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Abstract

Myeloid derived suppressor cells (MDSC) are heterogeneous cell population consisting of myeloid
progenitor cells and immature myeloid cells. These cells have essential immunoregulatory role in
tumor bearing hosts and under different inflammatory conditions. No specific marker has been
described to identify MDSC, which leaves their suppressor activity as their only hallmark
function. In this review, we discuss the current /77 vivo and in vitro developed assays for
elucidation of MDSC function and describe the discrepancies between murine and human MDSC
in regard to their suppressor function. We also discuss antigen specificity of MDSC function and
approaches to determine the effector function of these cells /n vivo. Finally, we summarize
different approaches currently being employed to target MDSC with the aim to enhance immune
based therapies.
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INTRODUCTION

Myeloid derived suppressor cells (MDSC) are composed of a variety of different cell types
including precursors of granulocytes, macrophages and dendritic cells or early myeloid
progenitor cells. Various studies have demonstrated the immunosuppressive function of
MDSC in tumor bearing hosts (Bronte et al., 2001; Gabrilovich and Nagaraj, 2009;
Kusmartsev and Gabrilovich, 2002; Marigo et al., 2008) as well as other pathological
conditions such as inflammatory bowel disease, sepsis, trauma and transplantation (Cripps
and Gorham, 2011; Delano et al., 2007; Haile et al., 2008; Makarenkova et al., 2006). In
mice two distinct MDSC sub-populations have been identified: monocytic (CD11b*CD49d
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*Ly6CNigN and granulocytic (CD11b*CD49d"Ly6Ghi9") MDSC (Haile et al., 2010;
Movahedi et al., 2008; Youn et al., 2008).

MDSC have been shown to suppress immune responses through direct or indirect
mechanisms (Bronte and Zanovello, 2005). The main proposed mechanisms for direct
inhibition of immune response are production of NO through NOS2, release of ROS,
depletion of arginine, secretion of immunosuppressive cytokines such as TGF-p and IL-10
as well as inducing apoptosis mediated by FAS-FASL pathway (Bronte et al., 2003; Corzo et
al., 2009; Huang et al., 2006; Kusmartsev et al., 2004; Nagaraj et al., 2010; Sinha et al.,
2011; Terabe et al., 2003). Hyperproduction of ROS and peroxynitrite by MDSC have been
shown to directly disrupt antigen specific CD8* T cell responses through nitration of
tyrosines in a T-cell receptor TCR-CD8 complex, which affect the conformational flexibility
of TCR-CD8 and its interaction with pMHC (Lu et al., 2011; Nagaraj et al., 2007). Recent
reports suggest that MDSC down-regulate L-selectin on naive T cells, thereby interfering
with their ability to home to their activation site (Hanson et al. 2009).

In addition, MDSC suppress indirectly by inducing other cell types with immune suppressor
functions such as Tregs or M2 macrophages (Hoechst et al., 2011; Serafini et al., 2008;
Sinha et al., 2007). Accumulation of MDSC is shown to be closely associated with
inhibition of dendritic cell differentiation leading to disrupted antitumor immune responses
(Cheng et al., 2008). Moreover, MDSC have been shown to suppress NK cell cytotoxicity
through abrogation of perforin release in Stat5 dependent manner (Hoechst et al., 2009; Liu
et al., 2007). Our group and others have demonstrated alteration of equilibrium between
regulatory and effector T cells by MDSC through induction of Foxp3* regulatory T cells
both in vivoand in vitro (Hoechst et al., 2008; Serafini et al., 2008). A cross-talk between
MDSC and macrophages have been proposed, whereby MDSC cause polarization of
macrophages into M2 phenotype with reduced IL-12 production (Ostrand-Rosenberg, 2010)
(Figure 1).

Due to lack of specific makers for MDSC, they are mainly identified through their
suppressor function but not by their phenotype. Therefore, in this review, we will summarize
and discuss different assays, which have been used to demonstrate their suppressor function.
We will discuss assays for human as well as for murine MDSC to demonstrate suppression
of antigen-specific and non-specific T cell responses. Finally, we will summarize the current
knowledge on evaluation of the suppressor function of MDSC /n vivo, which is not only the
most important assay, but also a very difficult task in the absence of specific markers for
these cells.

Measurement of in vitro Function of Murine MDSC

The standard method in elucidating the function of MDSC is to perform /n vitro co-culture
experiments whereby purified CD11b*Gr-1* cells (or MDSC sub-populations) are co-
incubated together with T cells in the presence of a T cell stimulus. In this type of assay, the
proliferation of T cells is assessed by thymidine incorporation or CFSE dilution (Dolcetti,
Peranzoni, and Bronte, 2010; Watanabe et al., 2008). On the other hand, a pioneer work by
Gabrilovich’s group has demonstrated that immature myeloid cells isolated from the
fibrosarcoma bearing mice are able to suppress IFN-y release by activated CD8* T cells
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utilizing ELISPOT assay (Kusmartsev et al., 2004). Although some studies have shown that
MDSC suppress the proliferation of antigen-specific T cells, other groups including ours did
not observe an inhibition of IFN-y release by antigen-specific T cells upon antigen
stimulation.

This might indicate that MDSC may not impact the early events of effector T cell function
such as cytokine production (IFN-y secretion). It is possible that at the early time points,
these cytokines might even induce the suppressive function of MDSC (Gallina et al., 2006).
Recently, Watanabe et al demonstrated that despite a significant suppression of proliferation
of T cells, MDSC could not impact the ability of IFN-y secretion by T cells (Watanabe et
al., 2008). In addition, MDSC cell lines were shown to prevent the generation of allo-
specific CTL by blocking T cell proliferation, and induce apoptosis of Ag-stimulated CTL
clones (Apolloni et al., 2000).

Measurement of the in vitro Function of Human MDSC

Although human MDSC are poorly characterized in terms of surface marker and function,
progress has been made in identifying potential surface markers, which help to characterize
this suppressive population in different cancer patients (Filipazzi, Huber, and Rivoltini,
2012; Greten, Manns, and Korangy, 2011; Zhao et al., 2012). In contrast to murine MDSC,
studies using human MDSC have shown that they can interfere with both T cell proliferation
as well as IFN-y production (Table 1).

Earlier studies using CD11b*CD14~ MDSC from renal cell carcinoma patients showed that,
depletion of these cells from the culture enhances CD3/CD28 induced proliferation,
cytokine production as well as CD3( chain expression (Zea et al., 2005). On the other hand,
our group and others have shown that depletion of CD14*HLA-DR™/1°W MDSC enhanced
antigen-specific T cell responses in vitro. Additionally, co-culturing of MDSC with CD3/
CD28 stimulated T cells resulted in suppression of T cell proliferation and IFN-y
production. Human CD14*1L-4Ra*™ MDSC from cancer patients are shown to have a
potential to inhibit the MLR stimulated proliferation of PBMC (Mandruzzato et al., 2009).

Determination of Antigen Specificity of MDSC

A handful of experiments have shown that MDSC only suppress CD8*T cells in an antigen
specific manner, which requires antigen presentation by MDSC to antigen specific CD8* T
cells. On the other hand, some studies provide evidence that murine MDSC suppress T cells
activated through mitogens (Solito, Bronte, and Mandruzzato, 2011).

Initial reports by Gabrilovich et al. demonstrated that tumor-induced Gr-1 cells did not
inhibit Con A stimulated or antigen specific CD4* T cell responses, but inhibited antigen
specific CD8* T cell responses. This was attributed to the lack of MHC-11 expression on
MDSC and higher levels of MHC-I molecule. The same study showed that these Gr-1* cells
were able to inhibit only peptide but not mitogen stimulated CD8* T cells (Gabrilovich et
al., 2001) suggesting that these suppressor populations of cells presented the antigen through
MHC-class | molecule. This indicates that antigen presentation by MDSC in the context of
MHC-1 molecule to CD8" T cells is crucial in exerting their inhibitory function.
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Recently, the same group has shown that the interaction between MDSC and CD4* T cells in
the context of MHC-11 not only induces CD4* T cell tolerance but also converts MDSC into
non-specific suppressor cells (Nagaraj et al., 2012). Our unpublished observation and other
reports have also shown that MDSC are unable to inhibit the proliferation of either Con-A or
anti-CD3/ CD28 activated T cell responses (Kusmartsev, Li, and Chen, 2000). Furthermore,
we have observed that an interaction between MDSC (particularly Gr-1M9" granulocytic
MDSC) and T cells in the context of antigen presentation is required for efficient
suppression by granulocytic MDSC (manuscript in preparation). A recent report also showed
that both subsets of MDSC (Gr-1M9h and Gr-1!°% cells) were unable to inhibit T cell
proliferation induced by CD3/CD28 antibody (Youn et al., 2008).

On the contrary, MDSC isolated from CSA1M fibrosarcoma tumor-bearing mice inhibited
Con A induced T cell proliferation, in the presence of LPS and IFN-y but not alone which
was reversed by the addition of NOS2 inhibitor L-NMMA (Zhou et al., 2007). Apart from
this, trauma-induced CD11b*/Gr-1" cells were shown to significantly inhibit CD3/CD28-
mediated T cell proliferation, TCRC-chain expression as well as IL-2 production. The
suppressive effects by the CD11b*/Gr-1* cells were overcome with the arginase antagonist
N-hydroxy-nor-L-arginine or extra supplementation of medium with L-arginine. Poor
antigen-presenting capacity of control and trauma-induced CD11b*/Gr-1* cells was detected
in allogeneic murine leukocyte reaction (Makarenkova et al., 2006). Other reports have also
suggested that sepsis induced MDSC inhibit both antigen specific as well as nonspecific
(CD3/CD28) proliferative responses (Delano et al., 2007).

Similarly, in a colon carcinoma model, both spleen and bone marrow derived immature
Gr-1* myeloid cells were shown to strongly inhibit CD3/CD28-activated T cells in an IFN-
v-dependent manner. However, the same suppressive population failed to inhibit effector T
cells that were pre-activated with anti-CD3 monoclonal antibody. These inhibitory effects of
myeloid cells could be reversed by the addition of a combination of NOS inhibitor and SOD
mimetic (Kusmartsev, Li, and Chen, 2000).

The ability of MDSC to inhibit in an antigen specific manner might be attributed to their
capacity to present antigen to CD8* T cells, which is further influenced by the setting from
which the MDSC are isolated. However, further studies are required to prove this. Finally, a
different study demonstrated that CD11b* MDSC from LPS treated mice suppress contact
dependent mixed lymphocyte responses through IL-10 and heme oxygenase-1 (De Wilde et
al., 2009). In summary, more studies are needed to dissect the different aspects of inhibition
of antigen-specific immune responses by MDSC.

Differential Effector Function of MDSC Subsets

In the last several years, based upon the expression of the two epitopes recognized by anti-
Gr-1 antibody, two morphologically and functionally distinct subpopulations of murine
MDSC have been identified. Our group has identified CD49d as a new marker, which can
distinguish different MDSC subsets. CD11b*CD49d* cells are similar in phenotype and
function to CD11b*Ly6CN9" monocytic MDSC. On the other side CD11b*CD49d™ and
CD11b*Ly6Ghi9" hoth represent the granulocytic MDSC subtype (Haile et al., 2010; Youn et
al., 2008). CD49d can be used instead of Gr-1 as a marker for MDSC, which can circumvent
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potential interferences that occur when antibodies against Ly6C or Ly6G and Gr-1 are used
in combination or to clearly distinguish between Gr-1N9" and Gr-19ullint. ce||s. Based on
these studies, monocytic MDSC are described as Ly6CMNI"CD49d* cells, whereas
granulocytic MDSC are Ly6GN9NCd49d™ cells (Haile et al., 2010).

Based upon these markers, /in vitro functional experiments by our group and others have
shown that monocytic MDSC posses a stronger suppressive ability dependent on IFN-y and
NO production. On the other hand, granulocytic MDSC displayed modest anti-proliferative
effect on CD8* T cells through the production of ROS (Dolcetti et al., 2010; Haile et al.,
2010; Movahedi et al., 2008). However, one study has demonstrated that granulocytic
MDSC have a more profound (although not statistically significant) suppressive activity per
cell basis than monocytic or total population of MDSC (Youn et al., 2008). This controversy
might result from the different cell lines used to induce the MDSC subsets in the study.

Approaches to Assess the in vivo Function of MDSC

Due to the lack of specific markers and transgenic murine models to selectively deplete or
add MDSC, studies have used indirect approaches in order to prove their function in vivo.
Such studies include adoptive transfer experiments, in which MDSC are harvested from
tumor bearing mice and then co-transferred with antigen specific CD8" T cells.
Alternatively, multiple studies have tried to eliminate MDSC /n vivo through
pharmacological or antibody-mediated approaches.

Adoptive Transfer Approach—The first method used to quantify the /n vivo function of
MDSC is through co-injection of MDSC together with tumor cell lines. In a murine isograft
model, combined co-injection of MC26 or 3LL cells with Gr-1*CD11b* cells obtained
either from naive or tumor bearing mice subcutaneously, resulted in higher tumor volume
and growth rate in mice co-injected with tumor derived MDSC (Yang et al., 2004).
Similarly, /n vivo determination of the cell mediated suppressive effect of MDSC was
carried out to analyze the effect of nanoparticulated adjuvant induced MDSC used in
vaccines.

Here, OT-I splenocytes were transferred to congenic mice on day 0. Mice were vaccinated
with peptide pulsed DCs and MDSC on day 2 and MDSC were adoptively transferred again
on day 4 before T cell function was tested on day 10. Interestingly, in this study, MDSC
from tumor bearing mice were much more suppressive than CD11b* cells from mice
vaccinated with a nanoparticulatd adjuvant (Fernandez et al., 2011).

In line with this, using a model of intestinal inflammation, we have shown previously that
adoptive co-transfer of antigen specific T cells with Gr-1*CD11b* MDSC from mice with
chronic inflammation can ameliorate severe gut- inflammation and body weight loss caused
by CD8* T cells. Although the /n vivo mechanism behind such suppression is not well
defined, these assays can be utilized to determine the /n vivo function of immuno-regulatory
MDSC (Haile et al., 2008).

To define the /n vivorole of MDSC, a study has used allogenic transplantation models where
by adoptive transfer of CFSE labeled spleen cells into irradiated allogenic recipient mice
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prevented the proliferation of T cell proliferation /n vivo (Dugast et al., 2008). Reports
suggest that MDSC inhibit proliferation but not IFN-y secretion of T cells /n vitro, however,
there are discrepancies regarding the extrapolation of the /n vitro results to /n vivo obtained
data. We have shown previously that MDSC can inhibit IFN-vy secretion but not proliferation
in vivo (Haile et al., 2008), in line with a model of sepsis, where infusion of Gr-1* cells
obtained from the septic mice into mice which had previously received CD8* T cells
markedly reduced IFN-y production by antigen specific CD8* T /i vivo (Delano et al.,
2007). This might be attributed to differences between the inflammation-induced and tumor-
induced MDSC.

Knock-out Mice/Transgenic Mice—The presence of IL-4Ra on CD11b* cells appeared
to be critical for their suppressive activity. Hence, the other approach used to verify the /n
vivo function of MDSC was indirect through the use of IL-4Ra. ™~ mice, where by transfer
of CD8* T lymphocytes purified from immunized y-irradiated C26-GM cells marginally
affected the tumor development in control mice but completely prevented the tumor growth
in LysMCrelLL-4R~/floX mice (Gallina et al., 2006). This is an indication that functional
markers such as IL-4Ra on MDSC can be used to study the /n vivo function of MDSC and
hence useful for targeting MDSC /n vivo.

Similarly, SI00A9 was shown to be crucial for the /n vivo increase in the number of MDSC
in response to inoculation of mice with tumor cells. A study utilizing S100A9 knockout
mice, has demonstrated that absence of S100A9 leads to aggressive tumor growth with high
tumor volume and no infiltration of Gr-1* cells (Cheng et al., 2008). Consistently, HIF-1a. is
involved in drastic alteration of the function of MDSC in the tumor microenvironment and
influences their differentiation toward tumor-associated macrophages. MDSC from the
HIF-1a knock-out mice displayed a more mature phenotype (express CD11C), had
decreased viability, lower suppressive ability and lower expression of Arginase 1 and NOS2.

Comparison of the /n vivo function of WT and HIF-1a deficient myeloid cells in vivoin
harnessing the antitumor immune response revealed a substantially delayed tumor growth in
the latter case (Corzo et al., 2010). Another mouse model used to rule out the /n7 vivo
function of MDSC is a model of tissue-restricted gene ablation where by Cebpb was deleted
in all hematopoietic lineage cells. Cebpbflox/flox; Tie2cre(-"-) mice showed a decrease in
CD11b*Gr-1* cells after they were challenged with MCA203. In addition, CD11b*
splenocytes isolated from the spleen of these mice had completely lost their ability to inhibit
antigen-specific CD8* T cells /n vitro (Marigo et al., 2010). Although these factors are not
specific for MDSC, it is suggestive that C/EBPPB or HIF-1a can be used as one of the targets
for potential intervention of MDSC function in vivo.

Pharmacological Manipulation—Chemotherapeutic agents such as gemcitabine have
been shown to drastically and selectively reduce the number of splenic MDSC preserving
CD4*, CD8*, NK and macrophages. These effects were accompanied by enhanced anti-
tumor responses of CD8* T cells and NK cells (Le et al. 2009; Suzuki et al. 2005). The
molecular mechanism for this effect is not understood yet, however, the authors propose the
selective killing of Gr-1*CD11b* cells by gemcitabine with out affecting their influx and
maturation as one explanation. In addition, in this study, only gemcitabine’s effect on splenic
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DC is shown; however, MDSC, which are located at other sites such as liver, might affect the
conclusions drawn from such experiments.

Similarly, a single administration of 5-flurouracil, which results in MDSC depletion, elicited
an increase in IFN-y production by tumor-specific CD8* T cells. This selective effect of 5-
FU on MDSC is attributed to lower expression of thymidylate synthase (TS), a target
enzyme for action of 5-FU (Vincent et al., 2010). In our own hands, a single injection of 5-
FU (50 mg/kg) has led to a dramatic decrease in tumor size, so that it remains an open
question whether the observed effects of 5-FU and possibly other cytotoxic reagents are
direct effects on MDSC or an indirect effect due to targeting of tumor.

A promising approach could be differentiation of CD11b*Gr-1* MDSC in to DC,
macrophages or granulocytes with out affecting the growth of solid tumors is by using all-
trans-retinoic acid (ATRA), a derivative of vitamin A (Gabrilovich et al., 2001; Ugel et al.,
2009).

Pharmacological manipulation of MDSC function by targeting NOS and ARG1 using L-
NMMA and nor-NOHA have also been tried. Although these drugs can effectively reverse
inhibitory mechanisms of MDSC, their use /n vivo is not favored due to side effects.
However, administration of a clinically available PDES5 inhibitor, sildenafil, was shown to
overcome MDSC mediated immunosuppression through down-regulation of IL-4a and
ARG1 (Serafini, Borrello, and Bronte, 2006).

Depletion of MDSC—Gr-1 antibody depletion (clone RB6-8C5) has been widely used to
deplete mice of MDSC. The Gr-1 epitope presented on MDSC is represented by the two
molecules Ly-6G and Ly-6C, which potentially allow for co-staining of cells with anti-Gr-1
and anti-Ly-6G or anti Ly-6C. A study by Bronte et al. has used anti-Gr-1 antibody to
deplete Mac*/Gr-1*CD11b* cells and has shown that repeated i.p injection of antibody
during the first days of infection with vaccina virus (VV)-encoding IL-2 and model antigen
B-galactosidase (B-gal), mounted a potent immune response resulting in complete recovery
of the deficient cytotoxic response, yet impaired immune response was observed in control
antibody-treated group (Bronte et al., 1998).

However, the use of anti-Gr-1 antibody to deplete MDSC /n vivo is highly uncertain, since,
it recognizes both Ly6G and Ly6C, which leads to non-selective depletion of monocytes, T
lymphocytes, NK cells and macrophages, and might impair host immunity and lead to
opportunistic infection (Stewart and Smyth, 2011). In addition, results from our lab and
others indicate that the antibody might by itself cause non-efficient depletion, aggregation
and even activation of MDSC in different organs such as liver (Ribechini, Leenen, and Lutz,
2009) causing liver inflammation (manuscript submitted). Apart from this, incomplete and
rebound accumulation of MDSC following depletion further complicates the analysis.

OUTLOOK

Immune suppression remains the hallmark of MDSC. Although different mechanisms have
been identified as to how MDSC exert their suppressor function in different pathological
settings, controversies regarding the best method to measure their immune suppressor
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function both /in vitroand in vivo exist. The lack of specific markers as well as the existence
of different MDSC subtypes make this task even more difficult and remain an important area
of investigation.
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Figure 1:
MDSC inhibit multiple facets of the immune response. MDSCs are recruited by tumor

derived soluble factors and inhibit the immune system through different pathways.
Monocytic MDSC utilize NO and arginase 1, whereas granulocytic MDSC release ROS to
exert their function. Monocytic MDSCs induce Foxp3 expression in CD4* T cells, while it is
not clear what MDSC subtype is responsible for the inhibition of other immune functions
such as inhibition of macrophages, dendritic cells and NK cells.
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Table 1:
Comparison of human and murine MDSC.
MurineMDSC Human MDSC
Proliferation Inhibit proliferation but not IFN-y release Inhibit both proliferation and IFN-y

Antigen specific response  Mostly suppress antigen specific CD8* T cell response

NK cells Activate/inhibit NK cells

Macrophages Cross-talk exists: macrophages stimulate I1L-10 production by
MDSC which in turn interfere with IL-12 production by
macrophages

Regulatory T cells Induce expression of FOXP3* T reg through arginase 1

Expansion of Subsets monocytic < granulocytic

Function of MDSC subsets . .1
Monocytic > granulocytic

production

Inhibit both CD3/CD28 activated/antigen
specific T cells

Inhibit NK cell cytotoxcity and IFN-y
release through NKp30

not available

Induce FOXP3*Treg via TGF-glretinoic acid
not available

not available

Youn and colleagues (Youn et al., 2008) found similar suppressor activity of monocytic and granulocytic MDSC, while a number of other studies

demonstrated a more potent suppression of T cells by monocytic MDSC.
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