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Abstract
Myeloid-derived suppressor cells (MDSCs) are immature myeloid cells whose
immunosuppressive activities contribute to cancer and other diseases. MDSCs
appear to increase with age, and this presumably contributes to immunosuppres-
sion and the increased incidence of certain diseases. Why MDSCs increase with
age is not entirely clear. Herein we present evidence that MDSC expansion is due
in part to age-related changes in hematopoiesis, including the acquisition of
mutations that favor myelopoiesis, which are compounded by changes in the
aging microenvironment that favor the production of MDSCs.
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Introduction

It has been known for over a century that the presence of some cancers caused an
increase in extramedullary hematopoiesis and neutrophilia and that these cells had
immunosuppressive properties (reviewed in Talmadge and Gabrilovich 2013). Fur-
ther characterization of these cells indicated that they were of myeloid origin and that
their presence was often a negative prognostic indicator for tumor progression or
cancer survival (Talmadge and Gabrilovich 2013). We now know that these
myeloid-derived suppressor cells (MDSCs) are immature myeloid precursors that
are generated due to dysregulated myelopoiesis which may occur as a response to
soluble factors secreted from tumors or due to alterations in the hematopoietic niche
that occur as a result of myelodysplasia and other myeloid cancers. Interestingly,
many of the changes in the bone marrow and circulation that are associated with an
increase in myeloid-derived suppressor cells during cancer also appear to occur
during aging and likely contribute to age-related immune dysfunction. In this
chapter, we describe the phenotype and function of MDSCs in humans and mice
and describe how the aging microenvironment increases myelopoiesis at the expense
of proper maturation, leading to increased levels of MDSCs and possibly contribut-
ing to age-related immune dysfunction.

Myeloid-Derived Suppressor Cells (MDSC) Phenotype
and Function

The difficulty in characterizing MDSCs is in large part due to the heterogeneity
within the cells, due to variation in their maturation status, and the fact that they are
morphologically indistinguishable from normal monocytes, neutrophils, and more
immature cells, such as promyelocytes (Rodriguez et al. 2009; Solito et al. 2011;
Youn et al. 2012). This variability of maturation and phenotype has resulted in
confusion as to whether MDSCs are actually a distinct cell or are “pathologically
activated” monocytes or neutrophils (Nagaraj et al. 2013). Studies in which it was
shown that MDSC could form colonies upon stimulation with colony stimulating
factors provided further evidence that they included myeloid precursor cells (Youn
et al. 2012). The current consensus is that MDSCs are immature myeloid cells that
express either granulocytic (G-MDSC or PMN-MDSC) or monocytic (M-MDSCs)
markers, including “early-stage” MDSC (eMDSC) although characterization and
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nomenclature issues still abound (Bronte et al. 2016). The general, but not universal,
consensus is that mouse G-MDSCs are characterized as Ly6Clow, Ly6Ghigh, and
CD11b+ and mouse M-MDSCs as Ly6Chigh, Ly6Glow, and CD11b+. One important
caveat is that the above mentioned markers for M-MDSCs are often identical to
inflammatory/Ly6Chigh monocytes and very similar to that used for tumor-associated
macrophages. Consequently, interpretation of the relative abundance, especially in
tumors, is challenging and many researchers use a functional assay of suppression of
T-cell proliferation to validate the cell type. A further confounding factor is that
M-MDSCs can take on the G-MDSC phenotype in some situations (Youn et al.
2013). Despite the challenges of immunophenotyping mouse MDSCs, the ability to
genetically or pharmacologically manipulate their abundance in mice has been used
to characterize differences between G-MDSCs and M-MDSCs. For example,
although both suppress T-cell responses, they may use different cytokines and
signaling pathways to do so (Movahedi et al. 2008). In general, tumors contain
both M-MDSCs and G-MDSCs but the relative ratio changes with the tumor type
(Movahedi et al. 2008). Fortunately, characterizing human MDSCs is slightly more
straightforward. Human PMN-MDSC are characterized as CD11b+CD14�CD15+

(or CD66b+); human M-MDSC are CD11b+CD14+CD15�HLA-DRlow/�. Although
eMDSCs are poorly characterized in mice, in humans are characterized as being
Lin�HLA-DR�CD33+(Bronte et al. 2016). Age-related changes in myelopoiesis
and the probable origin of MDSCs with aging are illustrated in Fig. 1.

Normally, immature myeloid cells (e.g., common myeloid precursors or common
granulocyte precursors) are more immunosuppressive than their mature counter-
parts; however, MDSCs are more immunosuppressive than these myeloid progeni-
tors (Pu et al. 2016). MDSCs suppress the function of both CD8+ and CD4+ T cells,
and this contributes to their cancer-promoting properties. Tumors secrete a variety of
factors such as colony stimulating factors (CSFs), angiogenic factors (e.g., VEGF),
and inflammatory mediators (e.g., IL1β, TNF, PGE2) that influence hematopoiesis
and increase MDSC production and promote their recruitment to the tumor where
they contribute to local immunosuppression (Bronte et al. 1999; Huang et al. 2007;
Bunt et al. 2006; Sinha et al. 2007). Once recruited to the tumor, MDSCs present
antigen on both MHCI and MHCII but since they do not express the costimulatory
receptors CD80/86, and secrete suppressive factors such as arginase and prostaglan-
dins, the result is immunosuppressive rather than immunostimulatory (Nagaraj et al.
2013). In addition, they produce peroxynitrite (PNT) which inhibits binding of
processed antigen to MHC and has also been shown to decrease cytotoxic T-cell
function (Lu et al. 2011). They also increase Treg responses by promoting the
recruitment of Tregs through secretion of chemokines (reviewed in Nagaraj et al.
2013).

In addition to their role in suppressing T-cell function, MDSCs have been shown
to have other contact-mediated functions. For example, they have been shown to
impair hematopoiesis and contribute to myelodysplasia in the bone marrow by
inducing apoptosis of neighboring erythroid and myeloid precursors via granzyme
B mediated contact (Chen et al. 2013). Mouse models indicate that they may be
involved in suppressing vaccine responses, contributing to chronic diseases such as
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multiple sclerosis and inflammatory bowel disease and chronic infections such as
Trypanasoma cruzi infection (reviewed in Nagaraj et al. 2013). Although these
diseases are diverse in etiology, they all appear to increase expression of Th1
cytokines, especially IFNγ and TNF, and it may be that elevated levels of these
cytokines also contribute to age-associated increases in MDSCs. In humans, MDSCs
increase in the circulation with age, as do a number of cytokines associated with
MDSC production such as TNF, IFNγ, and IL1β (Farha et al. 2013). Whether these
cytokines are directly involved in MDSC expansion has yet to be determined;
however, based on studies of patients with myeloid cancer, which we discuss
below, this seems likely.

Fig. 1 Age-related changes in myelopoiesis. (a) monocytic-MDSCs (M-MDSCs) express markers
that are normally found on pro-monocytes are therefore believed to be produced at greater rates with
age due to a developmental block in monopoiesis and (b) granulocytic-MDSCs express markers
that are normally expressed on myelocytes/meta-myelocytes and are therefore believed to be
produced at a greater rate with age due to a developmental block in granulopoiesis

4 M.J. Rauh et al.



MDSC Ontogeny

MDSCs increase as a result of dysregulated hematopoiesis. Normally, the repertoire
of immune cells in the circulation are polyclonal, meaning that they are derived from
perhaps a few thousand hematopoietic stem and progenitor cells (HSPC); however,
with age, HSPCs’ capacity to self-renew (Yahata et al. 2011), to engraft (Kollman
et al. 2001), and to differentiate (Pang et al. 2011) decreases. One prominent change
in hematopoiesis that occurs with age is the development of “myeloid skewing,”
which is the increased production of myeloid cells at the expense of lymphoid cells.
This phenomenon may explain the increase in MDSCs that occurs in both aging and
myeloid cancers.

In the 1980s, it was discovered that the increased representation of myeloid cells
during myeloplastic syndrome was a result of the outgrowth of specific progenitor
clones. Researchers measured the ratios of expression of X-linked genes in circulat-
ing leukocytes (Raskind et al. 1984; Janssen et al. 1989). In females, one of the two
X-chromosomes becomes randomly inactivated at the 6–8 cell stage of embryonic
development and as a result, each cell that derives from the early progenitors will
express only one of the two X-linked alleles. Consequently, one would expect that
50% of the daughter cells would express one version of the gene and 50% the other,
but due to the stochastic nature of X-inactivation there is a normal distribution that
ranges from 25% to 75%. If the ratio of the alleles is >3:1, this is considered to be a
“skewed” ratio, which implies that either the process of X-inactivation was not
random or the more likely case in which growth and proliferation of one of the
daughter clones is favored. In the 1980s to early 1990s, studies of skewing in
leukocytes reported that between 3% and 33% of the female population had clonal
skewing, which was challenging to reconcile with contemporary theories of
X-inactivation and clonal hematopoiesis. These discrepancies were reconciled
when it was discovered that this variability was due to the age of the donors. In
fact, not only was there an almost linear increase in leukocyte skewing with age, but
the degree of skewing was also more pronounced (i.e., >10:1 ratio) with increasing
age (Busque et al. 1996). Subsequent studies have demonstrated that this skewing is
not uniform over the entire leukocyte compartment. Lymphoid cells are derived from
hematopoietic stem cells that have a normal distribution of X-inactivation but
myeloid cells become more skewed with age, implying that fewer clones produce
a greater proportion of myeloid cells (Pang et al. 2011; Gale et al. 1997). Subsequent
studies have confirmed that there is an age-related increase in expansion of specific
clones (Laurie et al. 2012; Genovese et al. 2014) that are generally a result of
mutations in genes which provide a growth advantage, such as in the epigenetic
modifiers DNMT3A and TET2, occur more frequently with age, and contribute to
expansion of specific myeloid clones (Jaiswal et al. 2014; Busque et al. 2012;
Challen et al. 2012). This phenomenon is called “clonal hematopoiesis of indeter-
minate potential” (CHIP) and is associated with poor health outcomes (Steensma
et al. 2015).

There are many theories as to why myeloid skewing occurs. One school of
thought suggests that it is a result of intrinsic changes within the HSPCs themselves
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(reviewed in Wang et al. 2011; Snoeck 2013). Aged HSPCs appear to have an
intrinsic bias toward producing common myeloid progenitors (CMPs) over common
lymphoid progenitors (CLPs) with age due to decreased expression of genes asso-
ciated with lymphoid development and increased expression of genes required for
myeloid development (Rossi et al. 2005). Additionally, HSPCs seem to accumulate
mutations that either favor production of myeloid cells or provide a growth advan-
tage to specific clones (Shlush et al. 2015). In fact, many mutations that are
associated with clonal expansion during myeloid cancers are the same genes that
acquire mutations associated with clonal expansion and myeloid skewing with age
(e.g., TET2, DNMT3A, ASXL1, and SF3B1), providing further evidence that these
mutations provide a competitive growth advantage (Busque et al. 2012; Steensma
et al. 2015; Xie et al. 2014; McKerrell et al. 2015; Shlush et al. 2014; McKerrell and
Vassiliou 2015). Whether the increase in MDSCs with age is due to expansion of
specific clones that have acquired similar mutations is not yet known.

Although it is generally believed that the majority of MDSCs are released from
the bone marrow in the steady state, under certain conditions MDSCs may be formed
as part of extramedullary hematopoiesis. For example, in a mouse model of
sustained inflammation the presence of TNF increased MDSC numbers in the spleen
(Sade-Feldman et al. 2013). Another study found that there was increased replication
of myeloid precursors in the spleens of old (18+ month) wildtype but not TNF
knockout mice and that resulted in splenomegaly due to the expansion of immature
monocytes, but it was not clear whether these included MDSCs (Loukov et al. 2016).
The relative importance of extramedullary production versus output from the bone
marrow in aging humans is not clear.

As mentioned above, solid tumors secrete factors that result in expansion and
recruitment of MDSC, and although the mechanisms are much less well defined, it
appears as though this is also a feature of myeloid cancers. MDSC are also expanded
in myeloproliferative neoplasms (Giallongo et al. 2014; Wang et al. 2016),
myelodysplastic syndrome (Huang et al. 2007; Kittang et al. 2016), and acute
myeloid leukemia (Sun et al. 2015). Since MDSCs are also myeloid cells, their
expansion may be because they are generated from the same neoplastic clone,
although at least one study in MDS suggests this may not always be the case
(Chen et al. 2013). Whether the expansion of MDSC that occurs in these myeloid
cancers simply reflects a block in differentiation or whether they are bona fide
MDSC remains to be fully determined.

Changes in the Aging Microenvironment Likely Contribute
to Expansion of MDSCs

In addition to the intrinsic changes in HSPCs that occur with age, changes within the
aging bone marrow likely contribute to increased production of MDSCs. Although
the bias toward production of myeloid cells increases with age, even young mice
have a few HSPC clones that are intrinsically biased toward producing myeloid cells
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(Cho et al. 2008; Beerman et al. 2010; Challen et al. 2010). Changes in the bone
marrow microenvironment that occur with age may make these clones more “fit” to
survive and proliferate. Many of the soluble mediators associated with increased
production of MDSCs (e.g., TNF, IL1β, PGE2) increase in the circulation (Farha
et al. 2013) and bone marrow (Brusnahan et al. 2010; Abdelmagid et al. 2015)with
age. Whether age-related increases in these cytokines influence MDSC production
has not been definitively shown, although age-related abnormalities in monocytes
and neutrophils are ablated in old (18mo) TNF knockout mice, implying that
reducing the inflammatory milieu may repair myelopoiesis (Loukov et al. 2016;
Puchta et al. 2016; Verschoor et al. 2015a). Cytokine production by bone marrow
resident or developing leukocytes may also alter the bone marrow microenvironment
in a way that is conducive to production of MDSCs. For example, monocyte
precursors produce VEGF, which induces production of TNF and IL1β from stromal
and myeloid precursors and contributes to defective myelopoiesis (Huang et al.
2007; Bellamy et al. 2001). In addition to cytokines, other soluble factors associated
with increased MDSC production also increase with age in the bone marrow. For
example, the CD33 ligand, S100A9, is found at higher levels in the bone marrow and
plasma of MDS patients compared to healthy controls (Chen et al. 2013) and is
transcribed at higher levels in the HSPCs from old mice compared to young (Rossi
et al. 2005). Ligation of CD33, which is expressed on myeloid precursors, by
S100A9 leads to increased IL-10 and TGF-β production, creating an environment
which is conducive to MDSC production (Chen et al. 2013). Lastly, circulating
bacterial products such as lipopolysaccharide, muramyl dipeptide, and others
increase in the circulation with age (Verschoor et al. 2015a, b). Hematopoietic
stem cells express toll-like receptors that sense bacterial products and promote
myelopoiesis at the expense of lymphopoiesis (Bellamy et al. 2001; De Luca et al.
2009; Bandow et al. 2010). Although this is an important factor for increased
myeloid output during infection, the chronic increase in circulating bacterial prod-
ucts that occurs with age may contribute to pathological defects in myelopoiesis and
MDSC expansion.

Myeloid progenitors that have acquired mutations may have a proliferative
advantage over normal progenitors in inflammatory environments. This was first
demonstrated in a murine model of the congenital bone marrow failure syndrome,
Fanconi anemia (FA). Levels of TNF and IFNγ increase in the bone marrow during
FA, and HSPC are genetically unstable and sensitive to apoptosis in this inflamma-
tory environment. This creates a selective pressure that favors the outgrowth of
HSPCs that have acquired mutations that make them resistant to TNF (Li et al.
2007). Human FA patients have a markedly increased risk of acquiring
myelodysplastic syndrome or acute myeloid leukemia, which is likely a result of
these selective environmental pressures. Similarly, in myeloproliferative neoplasia,
myeloid progenitors produce more TNF and simultaneously acquire mutations that
increase resistance to induced apoptosis, which has the end result of promoting
expansion of clones with these mutations (Fleischman et al. 2011). Similarly, we
have shown that murine Tet2- and human TET2-mutant HSPC have increased
clonogenic potential in vitro, under the stress of environmental TNF or IFNγ
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(Abegunde and Rauh unpublished). Since TNF and IFNγ are also increased with
age, these may provide a Darwinian advantage to TET2- and DNMT3A-mutant
clones, at least partly explaining the associations between aging, inflammation,
and myeloid skewing. We believe this is worthy of further investigation.

Some of the mutations that drive clonal hematopoiesis in older adults may also
contribute to the inflammatory environment of the bone marrow, which contributes
to the vicious cycle that is inflamm-aging. For example, mutations in the epigenetic
regulators TET2 and DNMT3A may produce progeny that also contribute to the
environment of inflamm-aging. We and others (Cull et al. 2017; Zhang et al. 2015)
have found that macrophages derived from Tet2-deficient mice do not resolve
LPS-induced inflammation as effectively as those derived from wildtype mice.
Specifically, IL1β and IL6 remain elevated for longer than wildtype macrophages,
in both in vitro and in vivo challenge models. Dnmt3a-deficient murine macro-
phages also demonstrate innate immune dysregulation (Li et al. 2016), and mining of
the published data also reveals a constitutive proinflammatory signature in peritoneal
macrophages, with remarkable overlap with Tet2-deficient counterparts (Cull et al.
2017). Since at least 10% of elderly demonstrate clonal hematopoiesis of indeter-
minate potential (CHIP), most commonly associated with TET2 and DNMT3A
mutations, it is conceivable that mutant myeloid cells may contribute to the inflam-
matory environment associated with increased MDSCs.

Although the definitive studies describing how MDSCs increase with age have
not been performed, evidence from patients with myeloid cancers, mouse models,
and clinical observations imply that there are three likely possibilities that we have
outlined in Fig. 2. First, the aging microenvironment may favor the production of

Fig. 2 Three possible mechanisms by which MDSCs are increased with age are: (a) progenitor
cells may respond to signals in the aging bone marrow microenvironment such as elevated levels of
proinflammatory cytokines and respond by producing more MDSCs; (b) mutations in genes such as
TET2 may make specific progenitors more “fit” to expand in the aging bone marrow, and this may
result in an expansion of MDSC producing progenitors; and (c) differences in methylation patterns
(which may result from mutations in epigenetic regulators such as TET2) may alter myeloid
alteration and promote the production of MDSCs
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myeloid progenitors over lymphoid progenitors and promote rapid production of
myeloid cells that prematurely leave the bone marrow. Second, mutations in genes
such as TET2 and DNMT3A may increase the fitness of progenitors that are myeloid
biased, promoting the production of MDSCs and other myeloid cells. Third, differ-
ences in epigenetic regulation which result from mutations in epigenetic regulators,
but may also be due to other environmental cues, might favor myeloid differentia-
tion. Although we have presented these as three discrete possibilities, in actuality
they likely occur simultaneously.

Conclusions

Although we know that MDSCs increase in aged humans, we do not yet understand
why or how or whether these contribute to poor health outcomes. One of the most
evocative studies suggesting that age-related changes in myelopoiesis broadly affect
the health of older adults found that individuals with evidence of myeloid bias were
at increased risk of all-cause mortality (Jaiswal et al. 2014). The authors expected
that having these mutations would increase the risk of having myeloid cancers,
which they did, but only if additional cancer promoting mutations were also
acquired. What they did not expect was that the risk of death by cardiovascular
disease, ischemic stroke, and the rate of type 2 diabetes all increased two or more
fold. The authors were left to muse that this might because “cells of the monocyte-
macrophage lineage are considered to be important mediators” in cardiovascular
homeostasis. Although this study did not quantitate MDSCs directly, it provides
further importance that dysregulated myelopoiesis in general contributes to poor
health in old age. Genome-wide association studies repeatedly demonstrate that
genes associated with hematopoietic stem cell (HSC) proliferation and survival are
found to be associated with conditions of late-life such as frailty (Melzer et al. 2007;
Matheu et al. 2009), type 2 diabetes (Scott et al. 2007; Saxena et al. 2007; Zeggini
et al. 2007; Wellcome Trust Case Control Consortium 2007), and cardiovascular
disease (Wellcome Trust Case Control Consortium 2007; Helgadottir et al. 2007;
McPherson et al. 2007), providing further indirect evidence that a long healthy life
depends on robust hematopoiesis. Understanding how MDSCs contribute to dis-
eases such as cancer, myelodysplastic disorders, and even chronic age-associated
inflammation may open up novel therapeutic strategies.

Age-associated increases in MDSCs are not irreversible. In a study of patients
with renal carcinoma who had high levels of circulating MDSCs, treatment with
all-trans retinoic acid, which causes MDSCs to terminally differentiate (Nefedova
et al. 2007), reduced levels of circulating MDSCs and improved the myeloid/
lymphoid ratios (Mirza et al. 2006). Similarly, treatments for myeloid cancers
often involve the hypo-methylating agents which induce terminal differentiation of
myeloid cells (Pinto et al. 1989; Pinto et al. 1984) and more directed modulation of
the epigenome has been proposed as a method of reversing myelodysplastic disor-
ders and clonal expansion (Garcia-Manero 2007). Whether some variant of these
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treatments could improve health outcomes in older adults that result from changes in
myelopoiesis is an exciting possibility that requires further investigation.
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