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Abstract
Myeloid derived suppressor cells (MDSC) were first described nearly two decades ago. Until
recently, however, descriptions of MDSC populations were found almost exclusively in animal
models of cancer or in cancer patients. Over the last few years, an increasing number of reports
have been published describing populations of myeloid cells with MDSC-like properties in murine
models of autoimmune disease. In contrast to the proposed deleterious role of MDSC in cancer -
where these cells likely inhibit tumor immunity - in the context of autoimmunity, MDSC have the
potential to suppress the autoimmune response, thereby limiting tissue injury. A logical corollary
of this hypothesis is that a failure of endogenous MDSC to appropriately control autoimmune T
cell responses in vivo may actually contribute to the pathogenesis of autoimmune disease.

Introduction
Although MDSC were originally described in the contexts of murine tumor models and
cancer patients, it has become appreciated over the last few years that MDSC participate in a
variety of inflammatory immune responses, such as parasitic infections (1) and, more
recently, autoimmunity (2). While MDSC are posited to play deleterious roles in cancer and
infection, functional MDSC may, in theory at least, serve a beneficial role in organ-specific
autoimmunity, by limiting T cell mediated inflammation and harmful pathology. MDSC in
autoimmunity have been studied almost exclusively in the context of the laboratory mouse.
There are few studies in patients with autoimmunity, and additional research is needed to
determine the role, if any, of MDSC immune responses in human autoimmune disease. We
will thoroughly review available studies from mouse models, focusing on three organ
systems (brain, gut, and liver) and briefly describe findings from additional model systems
of autoimmunity in other organs, then discuss possibilities for utilizing MDSC as a
therapeutic modality in autoimmunity. For thorough reviews of MDSC biology, readers are
referred to other articles appearing in this issue of International Immunopharmacology.

MDSC and autoimmunity in the central nervous system (CNS)
While research into the role of MDSC in autoimmunity is in its relative infancy, several
studies of MDSC in CNS autoimmunity have been published in the last few years.
Experimental autoimmune encephalomyelitis (EAE) is a commonly used mouse model of
multiple sclerosis (MS), an autoimmune inflammatory disease of the CNS characterized by
recurrent bouts of T cell mediated attack upon antigens in neuronal myelin sheaths. EAE can
be induced by immunization of susceptible mice with myelin proteins (or peptides) along
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with adjuvant. Myelin-specific T cells are activated in the periphery and migrate into the
CNS, where, through elaboration of inflammatory cytokines and chemokines, they cause
demyelination and CNS damage, resulting in progressive neurologic pathology culminating
in paralysis. It has been recognized since at least 1997 that T cell inflammation in the CNS
is accompanied by the recruitment from the periphery of myeloid cells (3-5) and recent
papers have examined the possible role of CD11b+Ly-6Chi cells in disease. Zhu et al.
showed that CD11b+ cells accumulate in blood, spleen, and CNS in mice following
induction of EAE. A sub-population of myeloid cells isolated from spleen bearing a
“monocytic” cell surface phenotype (CD11b+Ly-6ChighLy-6G-) potently suppressed the
proliferation of both CD4+ T cells and CD8+ T cells ex vivo, via induction of T cell
apoptosis that was mediated by nitric oxide (6). While the kinetics of
CD11b+Ly-6ChighLy-6G- cell accumulation positively correlated with the mouse EAE
clinical score/disease severity, this study did not directly address the specific role of
CD11b+Ly-6ChighLy-6G- cells in vivo, rendering the significance of the ex vivo observations
uncertain. Indeed, other studies suggest that CD11b+Ly6C+ cells may actually contribute to
CNS damage. Mice deficient in CCR2 exhibit reduced accumulation of myeloid cells in
inflamed tissue, and develop milder EAE disease (4,7). Complicating the interpretation of
this finding is the fact that CCR2 is expressed on multiple cell types, including not only
myeloid cells such as monocytes and DC, but also basophils, some T cells, as well as brain
parenchymal cells such as neurons, astrocytes, and endothelia (8,9). Mildner et al. used bone
marrow chimera approaches to convincingly demonstrate that CCR2 expression on radio-
sensitive, non-lymphoid cells (i.e. myeloid cells) was particularly important for maximum
EAE pathology. Decreased pathology was associated with a reduction in the accumulation
of CD11b+Ly-6Chi monocytes in the CNS, suggesting that this cell population serves as
pathologic effectors of disease, rather than suppressor cells (10). King et al. found in a
model of remitting/relapsing EAE in SJL mice that CD11b+Ly-6Chi cells accumulate in
blood and CNS prior to and during the onset of flares of EAE in myelin-immunized SJL
mice. A single application of clodronate liposomes to mice, which depletes actively
phagocytic macrophages and results in enhanced recruitment of CD11b+Ly-6Chi cells from
the bone marrow (11), caused exacerbation of EAE in SJL mice that had received an
adoptive transfer of encephalitogenic T cells. These blood CD11b+Ly-6Chi cells migrated
into the CNS where they matured into macrophages and DCs. The authors concluded that
CD11b+Ly-6Chi cells enhance EAE, following their maturation into functional DCs and/or
inflammatory macrophages (12).

EAE can also be induced in susceptible mouse strains some three weeks following infection
with Theiler's murine encephalomyelitis virus (TMEV), a natural mouse pathogen that
results in demyelinating disease (13). In this model system, CD11b+Ly-6C+ cells infiltrated
the CNS early in disease, concomitant with the innate immune response phase of the
disease, but waned after one week. Treatment of mice to deplete the CD11b+Ly-6C+ cell
population, using either anti-Gr1 mAb, or the more specific anti-Ly-6C mAb, caused a
reduction in EAE pathology. While at first glance this result may indicate an immune
activating role for CD11b+Ly-6C+ cells, additional experiments suggested an immune
suppressive role. Specifically, depletion of CD11b+Ly-6C+ cells caused higher expression of
inflammatory cytokines in CNS, as well as a significant increase in TMEV-specific T cell
responses. The authors concluded that the apparent contribution of CD11b+Ly-6C+ cells to
EAE was a secondary phenomenon, due to suppressive effects of CD11b+Ly-6C+ cells on
virus-specific immunity (14). However, a direct suppressive effect of CD11b+Ly-6C+ cells
on T cells was not demonstrated, and specific mechanisms explaining the suppression were
not explored further.

Indeed, none of these studies appears to be definitive. The Zhu study examined in vitro
effects of CD11b+Ly-6Chi cells on T cells, but did not examine their possible in vivo
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participation in EAE pathology. Conversely, the Mildner study and the King study drew
associations in vivo between CD11b+Ly-6Chi cell accumulation and disease, but did not test
the ability of these cells to serve as MDSC either in vitro or in vivo. Interestingly, in the
King study, the transit of CD11b+Ly-6Chi cells from blood into CNS was associated with a
1000-fold increase in the expression of iNOS mRNA (12), an intriguing observation with
respect to possible MDSC function. It seems likely that CD11b+Ly-6Chi cells have multiple
roles in EAE, serving both pro-inflammatory functions and anti-inflammatory functions.
This population of cells is both heterogenous and plastic (15,16), so that specific cues in the
microenvironment will preferentially activate specific subsets, functions, and pathways of
differentiation. In this regard, it is interesting that blood CD11b+Ly6G-Ly6C+ monocytes
from naïve mice were observed in a recent study to exhibit T cell suppressor activity in
vitro, mediated in part by NO (17). After induction of EAE, however, blood
CD11b+Ly6G-Ly6C+ cells exhibited partially reduced suppressive activity. This study did
not examine the function of CD11b+Ly6C+ cells in the CNS, however, and loss of
suppressor function may simply be due to the migration of a more suppressive subset of
CD11b+Ly6C+ cells from blood into the CNS. Nevertheless, this observation supports a role
for the microenvironment (i.e. inflammatory state) in determining the specific functionality
of CD11b+Ly6C+ cells in the context of autoimmune CNS disease.

MDSC and autoimmunity in the gut
Inflammatory Bowel Disease (IBD) encompasses several diseases, including Crohn's disease
and ulcerative colitis. Haile et al. have recently convincingly described the development of a
MDSC population in a mouse model of IBD. In this particular model IBD is induced in
transgenic mice harboring enterocyte-specific expression of hemagglutinin (HA) after a
single adoptive transfer of HA-specific CD8+ T cells (CL4-TCR) (18). Interestingly, two
transfers of CL4-TCR cells, separated by an interval of 12 days, renders mice tolerant to
enterocolitis at a third CL4-TCR cell adoptive transfer. Three CL4-TCR transfers caused a
substantial induction of a population of CD31+CD11b+Gr1+Ly-6C+ cells in both spleen and
intestine. This cell population suppressed CD8+ T cell proliferation ex vivo by induction of T
cell apoptosis through a mechanism that required NO (19). Unfortunately, whether
CD11b+Gr1+ cells were required in vivo for the development of the tolerant state after two
CL4-TCR transfers was not tested in this study. However, isolated CD11b+Gr1+ cells did
effectively prevent colitis when administered to HA-transgenic mice receiving the first
transfer of CL4-TCR cells (19), thus showing that CD11b+Gr1+ are sufficient for protection;
whether they are necessary remains to be determined. Interestingly, peripheral blood from
IBD patients exhibited increased an increased frequency of cell populations with a surface
phenotype (CD14+HLA-DR-/low) suggestive of an MDSC population (19). It is worth
mentioning here that this same group of investigators has recently showed that the adhesion
protein CD49d is expressed specifically on “monocytic” MDSC populations in the mouse
enterocyte-HA model system, as well as in murine cancer models (20). It remains to be
determined whether CD49d also marks monocytic MDSC in humans, which, if
demonstrated, would be a technical advance, as human cells do not express Gr1, Ly6G, or
Ly6C.

MDSC and autoimmunity in the liver
The liver appears to have an important, albeit incompletely defined, role in MDSC biology.
The liver is the major source of acute-phase proteins (APP), an evolutionarily conserved
family of proteins produced principally in liver in response to inflammation. A recent study
demonstrates that hepatocyte-specific gp130-STAT3 signaling in mice protects against
excessive inflammation during sepsis. Protection is mediated by gp130-mediated APP
production (specifically, serum amyloid A (SAA) and the CXCL chemokine KC), and
subsequent mobilization and accumulation of MDSC, that in turn function to inhibit
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pathologic inflammation (21). MDSC preferentially accumulate in liver in tumor-bearing
mice (22), indicating the existence of specific (as yet uncharacterized) biological
mechanisms driving this process. Furthermore, as observed with other solid tumors,
hepatocellular carcinoma in patients is associated with an elevated frequency of circulating
CD14+HLA-DR-/low myeloid cells with suppressor properties (23,24).

Autoimmune hepatitis (AIH) is a liver-specific autoimmune disease in which T cells
expressing IFN-γ accumulate in liver portal tracts and in liver parenchyma (25,26), and
cause hepatocellular damage and liver necrosis (27). Over the last decade we have
developed and extensively characterized a relevant mouse model of AIH: mice with a
targeted deficiency in the gene encoding the immunoregulatory protein TGF-β1 and bred
onto a BALB/c background spontaneously develop an acute CD4+ T cell mediated
autoimmune liver disease (28,29) that depends on IFN-γ (30). Recently, we demonstrated
that CD4+ T cell accumulation in the BALB/c Tgfb1-/- liver is accompanied by an
accumulation of CD11b+Gr1+ myeloid cells (31). Isolated CD11b+Gr1+ myeloid cells from
BALB/c Tgfb1-/- livers readily suppressed CD4+ T cell proliferation ex vivo, via a
mechanism that depended on nitric oxide, IFN-γ, and cell-cell contact. Inhibition was
specifically associated with the monocytic (Ly-6C+) subset of myeloid cells. We
demonstrated a particularly important role for IFN-γ in the development of this MDSC
population, as mice doubly deficient in the Tgfb1 gene as well as the Ifng gene did not
accumulate an excess of CD11b+Gr1+ cells in the liver. Moreover, resident liver
CD11b+Gr1+ cells isolated from Ifng-/-Tgfb1-/- mice completely lacked suppressor activity
(31). These findings demonstrate that Th1 cells, through the release of IFN-γ, drive the
accumulation of a regulatory myeloid cell population to a site of inflammation pathology.

The existence of MDSC in AIH patients has yet to be demonstrated. Interestingly, it has
been long recognized from liver biopsies that CD11b+ cells accumulate in liver during AIH
flares (32). Moreover, recent work has identified an increased population of “highly
activated” monocytes in the circulation of AIH patients (33), and their presence
accompanies that of liver-antigen-specific T cells producing high levels of IFN-γ (34). We
have previously suggested that this monocytic population may in fact represent circulating
MDSC (31).

Taken together, the data available from mouse models and human AIH suggest that IFN-γ
has a multifunctional role in inflammatory liver disease. On the one hand, IFN-γ mediates
liver injury, as Tgfb1-/- mice lacking IFN-γ are resistant to T cell mediated attack. On the
other hand, IFN-γ is essential for initiating a negative feedback pathway, through the
activation and recruitment of MDSC that can potently restrain T cell proliferation. It may be
predicted that, in vivo, MDSC play a role in mitigating liver disease in the Tgfb1-/- model
system. We have directly tested this prediction. Contrary to expectations, depletion of
MDSC using anti-Gr1 mAb did not exacerbate liver damage (unpublished data), consistent
with the additional observations (unpublished) that freshly isolated Tgfb1-/- CD11b+Gr1+

cells do not express iNOS, and only begin to express this enzyme after co-culture in vitro
with T cells. We discuss implications arising from this observation below in the section
entitled “Do MDSC help or hurt in autoimmunity?”.

MDSC and autoimmunity in other organs
We briefly review additional reports of MDSC in other models of organ- or system-specific
autoimmunity. Over ten years ago, McIntosh and Drachman described a population of “large
suppressive macrophages” (LSM) in a mouse model of myasthenia gravis, a neuromuscular
disorder in which antibodies specific for the acetylcholine receptor at neuromuscular
junctions leads to weakness, and fatigability of skeletal muscle. Ex vivo, LSM induced
apoptosis in activated T cells (35). MDSC have also been described in a mouse model of
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experimental autoimmune uveoretinitis (EAU), an autoimmune inflammatory disease of the
eye induced in mice by injection of eye-specific proteins along with adjuvant. These
myeloid cells were found to resemble monocytes, expressed CD11b, and accumulated in
conjunction with the progression of inflammation in the eye. Ex vivo, cells derived from
digests of the inflamed eye inhibited the proliferation of activated T cells (36), although the
mechanism of suppression was not specifically examined. Subsequent studies from this
group showed that the suppressor function of MDSC in EAU requires an intact TNF
response axis (37). MRL-Faslpr mice develop a multi-organ inflammatory disorder that
resembles human systemic lupus erythematosus (SLE). A recent study identified
CD11b+Gr1low cells in MRL-Faslpr mice. These cells increased in kidney and blood during
disease progression and suppressed CD4+ T cell proliferation ex vivo. Interestingly,
suppression was blocked by inclusion of the Arginase-specific inhibitor Nor-NOHA,
indicating that Arginase, rather than iNOS, may be the principal enzyme mediating
suppression by MDSC in this mouse model (38). Marhaba et al. have shown that
Gr1+CD11b+ cells can be experimentally elicited in the context of a mouse model of the
autoimmune disease alopecia areata, in which inflammatory immune pathology lead to hair
loss. These Gr1+CD11b+ cells were able to inhibit T cell proliferation in vitro and, following
in vivo application could cause partial restoration of hair growth (39). Finally, a recent study
in a mouse model of type 1 diabetes demonstrated that MDSC isolated from tumor bearing
mice were capable of abrogating CD4+ T cell mediated pancreatic islet damage (40).
Observations from these various mouse models are summarized in Table 1.

Do MDSC help or hurt in autoimmunity?
Given the variety of activities reported for MDSC in autoimmune models (Table 1) it is a
challenge to come up with a unifying hypothesis explaining their role(s) in autoimmune
disease. In general, and where specifically tested, CD11b+Gr1+ cells isolated from
autoimmune inflammatory environments appear to be quite capable of inhibiting T cells in
vitro, typically through the elaboration of NO and induction of T cell apoptosis, although
other mechanisms have been demonstrated (e.g. arginase, CD3-zeta down-regulation). In
vivo, the situation appears to be different. Where tested, endogenous MDSC appear to be
rather ineffective at mitigating autoimmune disease (e.g. in the BALB-Tgfb1-/- mouse;
Cripps and Gorham, unpublished), and CD11b+Gr1+ cells (or a subset therein) may even
exacerbate disease (e.g. in EAE (10-12)). By contrast, exogenously delivered MDSC can
limit autoimmune pathology, as observed in mouse models of IBD (18), alopecia-areata
(39), and type 1 diabetes (40) (Table 1).

To begin to reconcile these disparate findings, we speculate that there may be important
differences between the activities of endogenous MDSC (those recruited to an autoimmune/
inflammatory site) and those of exogenously applied MDSC (for example via adoptive
transfer). By this model, endogenous MDSC are ineffective (or even disease-exacerbating),
whereas exogenous MDSC are competent to inhibit disease. A mechanistic basis for this
difference does not readily present itself, but may be important to understand, as it could
represent the difference between help and harm. Perhaps factors within the inflammatory
microenvironment “inhibit the inhibitor,” preventing pre-MDSC from realizing their
suppressive potential and removal of MDSC from this “inhibitory” environment allows the
suppressor phenotype to emerge, rendering them functional upon re-administration, and
presumably resistant to further inhibition.

A related corollary is the hypothesis that the dysfunction of MDSC in vivo may be a factor
driving autoimmune inflammatory pathology. MDSC accumulate in response to
inflammation, but then fail to effectively down-regulate the T cell response, resulting in
additional inflammation, and additional recruitment of (dysfunctional) MDSC.
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Therapeutic potential of MDSC in autoimmunity
The efficacy of exogenously applied MDSC in inhibiting autoimmune disease in certain
murine models suggests that they could be harnessed as a cellular therapy for autoimmune
disease. We draw an analogy with regulatory T cells (Treg), which suppress effector T cell
responses and are being explored as a treatment modality for autoimmune disease (41).
Patients with autoimmunity would donate their own cells, and MDSC would be expanded in
vitro. There are several potential cellular sources for MDSC. In healthy subjects,
approximately 5% of cells in peripheral blood have an MDSC-like phenotype (42). Recent
studies have described cytokine regimens that drive in vitro expansion of MDSC
populations isolated from peripheral blood (43). Thus, the low frequency and total numbers
obtainable from peripheral blood may not be limiting in terms of potential application. In
vitro expanded MDSC display characteristics akin to tumor isolated MDSC, including
utilization of L-Arginine and contact-dependent suppression of T cells (43). Another
possible source of MDSC is the bone marrow, which harbors a large reservoir of MDSC
(42). Very recent studies have demonstrated efficient growth factor/cytokine-induced
expansion of MDSC populations in vitro, utilizing bone marrow cells from either mice or
human sources (44,45). In addition, recent work in mice has described MDSC populations
derived from embryonic stem cells and from hematopoietic stem cells (46).

The utilization of MDSC as cellular therapy offers a new avenue of therapy for autoimmune
disease. In practical application, PBMC might be isolated from the patient by leukopheresis,
then MDSC expanded in vitro using a specific cocktail of growth factors/cytokines, and re-
administered. One possibility is to “bank” MDSC for long periods of time by storage in
liquid nitrogen, with the expectation that they could be re-administered during disease flares.
Potential risks associated with utilizing MDSC to treat autoimmune disorders must be
anticipated. First among these is that MDSC administered would not be expected to be
specific for T cells recognizing autoantigens. Thus, MDSC have the potential to inhibit not
only deleterious T cell responses but also protective immune responses to pathogens.
Moreover, it may be difficult to direct MDSC to the organ/tissue desired. Intravenous
administration of MDSC in mice results in their preferential accumulation in the liver (22).
This preferential accumulation could be overcome by administration of greater numbers of
MDSCs, but might result in exacerbation of “off target” T cell suppression. While liver
specific accumulation could prove beneficial for treatment of autoimmune diseases of the
liver, strategies for the treatment of other autoimmune diseases would need to maximize
therapeutic effectiveness and limit “off-target” T cell suppression. Finally, delivery of
activated myeloid cells, in spite of the expectation that they may inhibit T cells, may result
in release of cytokines and other inflammatory mediators, producing flu-like symptoms, or
worse yet, cytokine storm and a serum-sickness-like response. More extensive studies in
animal models are needed before MDSC as cellular therapy could be entertained for a phase
I trial.

Concluding remarks
MDSC participate in the immune response not only in inflammation associated with cancer,
but also in other contexts, such as autoimmunity. Several mouse models of autoimmunity
have described MDSC populations with the ability to suppress T cell responses. Where
examined, most (but not all) of the functionally suppressive MDSC populations examined in
autoimmune models can be characterized as belonging to the monocytic subset, and
suppress T cell proliferation, at least in vitro, through iNOS and the elaboration of NO. The
failure of MDSC to adequately control autoimmune T cell responses in vivo may contribute
to the development of autoimmunity, but this hypothesis needs to be rigorously tested. The
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use of in vitro expanded MDSC offers a promising therapeutic strategy for the treatment of
human autoimmune diseases.
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