapy, we identified few
compared with those showing that MDSCs are associated
with tumour burden and patient survival. Thus, this area
appears to be relatively understudied, but a better under-
standing of how MDSC levels relate to patient response to
therapy is vital to improving cancer treatment.

It is noteworthy that many studies which report MDSCs
to be clinically relevant in blood also performed functional
assays demonstrating that the cells in question exerted
suppressive effects on autologous T cells, thereby sug-
gesting a causal link between their presence and the
clinical outcome. Some studies document the suppressive
effects of MDSCs in HCC [38, 39], melanoma
[8, 27, 28, 30-32, 67], prostate cancer [35, 36, 53, 58],
bladder cancer [37, 52], HNSCC [47] and NSCLC [40, 49],
breast cancer [14] gastric cancer [55], colorectal cancer
[61] and others [50, 56, 57]. Unlike for phenotypic analy-
sis, these studies only tested small numbers of samples
(typically around 5, but ranging from 2 to 16) when
investigating suppressive ability. The methods used to
assess suppression also differed, for example, isolated
MDSCs were cultured with stimulated T cells in some
studies, but others merely depleted myeloid cells or
MDSCs from stimulated PMBCs. These approaches do not
provide an equal degree of specificity as to the reported
effect. Standardisation of testing conditions may facilitate
more effective comparison of results from different studies
in future. Despite this, the published results collectively
indicate that MDSCs are suppressive in the same patient
cohorts also showing that these cells are clinically relevant.
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While the majority of studies on human MDSC focus on
these cells in the periphery, few have examined their role in
tumour tissue. The majority of the latter few studies were
performed with low sample numbers that limit the deter-
mination of their clinical significance. The tissue levels of
CDI14"HLA-DR " moMDSC were investigated in HCC
[39] and HNSCC [47] where there was a relatively high
abundance of these cells in the examined tumours.
CDI14"HLA-DR " MDSCs from HNSCC tissue corre-
lated with cancer stage and suppressed autologous T cell
proliferation, similar to those from blood [47]. Gros et al.
[30] revealed that CD14 7 cells were the most predominant
myeloid subset in melanoma tumour tissue, but it is note-
worthy that these cells displayed higher expression of
HLA-DR and showed an impaired ability to inhibit T cell
proliferation by comparison with those in the periphery.
Different investigators have also observed a high level of
infiltration by several grMDSC subsets in pancreatic [54],
bladder [52], prostate [53] and colon tumours [57]. In what
may be the largest study investigating tissue MDSCs,
HLA-DRCD33" cells in the tumours of colorectal cancer
patients were found to correlate with metastatic spread and
tumour stage [62]. Immature myeloid precursor cells were
also found to accumulate in colon cancer [57], ovarian
cancer [68] and in breast cancer where they correlated with
clinical stage and lymph node metastasis [60]. However, it
should be pointed out that only four of all identified studies
investigating MDSCs in tumour tissue (n = 11) compared
this with the level in corresponding benign tissue controls
[54, 57, 60, 61]. More commonly, MDSC levels in tissue
were compared with those in blood of the same patient or
blood of healthy individuals, or levels in tissue were
compared across patients with a different disease stage or
type. Thus, most studies investigating tissue MDSCs lack
appropriate matching benign controls, unlike the study of
MDSCs in blood. A further limitation of these studies is
that the investigation of the suppressive capacity of tissue-
infiltrating MDSCs is restricted to four of the eleven
studies which examined tissue MDSCs in relation to clin-
ical parameters or in comparison to healthy individuals
[30, 47, 60, 68]. This leaves open the possibility that some
of these authors investigated non-MDSC myeloid cells, a
point worth considering given that mere phenotypic char-
acterisation is not necessarily sufficient to distinguish
between MDSCs and other non-suppressive myeloid cells.

MDSC levels in association with patient survival

As illustrated in the previous section, elevated levels of
MDSCs in different types of cancer and corresponding
correlations with disease stage or tumour burden have
frequently been reported. In contrast, studies showing a
correlation of MDSC levels and clinical outcome have
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been relatively scarce. Because there is comparatively little
literature regarding the association of MDSC on survival in
human cancer, this section summarises publications on this
topic (Table 1).

A correlation between high levels of moMDSCs and
shorter overall survival (OS) or progression-free survival
(PFS), using cryopreserved material, has been observed in
different types of cancer including CLL [42], ESCC [48],
HCC [38], NSCLC [41], and prostate cancer [36]. An
enrichment of moMDSCs correlated with decreased PFS in
late-stage melanoma [29], and another study identified their
levels as a negative independent prognostic factor [69]. It is
noteworthy that in the latter study MDSC levels inversely
correlated with the presence of T cell responses to the
tumour-associated antigens NY-ESO-1 and Melan-A,
which themselves are prognostic factors in melanoma [70].
Similarly, breast cancer patients with low frequencies of
moMDSCs and T cells responding to human epidermal
growth factor receptor 2 (HER2) peptides in vitro were
found to have a significant survival benefit compared to
patients with high MDSC levels and a lack of HER2 T cell
response [71], suggesting MDSCs as potent suppressors of
otherwise beneficial T cell responses. A multi-centre ran-
domised phase II clinical trial conducted by Walter et al.
[72] reported a survival disadvantage of high baseline
moMDSC levels in RCC patients receiving multi-peptide
vaccination. In line with this, a trend towards improved
disease-free survival (DFS) was described for melanoma
patients treated with HLA class I peptides who had low
levels of moMDSCs [73]. High pretreatment levels of
moMDSCs were not only informative for peptide vacci-
nation but were also associated with reduced OS in
melanoma patients receiving immunotherapy with ipili-
mumab [31, 74]. Similar results have been obtained in an
independent cohort of prostate cancer patients treated with
ipilimumab in combination with an allogenic tumour cell
based vaccine [75]. Consistent with the findings obtained
using cryopreserved material, PFS of patients with NSCLC
after cisplatin based chemotherapy was shorter for those
with higher frequencies and higher absolute numbers of
moMDSCs from fresh peripheral blood samples [40].
Along the same lines, in lung cancer patients vaccinated
with telomerase peptides, levels of CD33"MDSCs were
inversely associated with the immune response rate [76].

While correlations of levels of several moMDSC pop-
ulations with OS have frequently been observed there are
very few publications describing similar effects for
grMDSCs. For example, gastric cancer patients with high
levels of grMDSCs were found to have a shorter OS
compared with those who had low levels [55]. GrMDSCs
were further confirmed as an independent factor with
multivariate analysis in this study. Interestingly, adminis-
tration of chemotherapy was able to reduce grMDSCs
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Refs.

Reference population

PT Treatment after
blood draw

Threshold

Patient number

Cancer type

Table 1 continued

Phenotype
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(13]
[13]

(23]

Total cells

Yes Chemotherapy

26 (p =0.048) 3.17 %
25 (p = 0.025) 2.54 %

123
(» < 0.001)

N
N
N

Breast cancer

CD33YCD11b"HLA-DR Lin~

Total cells

Yes Chemotherapy

Yes Mix

Colorectal cancer

Live cells

2 %

Pancreatic, esophageal

and gastric cancer

(771
[59]

[45]

Monocytes

Ipilimumab
Yes NM

No

NM

27 (p = 0.03)

N
N
N
N

Melanoma

Live cells

69 (p =0.012) 4.13 %

CD34™" cells

NM

ND Chemotherapy

ND

0.0045 x 10°1

NM

60 (p < 0.001)
137

Hodgkin lymphoma

CD337CD34"CD11b"™HLA-DR CD14~
CD337CD2"CD19 CD45"Lin™

(68]

NM

Ovarian cancer

0.006)

p=

CLL chronic lymphocytic leukaemia, ESCC esophageal squamous cell carcinoma, HCC hepatocellular carcinoma, NM not mentioned, NSCLC non-small cell lung cancer, PT pretreatment, RCC renal cell

carcinoma

predominantly in patients showing an objective clinical
response to therapy. Low levels of freshly isolated
grMDSCs were associated with prolonged survival in
patients with different types of terminal disease, including
lung, breast and gastrointestinal cancer [56].

Elevated levels of MDSCs with an immature or unde-
fined phenotype were associated with poor survival and
identified as an independent prognostic factor in a large
mixed cohort study consisting of patients with pancreatic,
esophageal and gastric cancer [23]. This was later con-
firmed in a study by Chevolet et al., where the same MDSC
population was shown to be an independent prognostic
factor associated with worse OS but not PFS in patients
with different stages of melanoma [59]. A study by Jordan
et al. [28] found that frequencies of MDSCs correlated with
disease progression and OS in melanoma, with similar
results later obtained in prostate cancer [58]. Patients
treated with neoadjuvant therapy consisting of ipilimumab
following surgery showed a significant decrease in levels of
circulating MDSCs. Patients who experienced a greater
than median decrease in MDSCs also showed superior PFS
[77]. Along these lines, patients with breast and colorectal
cancer who had high MDSC levels at the start of a new line
of systemic chemotherapy had a worse prognosis than
those with lower MDSC levels [13]. The PFS of patients
with Hodgkin lymphoma was significantly shorter for those
with high circulating levels of a freshly isolated immature
MDSC population at diagnosis [45]. Treatment-naive HCC
patients with high levels of GMPs had a reduced time to
progression compared to others [57]. Moreover, OS and
DFS was longer for ovarian cancer patients with low
tumour infiltration by MDSCs, and a strong negative cor-
relation was found between high tumour infiltration by
MDSCs and low expression of C-terminal binding protein-
2 [68].

We identified twenty-four studies which have shown
that MDSC levels are associated with clinical outcome in a
wide range of cancers from diverse histological origins. It
is noteworthy that these associations are present despite the
use of different phenotypic marker combinations, reference
populations, thresholds and methods that have been
employed to characterise and quantify these cells, under-
lining their important role in tumour immunity. Despite all
these data, a number of issues should be given more
attention in future studies. For example, it is as yet not
entirely clear if MDSCs are causally linked to the observed
survival associations, or merely represent surrogate mark-
ers of other parameters. The widely held belief that the
specific cancer type is responsible for the expansion of a
particular MDSC subpopulation remains controversial
because different MDSC populations have been shown to
be associated with patient outcome in the same cancer
entity.
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To conclude this section, there is an ever increasing
number of studies which show that MDSC levels are dif-
ferent in cancer patients than controls, relate to patient
response to therapy and correlate with patient survival
(“MDSC levels in human cancer and response to therapy”
and “MDSC levels in association with patient survival”).
Despite correlations being reported in a number of different
cancer types, there is no universal standard in the definition
of MDSC phenotypes. This large number of studies has
resulted in a wide range of reported MDSC phenotypes,
whereby some have been studied in only one particular
cancer type or where multiple studies in the same cancer type
have assessed MDSC populations with similar or entirely
different phenotypes. This lack of harmonisation remains an
ongoing issue because little is known regarding the possible
overlap or the extent of such subpopulation overlap between
the different phenotypes reported across studies [7]. The first
attempts to address this have recently been reported [78], but
clearly more focus should be placed on technical aspects of
MDSC characterisation. This is an ongoing obstacle in
defining the clinical impact of human MDSC. It should also
be highlighted that study sizes differ considerably; some
have drawn statistically significant conclusions with 20 or
fewer patients. This may contribute to the generation of
misleading results; studies performed with very low sample
sizes of this type should be viewed with a high degree of
caution until they are validated. Given the problematic
detection of grMDSC in frozen samples [51, 79], this is an
aspect that should be considered when assessing their levels
in peripheral blood. Finally, there is also an urgent need for
markers that assist in the precise identification of MDSCs as
being distinct from their non-suppressive counterparts. This
is especially true for monocytes, because these have also
been reported to show some degree of immune suppression
[80] and like MDSCs, to correlate with patient survival in
melanoma [81].

Mechanisms employed by MDSC to suppress
the immune system

There have been a large number of studies dedicated to
understanding the suppressive mechanisms of MDSC, but
relatively few of these were performed in humans. To avoid
the unjustified translation of results from animal studies to
those in human, we assessed studies which have described
mechanisms by which human MDSCs suppress the immune
system. MDSCs have been found to employ a range of
different cellular and molecular suppressive strategies.
These cells are capable of inducing the differentiation of
suppressive regulatory T cells (Tregs) which in turn exert
their own type of immune suppression [82], depleting argi-
nine required for the activation of T cells [83], generating

reactive oxygen species (ROS) which can damage cells and
interfere with cellular functioning [84], releasing suppres-
sive soluble molecules, such as transforming growth factor-3
(TGE-P) [85] and prostaglandin E2 (PGE2) [86], or through
other less well-defined pleiotropic pathways, such as through
the signal transducer and activator of transcription-3
(STAT3) transcription factor [87].

We identified 18 studies performed in humans in at least
ten different cancer entities that reported different mecha-
nisms by which MDSCs are able to suppress the immune
system (Table 2). By far the most common measure of
immune suppression was T cell stimulation, with the effect
on natural killer (NK) cells and dendritic cells (DCs) also
rarely assessed. Even though MDSCs are claimed to be
heterogeneous in many respects, a relatively narrow set of
suppressive mechanisms has been defined so far in human
MDSCs. The most commonly reported mechanisms in
these cancers involve Treg induction [39, 88], ROS
[10, 17, 89], arginase [33, 47, 53, 90], TGF-B [8, 16, 91]
and the overlapping PGE2/COX-2/STAT3 pathways
[17, 33, 47, 53, 60]. Despite this, it is worth pointing out
that different suppressive mechanisms have been reported
in the same cancer type. For example, Filipazzi et al. [8]
reported a suppressive mechanism mediated by TGF-f3 but
not arginase by moMDSC in melanoma, whereas Poschke
et al. [33] showed that in their melanoma patients,
moMDSC suppressed through arginase but with only weak
or inconsistent results for TGF-B. This could be due to
these studies using different sample types, with the former
using peripheral blood mononuclear cells (PBMC) from
post vaccinated patients. Alternately, these differences may
indicate that within the same cancer type, MDSC employ
mutually exclusive mechanisms to suppress the immune
system. Conversely, most of these studies were able to
identify an immune suppressive effect and attribute it to a
certain pathway, but few were able to show that inhibition
of this pathway fully reversed MDSC-mediated suppres-
sion. This suggests that in addition to non-redundant
suppressive pathways in different groups of patients in the
same cancer type, multiple suppressive mechanisms can be
simultaneously employed by MDSC, each contributing in a
redundant or independent way to suppress the immune
system. Indeed, some of these studies showed that
inhibiting multiple different suppressive pathways each
resulted in a reduction of suppressive capacity [17, 24, 91].

One of the major limitations of this work taken as a
whole is the narrow assessment of immune suppression,
with the majority of studies only examining suppressive
effects against non-specifically stimulated T cells. This
form of artificial stimulation that does not occur in vivo
may not be relevant to T cell suppression mediated in vivo.
A more diverse assessment of how these MDSCs exert
immune suppression may lead to a better understanding of
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Table 2 Mechanisms employed by MDSC to suppress the immune system

Suppressive mechanism

Phenotype in functional testing

Suppression
assessment

Cancer, sample type

Refs.

pSTAT3 via ARG (Tissue and blood MDSC)

STAT3 via ARG

ARG?" (restored proliferation), STAT3 (restored
proliferation and IFN production) (weak or
inconsistent results for iNOS, TGF-f3). No
effect for CD80, CD83 or DC-SIGN

COX-2 (trend for STAT3, weak or inconsistent
results for ROS, iNOS, ARG, TGF-p) (in vitro

generated MDSC)

STAT3, PGE2, ROS (trends for COX-2, CD80,
TGF-B, ARG, adenosine) (Patient MDSC)

IDO/T cell apoptosis (MDSC from tissue)
IDO/pSTAT3/T cell apoptosis (in vitro

generated MDSC)

COX-2/PGE2 (involvement of ARG, ROS)

TGF-B/PGE2 (in vitro generated MDSC)

TGF-pB, ROS (catalase) (no effect for PGE2,
SOD, ARG, iNOS) (Patient MDSC)

Partially via ARG, iNOS (no effect for ROS,

COX-2)

Depletion of CD11b*(CD11b*CD14 high ARG
activity) but not CD14*(CD11b*CDI14" no
ARG activity) restored T cell stimulation.
(IDO not detected, CD14" and CD157 cells
produced similar levels of H,O,)

TGF-B (no effect for ARG and iNOS)

Partially via CD86, PD-L1, TGF-$

ROS

IDO/Treg induction® (no effect for PD-1 or

HLA-G)

(in vitro generated and patient MDSC)

Treg induction (Conversion of CD41IL-17%
cells into IL-17*FOXP3" and IL-
17 FOXP3™ cells (involvement of ATRA and
TGF-B) and CD4" (CD45RA™) into
CD41TFOXP3™ (involvement of ATRA and
TGF-B, no effect for RARY, IL-18, IL-6 or

TNF-4)

CDI15" but not CD14™ depletion improved T
cell proliferation and resulted in less Treg
induction (CD4TFOXP3") with PMA/

Ionomycin stimulation

Suppression of NK cell cytotoxicity via NKp30®.
(No effect for IDO, ARG, iNOS, NKG2D,
CD9%4, NKp44, MHC-1, HLA-DR, pSTAT1)

DC suppression (impaired maturation, reduced
antigen uptake, reduced migration, impaired T
cell stimulation and altered cytokine

production)

CD14"HLA-DR %"

CcDh15 CD14~"
PBMC or CD14"depleted PBMC

CD14%"

CD33""

CD45"CD337CD13*CD14 CDI15™"

CD33"*

CDI14 cells*
CD14THLA-DR /o

CD11b"CD14 HLA-DR™’
lowCD33+CD151*

PBMC or CD11b or CD14 depleted

PBMC

CD11b*CD14 HLA-DR %"

CD14 HLA-DR /%"
CD15+%

CD14THLA-DR""#*

CD14THLA-DR /%"

PBMC or CD15 depleted PBMC

CD14THLA-DR /%"

CD14THLA-DR™

T cell stimulation

T cell stimulation

T cell stimulation

T cell stimulation

T cell stimulation

T cell stimulation

NK cell cytotoxicity

T cell stimulation

T cell stimulation

Lymphocyte
stimulation
T cell stimulation

T cell stimulation

T cell stimulation

No functional
testing;
phenotype only

T cell stimulation;
phenotype

NK cell cytotoxicity

DC function

HNSCC, PBMC and
tumour
Prostate cancer, PBMC

Metastatic melanoma,
PBMC

Metastatic melanoma
and healthy donor
PBMC with melanoma
cell lines

Breast cancer tissue and
healthy donor UCB

Healthy PBMC with
cancer cell lines

Metastatic melanoma
and healthy PBMC

Bone marrow from
relapsed multiple
myeloma, PBMC

RCC, PBMC

Post vaccinated
melanoma, PBMC

HNSCC, PBMC

Healthy PBMC

(activated
granulocytes)

Untreated CLL and
healthy donor PBMC
with CLL cell lines

PBMC (unspecified
origin)

Superficial noninvasive
and invasive UC,
PBMC

HCC, PBMC

Melanoma, PBMC

[47]

[53]
[33]

[17]

[60]

[24]

[16]

[90]

[11]

[o1]
[10]

[88]

[117]

[52]

[118]

[119]
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Table 2 continued

Suppressive mechanism Phenotype in functional testing Suppression Cancer, sample type Refs.
assessment
ARG, suppression of peptide-reactive T cells, ~CDI14"HLA-DR """ Lymphocyte HCC, PBMC [39]

inability for DC differentiation, inability to
stimulate allogenic leukocytes, induction of
Treg phenotypes CD4T"FOXP3™ (no effect
for ARG) and CD4"FOXP3~ (IL-10)

stimulation, DC
generation, T cell
stimulation

ARG arginase, ATRA all-transretinoic acid, CLL chronic lymphocytic leukaemia, COX-2 cyclooxygenase-2, DC dendritic cell, HCC hepato-
cellular carcinoma, HNSCC head and neck squamous cell carcinoma, /DO indoleamine 2,3-dioxygenase, iNOS inducible nitric oxide synthase,
NK natural killer cell, PBMC peripheral blood mononuclear cells, PD-LI programmed death-ligand 1, PGE2 prostaglandin E2, PMA phorbol
12-myristate 13-acetate, RARy retinoic acid receptor gamma, RCC renal cell carcinoma, ROS reactive oxygen species, SOD superoxide
dismutase, STAT3 signal transducer and activator of transcription 3, TGF-f transforming growth factor beta, TNF-o Tumour necrosis factor
alpha, Treg regulatory T cell, UC urothelial carcinoma, UCB umbilical cord blood

* Isolated cells
? Cell contact dependent

Cell contact independent

how they function in in vivo; it has not yet been examined
if MDSCs which suppress through a particular mechanism
are generally immunosuppressive or if they preferentially
suppress certain immune functions while leaving others
unaffected. For example, it is not known if MDSCs are
suppressive against a range of different immune processes
(DC maturation, T cell proliferation, NK cell cytotoxicity,
through the induction of Tregs, etc.) or if they show
selective suppression against specific immune functions. A
further limitation of this body of work is that the majority
of studies to date has investigated moMDSCs in peripheral
blood; a mechanistic understanding of grMDSC in blood
and MDSC in tissue remains relatively understudied. Even
within the most frequently studied moMDSCs, it is difficult
to directly compare the details of these studies; some
studies used in vitro generated MDSC while others used
those from patients ex vivo. Furthermore, they were per-
formed under different testing conditions (differences in
sample origin or cancer type, reagents, cell ratios used in
suppression assays, and differences in how suppression was
measured for example T cell proliferation vs. T cell cyto-
kine production). Despite this, it is clear that MDSCs can
be suppressive to the immune system and that they achieve
this through a handful of so far identified mechanisms.
Future studies should be more orientated towards
attempting to uncover the full suppressive repertoire in
terms of the different immune processes that are affected
and the mechanisms through which this is achieved.

Therapeutic strategies to target MDSCs
Because MDSCs are associated with clinical features in

cancer patients, targeting these cells is viewed as a
promising therapeutic approach in the treatment of human

cancer. Given the complex network of signalling molecules
involved in the differentiation, expansion, recruitment and
immunosuppressive mechanisms of MDSCs, a range of
different therapeutic strategies is required to target them,
with the ultimate goal of boosting anti-tumour immunity
(Fig. 1). Strategies for overcoming MDSC-mediated
immune suppression have so far focused on three broad
approaches: (1) reducing their level, (2) inhibiting their
suppressive function, or (3) influencing their differentia-
tion. Tested approaches include the use of less specific
agents such as vitamin A (ATRA), vaccines (heat shock
protein-based), or more specific approaches such as
immunotherapies (ipilimumab) and targeted drugs (suni-
tinib, vemurafenib and bardoxolone methyl (CDDO-Me)).
See Table 3 for a full list of therapeutic interventions used
to target MDSCs in humans to date.

The most common therapeutic approach against MDSCs
so far has been aimed at reducing their level. Of the 30
studies which report therapeutic intervention against
MDSCs in humans, we identified 25 representing at least
23 different therapies aimed at altering the level of MDSCs
in a range of human cancers. It is interesting that differ-
ences have been shown for any given therapy—some have
reported an increase [8, 12, 14, 92-94], decrease
[32, 50, 92, 94-104], or no change [8, 12, 34, 53, 90,
93, 95, 99, 100, 104—107] in the level of MDSCs, even in a
particular cancer type with the same therapy. For example,
Van Cruijsen et al. [94] reported an increase in the level of
immature myeloid cells upon treatment with sunitinib,
whereas Ko et al. [97] and Guislain et al. [98] observed a
decrease in a different MDSC phenotype. This could be
due to the possible pleiotropic effects of sunitinib, because
it is a multikinase inhibitor of vascular endothelial growth
factor receptors 1-3 (VEGFR1-3), platelet-derived growth
factor receptor (PDGFR) a and b, stem cell factor (c-Kit),
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Therapeutic strategies used against MDSCs in humans

Additionally tested agents

* Bortezomib

« L19-1L2

* Lenalidomide
* Sunitinib

* Vemurafenib
+ Ipilimumab

« Tadalafil

PD-L1

Fig. 1 Current and potential MDSC targeting strategies. Figure shows
the currently tested approaches against human MDSC (red shaded
background) and potential therapeutic targets (grey shaded back-
ground). Red and grey lines indicate MDSC suppressive pathways,
green lines show where therapeutic agents may interfere with these
pathways, broken green lines indicate where potential therapeutic
agents may act against MDSC suppressive mechanisms, green boxes
list previously tested drugs which can interfere with MDSCs. The
overlapping suppressive pathway involving STAT3/COX-2/PGE2
can be targeted upstream by STAT3 inhibitors (CpG-STAT3 [53],
Stattic [47], AG490 [17]), or further downstream by agents acting
against the COX-2 enzyme (Celecoxib) [17] or its product, PGE2
(anti-PGE2 [17]). MDSC depletion of L-arginine via elevated ARG1
levels can result in T cell dysfunction. This may be counteracted by
inhibitors of ARGl (NorNOHA) [17, 53, 109] or by arginine
supplementation [97]. ATRA [92, 104, 110] can act to differentiate
MDSCs into to non-suppressive cells. Production of reactive oxygen
species is a further MDSC mechanism of suppression which can be
inhibited upstream via STAT3, by iNOS inhibitors (L-NMMA) [109]

FMS-like tyrosine kinase 3 (FLT3) and macrophage col-
ony-stimulating factor (M-CSF) receptor, which are all
involved in the recruitment, expansion and activation of
MDSCs and which have receptors on both tumour cells and
MDSCs. Moreover, a recent publication suggests that
sunitinib may be a poor inhibitor of MDSC induction
compared to certain other tyrosine kinase blockers, such as
nilotinib, dasatinib and sorafenib [108]. Comparing the
results of different reports in this manner highlights a major
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Potential therapeutic targets

or through SOD [17, 110] and catalase [17, 97, 110] directly.
Additional agents, such as kinase inhibitors (sunitinib [50, 94, 97, 98],
vemurafenib [32]), immunotherapeutics (L19-IL2 [101], ipilimumab
[66, 99, 115]) and yet other agents (bortezomib [90, 96, 116],
lenalidomide [90, 93, 116], tadalafil [102, 103]) have also been shown
to be active against MDSCs. Suppressive mechanisms employed by
MDSC:s that remain to be exploited for therapy include their effect on
DCs, NK cells, Treg induction and via IDO, IL-10, TGF-f, PD-L1
and CD86. ARGI! arginase 1, ATRA all-transretinoic acid, COX-2
cyclooxygenase-2, CpG cytosine-phosphate-guanine oligodeoxynu-
cleotide, DC dendritic cell, /DO indoleamine 2,3-dioxygenase, iNOS
inducible nitric oxide synthase, L19-IL2 L19-IL2 monoclonal
antibody-cytokine fusion protein, L-NMMA NG-Methyl-L-arginine,
MDSC myeloid-derived suppressor cell, M® macrophage, NK natural
killer cell, Nor-NOHA N(omega)-hydroxy-nor-L-arginine, PD-LI
programmed death-ligand 1, PGE2 prostaglandin E2, SOD superox-
ide dismutase, STAT3 signal transducer and activator of transcription
3, TGF-p transforming growth factor beta, Treg regulatory T cell

difficulty in the study of MDSCs in general because dif-
ferent studies have used different phenotypes to
characterise MDSCs, making direct comparisons difficult.
Due to these differences in phenotypes across studies, this
also makes it challenging to pair together studies which
have shown an effective targeting strategy against partic-
ular MDSC phenotypes with other studies which report that
the level of certain MDSC phenotypes in the same cancer
type are clinically relevant to patients with this cancer.
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Table 3 Therapeutic strategies to target MDSCs

Treatment MDSC phenotype; sample type Cancer PT Effect on MDSC level/function/ Refs.
type differentiation
Targeting MDSC Level
ATRA CD33YHLA-DR Lin"; frozen RCC ND Decreased levels [92]
ATRA+DC-p53 CD33YHLA-DR Lin"; frozen SCLC Yes Decreased levels [104]
CD147CD33"CD11b™; frozen
DC-p53 CD33"HLA-DR Lin"; frozen SCLC Yes No change [104]
CD14-CD33"CD11b™; frozen
Bevacicumab CD66b™; fresh RCC ND No change [12]
Bevacicumab—+IL-2 Increased levels
Bortezomib CD14"HLA-DR ™Y, fresh MM No Decreased levels [96]
L19-IL2 treatment CD14 HLA-DR™°VCD11b*; frozen Melanoma Yes Decreased levels [101]
Lenalidomide CDI14THLA-DR'" CD337CD11b*Lin™; fresh MM ND No change [93]
CD147CD33"CD15"CDI11b Lin"; fresh MM ND Increased levels
Lenalidomide or Bortezomib CD14 HLA-DR™°“CD11b*; NM MM ND No change [90]
CD157CD14 HLA-DR™°*CD33"CDl11b";
NM
Doxorubicin CD337CD11bTHLA-DR Lin"; fresh BC ND Increased levels [14]
Paclitaxel No change
HSPPC-96+GM-CSF CD15"; NM Melanoma Yes No change [8]
CD34"; NM
HLA-DR Lin"; NM
CD1417CD11b*; NM Melanoma Yes Increased levels
CD14"HLA-DR "°“CD11b*; NM
Telomerase peptide vaccine CD11b HLA-DR Lin"; frozen PC ND Decreased levels [95]
(GV1001)+GM-
CSF+Gemcitabine+Capecitabine
Gemcitabine+Capecitabine CD11b HLA-DR Lin"; frozen PC ND No consistent reduction [95]
CDDO-Me+Gemcitabine CD33*HLA-DR Lin~; NM PAC ND No change [105]
CD14~CD337CD11b"; NM
Sunitinib CDI15TCD147; frozen RCC Yes Decreased levels [97]
HLA-DR™CD33"; frozen
CD15"HLA-DR™CD33*CD11c™; frozen
CD33"HLA-DR™CD15 CDl11c™; frozen
CD14 HLA-DR™°%; NM RCC Yes Decreased levels [94]
CDI11c"HLA-DR Lin~; NM RCC Yes Increased levels
CD33*CD11b"HLA-DR; IF tissue RCC ND Undetectable levels [98]
CD33THLA-DRCDI14~CD15~; tumour Decreased levels
digest
CD15"HLA-DR™CD33"; tumour digest
CD14"HLA-DR™CD33™"; tumour digest No change
CD14%CD337CD16™; frozen Mix ND Decreased levels [50]
CD1417CD337CD16™; frozen
Vemurafenib CD14+*HLA-DR™ Melanoma No PR: decrease [32]

loweD15%™CD33TCD11bTCD167
1o%CD45TCD66b ™~ Arginasel “Lin~; NM

CD157CD14 HLA-DR™’
lowep33*CD11bTCD16~
1o%CD45TCD66bTCD1 1b ™ Arginasel TLin~;
NM
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Table 3 continued

Treatment MDSC phenotype; sample type Cancer PT Effect on MDSC level/function/ Refs.
type differentiation
Targeting MDSC Level
Ipilimumab CD15THLA-DR™°¥CD33"CD11b*Lin"; Melanoma Yes Decreased levels [99]
fresh
CD14"HLA-DR °¥CD3~CD19~; fresh Melanoma Yes No change
CD15"HLA-DR°¥CD11b+SSC™¥; frozen =~ Melanoma No No change [100]
CD14THLA-DR °*CD11b*SSC'"Y; frozen Melanoma No Decreased or Increased levels
CDI14THLA-DR Lin~; fresh Melanoma Yes No change [66]
Tadalafil CD14THLA-DR™°¥CD33+*CD11b"IL-4Ra™; HNSCC  Yes Decreased levels [102]
frozen
CD33%IL-4Ra™; Tissue Decreased levels (trend)
Not clearly defined HNSCC Yes Decreased levels [103]
CpG-STAT3 siRNA CDI15*CD147; fresh Prostate Yes No change [53]
Zoledronic acid CD157CD33TCD11bTCD45 Lin™; frozen PAC No No change [107]
VEGF-trap CD33"HLA-DR Lin"; frozen mix ND No change [106]
Targeting MDSC function
L-arginine CD15%7CD33™; fresh RCC Yes Restored T cell function [97]
Catalase CD15%7CD33™; fresh RCC Yes Restored T cell function [97]
CD33THLA-DR; fresh RCC ND Restored T cell function [110]
CD147; fresh In vitro No Weakly restored T cell function [17]
CD14™"; fresh Melanoma ND Restored T cell function
ATRA CD33YHLA-DR™; fresh RCC ND Restored T cell function [110]
Anti-PD-1/PD-L1+Lenalidomide CD14THLA-DR™°*CD11b*; NM MM ND Restored T/NK/NKT cell [116]
function
Reduced tumour cell growth
Lenalidomide or Bortezomib CD15"CD14 HLA-DR™°“CD33"CD11b*; MM ND No restoration in T cell function [116]
NM Decreased levels of COX-2, IL-
6, IL-10, IFNy and GM-CSF
in MDSC
CDDO-Me+Gemcitabine CD33%Lin"HLA-DR™; NM RCC ND Restored T cell function [105]
CD14~CD337CD11b"; NM
Sunitinib CDI15TCD33™"; fresh RCC Yes Restored T cell function [97]
CD147CD33%7CD16™; fresh Mix ND In vitro: Restored T cell [50]
function and decreased
pSTAT3, CD206, ARG;
increased iNOS;
in vivo: Decreased ARG and
pSTAT3
Ipilimumab CD3" fresh Melanoma Yes Decreased frequency of [99]
ARG cells
CD15"HLA-DR °*CD33"CD11b"Lin";
fresh
CD15"HLA-DR™°CD11b*SSC"¥; frozen ~ Melanoma No No change in NO [100]
CD14"HLA-DR°¥CD11b*SSC""; frozen =~ Melanoma No No change in PD-1
Tadalafil CDI15"; NM HNSCC Yes Decreased iNOS and ARG [103]
Targeting MDSC function
CpG-STAT3 siRNA CD15TCD147; fresh Prostate Yes Restored T cell function; [53]
Decreased ARG
AG490 (STATS3 inhibitor) CD14%; fresh In vitro No Restored T cell function (trend) [17]
CD14™"; fresh Melanoma ND Restored T cell function
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Table 3 continued

Treatment MDSC phenotype; sample type Cancer PT Effect on MDSC level/function/ Refs.
type differentiation
Stattic and siRNA inhibition of CD14 HLA-DR™ 10“’; fresh HNSCC ND Restored T cell function; [47]
STAT3 Decrease ARG
Celecoxib (COX-2 inhibitor) CD147; fresh In vitro No Restored T cell function [17]

CD14%; fresh
CD14™"; fresh
CD14™"; fresh

Neutralizing TGF-3

Anti-PGE2
Superoxide dismutase

CD14%; fresh
CD14%; fresh

CD33YHLA-DR; fresh
CD33YHLA-DR™CD3™; NM

Superoxide dismutase

Amiloride (decreases exosome

production) Depleted phenotype not given; NM
VEGF-Trap CD33"HLA-DR Lin"; frozen
Sildenafil CD14%; fresh

Nor-NOHA (ARG inhibitor)+L-

NMMA (NOS inhibitor)
Nor-NOHA (ARG inhibitor) CD15%7CD147; fresh

CD14%; fresh

CD14™"; fresh
Targeting MDSC differentiation

ATRA CD33YHLA-DR; fresh

HSPPC-96+GM-CSF
CD33 HLA-DR™; fresh

Sunitinib

Celecoxib (COX-2 inhibitor) or
AG490 (STAT3 inhibitor)

Vemurafenib

CD14™"; fresh

CD14THLA-DR°%; NM

CD14THLA-DR™°¥CD11b*; NM

Melanoma ND Restored T cell function (trend)

Restored T cell function (weak/ [17]
inconsistent)

In vitro No

Melanoma ND
Restored T cell function (trend)

Melanoma ND Restored T cell function [17]
In vitro No Restored T cell function (weak/ [17]
inconsistent)
RCC ND No change [110]
CRC ND Decreased pSTAT3 [111]
Restored T cell function
Mix ND Restored T cell function (if [106]

MDSC levels decreased)

No restoration of T cell
function (if MDSC levels

increased)
MM ND Restored T cell function [109]
Prostate Yes Restored T cell function [53]

In vitro No Restored T cell function (weak/

inconsistent)
Melanoma ND Restored T cell function (trend) [17]

RCC ND Increase in CDla, HLA-DR and [110]
CD40 expression

Melanoma Yes No change in co-stimulatory [8]
molecules

RCC Yes No change in MHC Il/co- [97]

stimulatory molecules; no
effect on induction of MDSC
differentiation

In vitro No Induction inhibition of MDSC- [17]
like phenotype
In vitro No No effect on induction of [32]

MDSC-like phenotype

ARG arginase, ATRA all-transretinoic acid, BC breast cancer, CDDO-Me bardoxolone methyl,COX-2 cyclooxygenase-2, CpG cytosine-phos-
phate-guanine oligodeoxynucleotide, CRC colorectal cancer, DC dendritic cell, HNSCC head and neck squamous cell carcinoma, HSPPC-96
Heat shock protein peptide complex-96, iNOS inducible nitric oxide synthase, MM multiple myeloma, ND no data, NM not mentioned, NO nitric
oxide, PAC pancreatic adenocarcinoma, PC pancreatic cancer, PD-/ Programmed cell death, PD-LI programmed death-ligand 1, PGE2
prostaglandin E2, PR Partial Responders, PT pretreatment, RCC renal cell carcinoma, ROS reactive oxygen species, SCLC small cell lung cancer,
STAT3 signal transducer and activator of transcription 3, VEGF Vascular endothelial growth factor

Another example of different effects reported for the same
therapy is ipilimumab in melanoma patients. Pico de Coana
et al. [99] reported a decrease in the level of grMDSCs,
whereas Gebhardt et al. [100] observed no change. Given
that granulocytes and grMDSC are sensitive to freezing
[51, 79], this might reflect an experimental artefact rather
than represent a biological difference because the former

study used fresh PBMCs while frozen samples were used
by Gebhardt et al. [100], or alternately this may be due to
differences in the pretreatment of the patients.

As highlighted in the previous section, current studies
have identified a small number of mechanisms used by
MDSCs to exert their suppressive function. These common
mechanisms include Treg induction, ROS, arginase, TGF-J3
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production and the overlapping PGE2/COX-2/STAT3
pathways which, therefore, represent potential targets for
therapeutic intervention against MDSCs. We identified 15
studies which reported on drugs that target many of these
suppressive mechanisms in at least five different entities of
human cancer. All of these studies showed that these drugs
modulate  the pathways involved in  arginase
[50, 53, 80, 99, 103, 109], ROS [97, 110], COX-2 [80, 110],
STAT3 [47, 50, 53, 80, 111] and to restore T cell prolifera-
tion and/or function [47, 50, 53, 80, 97, 103, 105,
106, 109-111]. Of note is that many studies did not test if
abrogation of MDSC-mediated suppression was due to
inhibition of the suppressive pathway or due to other possible
mechanisms, such as apoptosis induction. For example,
using T cel/MDSC co-culture suppression assays, Nagaraj
et al. [105] observed an increase in IFN-y production in
patients with RCC upon treatment with the IkB inhibitor
CDDO-Me, but the authors did not investigate by which
mechanism the improved IFN-y production occurred. Also
using co-culture suppression assays, Ko et al. [97], demon-
strated that sunitinib resulted in improved T cell function and
that this occurred through the induction of apoptosis in
MDSCs. This highlights the importance of distinguishing
between the possible different therapeutic mechanisms of
these drugs.

Strategies manipulating the differentiation of MDSCs can
be achieved by either blocking the differentiation of myeloid
cells into MDSC:s or by driving the differentiation of MDSCs
into non-suppressive cells. To date, this remains the least
studied approach with only a handful of investigations
attempting this strategy. We were able to identify five studies
using this approach, four of which were performed in vitro
[32, 80, 97, 110], with the remaining study performed in
cancer patients in vivo [8]. One of these studies failed to show
changes with vemurafenib on the differentiation of MDSCs
in vitro [32], while two showed no change in expression of
MHC II or co-stimulatory molecules on MDSCs from patients
with metastatic melanoma or RCC treated with Heat shock
protein peptide complex-96 (HSPPC-96) in combination with
GM-CSF vaccination [8] or sunitinib [97], respectively. In
contrast, Kusmartsev et al. [110] demonstrated that ATRA in
combination with GM-CSF induced the differentiation of
suppressive myeloid cells to those with a more mature phe-
notype in vitro. Another mechanism of targeting the
differentiation of MDSCs was reported by Mao et al. [80] in
in vitro co-culture studies where blocking COX-2 or STAT3
resulted in the inhibition of tumour-induced MDSC-mediated
T cell suppression, with similar effects reported when these
pathways were directly inhibited on patient derived MDSCs.
Of the current targeting strategies, manipulation of MDSC
differentiation is the least studied approach in humans.

High MDSC levels are associated with worse clinical
outcome in many cancer types, but it has not yet been
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shown whether MDSC targeted therapies result in patient
benefit. Therefore, future studies should be more focused
on identifying the clinical effects of such agents. The range
of therapies investigated as MDSC targeting drugs so far
represent a diverse group of agents that vary considerably
in target specificity. It is therefore not precisely clear how
these agents function in their interaction with MDSCs, and
one factor not taken into consideration when analysing the
effect of a given therapy on the level of MDSCs is the
effect of the therapy on the tumour which may indirectly
result in changes to MDSCs. An association between dis-
ease stage and MDSC level has been reported in numerous
cancer types (see “MDSC levels in human cancer and
response to therapy”). Thus, a therapy-induced reduction
of peripheral MDSCs may reflect activity against the
tumour and may not be directly related to an effect on
MDSCs. To determine the mechanism by which any
observed therapeutic effect occurs, future studies will need
to address this issue. For example, the cell types responsive
to the employed therapeutic regimen may be assessed
against individual cell types in vitro. Despite the exact
mode of action remaining unclear, the combination of
MDSC therapies may be one method of effectively com-
bating MDSCs. For example, the combination of agents
that act to reduce MDSCs (such as Gemcitabine [95]) with
those that promote their differentiation (e.g., ATRA
[92, 110]) may be a useful approach that could result in
more efficacious MDSC directed therapies. Noteworthy is
that none of these therapies were originally developed for
the purpose of MDSC targeting, as illustrated by ipili-
mumab which was designed to act on T cells but also
happens to have an effect on MDSCs. These results suggest
that approaches which specifically target MDSCs may be
more successful in the future.

Discussion

In this review, we have surveyed studies which collectively
unequivocally document that MDSCs are important players
in human cancer. However, it remains to be seen if any of
the reported strategies which target MDSCs in cancer
patients in vivo result in improvement in patient status. We
propose the following three step procedure for the clinical
implementation of MDSC-based therapeutics. Step 1:
Although we understand MDSCs to be of general impor-
tance to cancer, validated and reproduced clinical
associations from multiple laboratories exist for only a few
cancer types. This is particularly the case for the most
important clinical feature; patient survival. We therefore
suggest that future efforts should be more heavily focused
on precisely defining and validating clinical associations
for each cancer type. Only then can it be investigated if



A clinical and biological perspective of human myeloid-derived suppressor cells in cancer

4057

certain cancer patient groups may benefit from MDSC
targeted therapies. Step 2: To facilitate the testing and
development of MDSC targeted therapies, a better under-
standing of how MDSCs mediate immune suppression will
be required. To allow the development of a range of
therapies, a full spectrum of potential target mechanisms
and an understanding of how each of these suppress the
immune system will be required. Step 3: In the cases where
robust clinical relationships have been defined, MDSC
targeted therapies should then be tested. This could be
performed initially in vitro using patient material, but
subsequently in vivo in animals (primarily to estimate
potential toxicity) and humans (to directly test the clinical
effect of such drugs). In this context, it is not known if
drugs which target MDSCs in general will be effective (in
which case less emphasis can be placed on Step 2), or if
drugs which target particular suppressive mechanisms in
each cancer type or in each patient will be required to
deliver clinical benefit. As such, Steps 1 and 2 will allow an
understanding of the therapeutic mechanism of each drug
and the suppressive mechanism of different MDSC. Pairing
these may ultimately allow the matching of therapies which
target particular suppressive mechanism(s) to these
patients. This would most likely benefit patients who have
high levels of MDSCs utilising a particular suppressive
mechanism in a cancer type in which the negative role of
MDSCs has been established.

Despite the proliferation of MDSC-focused investiga-
tion, there is a relative dearth of literature on their role in
humans. Our inspiration behind this work was to more
clearly define the state of the art of MDSCs exclusively in
the setting of human cancer. This allowed us to identify
where progress has been made and also where the problems
are in the field as a whole. We found a number of studies
which showed that MDSCs are clinically relevant in dif-
ferent cancer types. It is not yet clear if this is because
MDSCs are important in all cancer types or only in some,
or if the lack of negative reports is due to publication bias
for the preferential reporting of significant results
[112-114]. One of the common themes running across the
different aspects of this review is the lack of standard
protocols for assessing MDSCs. This contributes to the
difficulty of comparing results from different studies. There
have been recent attempts [78] to harmonise MDSC phe-
notype assessment but many other aspects also require
attention, especially in the case of standardising conditions
for the functional testing of MDSCs. Even so, employing
standards will not entirely overcome some of the most
pressing questions. Primarily due to technical limitations
and differences in investigator preference, it is still an open
question if the similar or different phenotypes reported
across studies represent distinct or overlapping cellular
populations. Addressing these widespread issues while

following our proposed three step procedure may lead to
the more rapid translation of MDSC targeted therapies
which may improve the treatment of cancer.
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