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Abstract

Myeloid-derived suppressor cells (MDSC) are a heterogeneous group of mononuclear and polymorphonuclear myeloid
cells, which are present at very low numbers in healthy subjects, but can expand substantially under disease conditions.
Depending on disease type and stage, MDSC comprise varying amounts of immature and mature differentiation stages of
myeloid cells. Validated unique phenotypic markers for MDSC are still lacking. Therefore, the functional analysis of these
cells is of central importance for their identification and characterization. Various disease-promoting and immunosuppres-
sive functions of MDSC are reported in the literature. Among those, the capacity to modulate the activity of T cells is by far
the most often used and best-established read-out system. In this review, we critically evaluate the assays available for the
functional analysis of human and murine MDSC under in vitro and in vivo conditions. We also discuss critical issues and
controls associated with those assays. We aim at providing suggestions and recommendations useful for the contemporary
biological characterization of MDSC.
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Abbreviations MDSC Myeloid-derived suppressor cell(s)
ATRA All-trans retinoic acid Nos2, NOS2, NOS2 (inducible) nitric oxide synthase 2
Argl, ARGI, ARGl Arginase-1 PMN Polymorphonuclear
BrdU Bromodeoxyuridine ROS Reactive oxygen species
CFSE Carboxyfluorescein succinimidyl

ester
COST European Cooperation in Science Introduction

and Technology
DCFDA 2',7'-dichlorofluorescin diacetate In the context of acute infection or inflammation, myeloid
EU European Union cells respond to immunogenic molecules categorized as
KO Knock-out pathogen-associated molecular patterns (PAMPs) or dam-
M Monocytic age-associated molecular patterns (DAMPs). A key char-

acteristic of this response is the presence of considerably
strong danger signals which decline when the infection is
Jo A. Van Ginderachter and Sven Brandau co-senior authors. being cleared [1]. This acute activation of myeloid cells trig-
gers multiple protective immune functions such as phago-

cytosis, cytokine secretion and activation of T cells. In the
Immunology, Immunotherapy by members of the European Network . . . . .
of Investigators Triggering Exploratory Research on Myeloid C9nteXt of (FhrOHlC disease and partlcglarly IP malignan-
Regulatory Cells (Mye-EUNITER network), funded by the COST cies, myeloid cells are exposed to persistent signals, often
programme of the European Union (http:/www.mye-euniter.eu). of lower strength and longer duration [2]. This continuous
stimulus has fundamental effects on myeloid cell differentia-
tion and polarization [3]. A prototypic example of this is the
expansion of myeloid-derived suppressor cells (MDSC) [4].
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The term MDSC illustrates two important biological fea-
tures of these cells. First, MDSC are derived from myeloid
precursors and can consist of a mixture of different myeloid
lineages such as monocytic or granulocytic cells. Second,
MDSC possess capacities to suppress immune responses [5].
The latter aspect is a “sine qua non” condition for this cell
type. Without such explicit and functional characterization
(summarized in Table 1), myeloid cells should not be clas-
sified as MDSC [5, 6].

MDSC expansion has been recognized as an important
pathophysiological principle in most types of cancer and
other diseases associated with chronic inflammation. The
persistence of high levels of monocytic MDSC was, for
example, correlated to disease progression, poor survival
and poor responses to checkpoint inhibitor therapies target-
ing PD-1 and CTLA-4 in patients with advanced melanoma
[7, 8]. Multiple further excellent reviews (including compan-
ion reviews of this Symposium-In-Writing by Umansky et al.
and Dorhoi et al.) have summarized key biological features
of MDSC and their implications for disease [4, 9]. These
aspects will not be repeated here.

Despite their relevance, surprisingly little attention has
been paid to the careful development, standardization and
harmonization of functional tests for MDSC. To address this
issue, in the EU-COST Mye-EUNITER consortium (http://
www.mye-euniter.eu), a working group has been formed. In
this review, members of this working group summarize the
current state-of-the-art and knowledge on testing the func-
tional activity of MDSC. Since T cells are regarded as the
primary targets of MDSC [10-12], this short review focuses
on functional assays which assess the impact of MDSC on
T cell responses. Here, we review the analysis of MDSC
functions in murine and human systems, both in vitro and
in vivo. We also critically assess the pros and cons as well
as the pitfalls and limitations of current assays.

As stated above, immunosuppressive activity is a central
and defining element of MDSC [5, 6]. When preparing this
review, we performed a comprehensive analysis of the litera-
ture and surveyed research on MDSC published in the last
decade. The search was performed on PubMed (US National
Library of Medicine, National Institutes of Health) where
“MDSC” was used as keyword. Of note, only the original
articles using the term MDSC for myeloid-derived suppres-
sor cells have been considered. Hence, approximately 850
full-text papers were retrieved and their materials and meth-
ods sections were thoroughly reviewed.

This literature survey revealed that the majority (2/3) of
published studies in mouse models and humans employed
selected functional assays to characterize MDSC in the
respective experimental settings. However, hundreds of
papers are still being published that use the term “MDSC”
without reporting on the functional characterization of these
cells.

@ Springer

With this review, we aim to provide an overview and use-
ful guidelines and suggestions to further accelerate insights
into this important field of immunology. We are aware of
the fact that MDSC can and will influence other immune
effector cells besides T cells. However, we consider it to be
critical to first optimize T cell assays. This appears chal-
lenging enough, yet urgently needed to be able to reliably
compare MDSC biology and function across laboratories
and in different disease settings. Lastly, assays developed,
optimized and standardized for MDSC research may also be
used to test the function of other myeloid immune cells and
compare their activity with MDSC.

Functional analysis of murine MDSC
Phenotype, source tissue, isolation method

Murine MDSC are phenotypically characterized as Gr-
14m+CD11b* cells and are further subdivided into mono-
cytic (M)- and neutrophil (PMN)-like cells based on expres-
sion of Ly6C and Ly6G, respectively [5]. These surface
markers are shared with other immune cells, including bona
fide phagocytes such as monocytes and neutrophils, and
selected lymphocyte populations, thereby calling for care-
ful gating strategies for flow cytometric characterization or
sorting experiments. Markers, such as CD244, which have
been assigned a unique expression in murine PMN-MDSC
require further validation [13]. Differentiation of M-MDSC
and tumor-associated macrophages (TAM) may partially
be achieved based on positivity of the latter for F4/80, low
expression or lack of Ly6C, abundant IRF8 and reduced
endoplasmic reticulum (ER)-stress markers [5]. Biochemical
features, primarily (co)expression of arginase 1 (Argl) and
inducible nitric oxide synthase (Nos2), and to a lesser extent
Nadph oxidase (Nox1), indoleamine dioxygenase (Ido) and
cyclooxygenase (Cox1), further support the classification as
MDSC in mice. However, such enzymes may also be regu-
lated in bona fide phagocytes. Owing to the lack of unique
phenotypic markers, identification of MDSC cannot solely
rely on immunophenotyping but instead requires a demon-
stration of their lymphocyte suppressive function.

MDSC have been isolated from diverse tissues and differ-
ent disease models, with the isolation method often depend-
ing on the tissue type. The spleen is mostly processed by
mechanical disruption [14], whereas lung tissue and often
solid tumors are usually submitted to enzyme-based enzy-
matic digestion [15]. A more challenging organ is the liver,
where mononuclear cell purification in Percoll gradients
has been reported [16]. Bone marrow preparation mainly
involves flushing of the femoral bones, and thus represents
little manipulation compared to procedures for parenchymal
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organs [17]. Tissue digestion may affect the viability of the
cells and in addition may modulate the surface epitopes.
Furthermore, such procedures may activate myeloid cells,
e.g., upregulation of enzymes in case alarmins or patho-
gen-associated molecular cues are present, particularly
upon extended processing time. Such factors may affect the
phenotype, as well as the functional features of the murine
MDSC.

MDSC can either be enriched by magnetic selection
or sort purified. MDSC enrichment by magnetic selection
has been achieved using commercially available MDSC
kits, which allow for enrichment of Ly6G*Gr1Meh and
Ly6G~Gr19m cell subsets [15], or alternatively by positive
or negative selection based on CD11b/Gr1 [14] or Ly6C/
Ly6G markers. Flow cytometry sorting of murine MDSC is
mainly based on a combination of CD11b/Ly6G/Ly6C cell
markers. Such basic sort protocols may be refined by exclu-
sion of lymphocytes (CD3+ and CD19+ cells) or based on
pre-enrichment of CD11b* cells before sorting. Both com-
mercial kits and homemade sorting protocols likely result in
enrichment of cells other than MDSC, given the universal-
ity of the markers employed. As such, until unique MDSC
markers are identified and validated, the expression of func-
tional molecules and functional assays will remain crucial
for the characterization of isolated cells.

Mechanisms of suppression

Murine MDSC commonly suppress T cell proliferation by
the release of cytokines and through enzymatic products
downstream of Nos2 and Argl. Arginine is a non-essential
amino acid that is required for T cell proliferation. NOS2
catalyzes the production of nitric oxide (NO) from L-argi-
nine, while ARG1 catabolizes arginine into ornithine and
urea. Cells expressing NOS2 or ARG could inhibit T cell
proliferation by depleting available extracellular arginine.
Additional distinct mechanisms have been reported to be
responsible for the ARG1- and NOS2-mediated suppres-
sion of T cell proliferation, such as decreased expression
of the CD3( chain, cell cycle arrest in GO/G1 phase, induc-
tion of T cell apoptosis, inhibition of MHC class II on
APC, as well as reduced JAK3 and STATS expression in
T cells [18]. A heightened production of reactive oxygen
species (ROS) is unique to MDSC isolated from tumor-
bearing mice and appears critical for MDSC-mediated sup-
pression of T cell function [19]. Peroxynitrite is abundant
at sites of MDSC accumulation and induces unresponsive-
ness in CD8+ T cells, probably subsequent to nitration/
nitrosylation of the T cell receptor and the CD8 molecule
[20]. Inhibitory ligands belonging to the B7 family, such
as PD-L1 and PD-L2, are expressed on MDSC and further
contribute to the suppression of T cells [21]. MDSC pro-
duce copious amounts of IL-10 and TGF-f and thereby

promote expansion of regulatory T cells (Tregs), which in
turn suppress effector T cells [22]. Cysteine sequestration
by MDSC limits the amino acid’s availability for T cells,
and together with the downregulation of L-selectin expres-
sion on naive T cells which decreases the T cells’ tissue
homing ability, represent additional immunosuppressive
mechanisms of murine MDSC [11, 23]. Thus, the sup-
pressive effects of murine MDSC are mediated by many
concurrent mechanisms, which may vary depending on the
disease. In addition, the outcome of MDSC-mediated sup-
pression may also depend on the mode of T cell activation
(e.g., mitogens versus immunogenic peptides).

Assays and technologies for functional MDSC
analysis in vitro

Significant differences in functional assay outcomes have
been reported depending on the genotype [24] and sex [25]
of the animals, and for in vitro derived murine MDSC gen-
erated through different protocols [26]. Establishment of a
widely accepted panel of functional assays for in vitro test-
ing is critical for the cross-validation of results obtained in
various laboratories and in distinct mouse models. Gener-
ally, in vitro flow cytometry or radiometric assays using
co-cultures of MDSC with allogeneic T cells are the most
frequently used tests for investigating suppressive activity.
Such assays allow the monitoring of Treg expansion (e.g.,
CD4+ Foxp3+), the proliferation of CD4+ and/or CD8+T
cells, IFN-y release as well as T cells un-/hypo-responsive-
ness [26]. Identification of the suppressive mechanisms is
classically performed by either measuring or inhibiting
key suppressive mechanisms. As such, enzymatic activity,
notably levels of metabolites downstream of ARG1 (e.g.,
urea measurement), NOS2 (e.g., NO measurement via the
Griess reaction), ROS production (e.g., Fe 3+ -xylenol
orange reaction, hydroethidine staining to detect super-
oxide), have been described and identified. Also, ex vivo
analysis of mice deficient in those key enzymes, facilitates
the identification of the mechanism of suppression of the
MDSC [21].

In vivo activity of murine MDSC

In the vast majority of investigations, MDSC suppressive
activity is analyzed in in vitro assays following purifica-
tion from animals with ongoing pathology. Although such
assays are certainly informative, the true suppressive nature
of MDSC as well as ultimate proof of a physiologically rele-
vant level of immunosuppressive activity stems from in vivo
assays. To assess the T cell suppressive activity of MDSC in
a living animal, essentially two approaches can be consid-
ered: (i) adoptive transfer of purified MDSC to animals that

@ Springer
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do not harbor functional MDSC, (ii) depletion or modulation
of MDSC during an ongoing pathology.

Adoptive transfer of MDSC is an elegant approach to spe-
cifically address the functionality of these cells in vivo. To
this end, both purified MDSC and antigen-specific T cells
(for example, TCR transgenic T cells) can be transferred
intravenously into congenic naive animals, after which the
mice are immunized with the relevant antigen. A few days
later, antigen-specific T cell activity is scrutinized (prolifera-
tion, cytokine production, expression of activation markers)
[20]. Notably, immunization is not only required to trigger T
cell activation, but MDSC may need to present the relevant
peptide(s) to be suppressive. Alternatively, MDSC can be
pulsed with antigenic peptide before transfer into the recipi-
ent [27]. Though elegant, this approach may be less suitable
to assess the function of tissue-restricted MDSC, such as
those derived from the tumor microenvironment. Tumor-
associated MDSC are strongly suppressive in an antigen-
independent fashion and depend on local conditions, such
as hypoxia, for their function [28]. However, those microen-
vironmental conditions will not be recapitulated in the naive
recipient of transferred MDSC.

To draw clear-cut conclusions from MDSC depletion
experiments, the depletion strategy should be as MDSC-
specific as possible. This is however not trivial, consider-
ing the paucity of markers or signaling pathways that une-
quivocally discriminate MDSC from their non-suppressive
counterparts, such as monocytes and neutrophils. Anti-Gr-1
antibodies (clone RB6-8C5) have been amply used to elimi-
nate MDSC in mice. However, Ly6C and Ly6G (molecular
targets of anti-Gr-1) are also highly expressed on classical
monocytes and neutrophils, respectively [29], and depletion
of target cells is transient, followed by repopulation of the
animal with immature granulocytic myeloid cells [30]. The
same holds true for anti-Ly6G (clone 1AS) that depletes both
PMN-MDSC and neutrophils [31]. Some chemotherapeu-
tic drugs, such as gemcitabine and especially 5-fluoroacil,
were advocated as being specifically cytotoxic for MDSC
[32]. However, multiple cancer cell types are also affected by
these compounds, creating an uncertainty whether reduced
tumor growth is due to a reduced MDSC functionality or a
direct toxicity towards cancer cells. A blockade of MDSC
trafficking by blocking the chemokine receptor CXCR2 [33],
the use of MDSC differentiating agents such as all-trans-
retinoic acid (ATRA) [34] or the application of phosphodies-
terase-5 inhibitors [35] have all been shown to affect MDSC
functionality in vivo. Other approaches aimed at blocking
the suppressive machinery of MDSC, such as nitroaspirin
[36], that diminishes the activity of NOS2 and ARG1, and
the triterpenoid CDDO-Me [37], that reduced the production
of ROS, have been proposed. However, it should be realized
that none of these suppressive mechanisms are unique to
MDSC, so the application of inhibitors in vivo may affect

@ Springer

other cell types as well. Altogether, we can conclude that
in vivo assays to test the T cell suppressive capacity of
MDSC are absolutely essential, but the potential caveats of
each assay should be taken into account.

Functional analysis of human MDSC
Phenotype, source tissue, isolation method

Phenotyping and isolating MDSC is much more complex
and challenging in humans than it is in mice (for in-depth
review of this topic compare review by Cassetta et al. in
this symposium-in-writing series). First, patient samples
are difficult to obtain and often only provide few (less than
ten thousand) cells, making standard functional assays dif-
ficult to perform. In most cases, MDSC are isolated from
peripheral blood of cancer patients [38—40]. Rarely, cancer-
ous ascites [41], bone marrow aspirates [42], splenocytes
[43], and PBMC from healthy donors for in vitro generation
[44] are used to source MDSC. The density gradient which
is used to separate whole blood components is required to
distinguish low density PMN-MDSC from high density
neutrophils in the absence of MDSC-specific markers for
whole blood. While it cannot be excluded that density gra-
dient separation induces changes in the expression of sur-
face markers of the activation state of MDSC, no evidence
of this has been reported in the literature. Second, isola-
tion methods, immunophenotyping and gating vary largely
between different research groups. This is because MDSC
are heterogeneous and no relatively simple marker system
mirroring the murine CD11b-Gr-1 paradigm exists in the
human setting. This results in high divergence between
laboratories in the phenotypic definition of MDSC subsets
[45]. In response to this challenge, Bronte et al. proposed
strategies to characterize defined subpopulations of MDSC
phenotypically and to determine their suppressive activity
in functional assays [5]. The review defines PMN-MDSC as
HLA-DR™CD11b*CD14-CD15* and M-MDSC as HLA-
DR™°CD11b*CD14*CD15~. CD15 may be replaced by
CD66b. CD33 can substitute for CD11b, considering that
M-MDSC express high levels of CD33, while PMN-MDSC
are CD33%™ [46]. However, common isolation practices
are less uniform and more simplistic. Three basic isola-
tion methods exist: (i) magnetic bead sorting, (ii) magnetic
bead enrichment followed by flow cytometry sorting, (iii)
flow cytometry sorting. Magnetic bead sorting is the least
complex method and is used in one- or two-step protocols,
focusing on a maximum of two markers only, while flow
cytometry isolation methods allow for more complex multi-
parameter sorting. Single step magnetic bead isolation pro-
tocols are favored by studies that use in vitro derived MDSC
and focus on CD33 positive selection or CD11b depletion
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after in vitro generation from PBMC or bone marrow for
4-7 days [42, 44]. In particular, bone marrow-derived (BM-)
MDSC have been generated and isolated in vitro by incubat-
ing lymphocyte-depleted bone marrow aspirate samples with
G-CSF and GM-CSF for 4 days and depleting CD11b+cells
to obtain CD11b"°"CD16~ immature and CD11b*CD16*
mature BM-MDSC [42]. Single step isolation protocols from
clinical samples are rare. One example is Obermajer et al.
who selected all CD11b+cells from ovarian cancer ascites
by magnetic bead sorting [41]. Most human MDSC are iso-
lated from PBMC. Here, the isolation protocols vary widely
and use magnetic bead sorting only, flow cytometry sorting
only or a combination of the two with different degrees of
complexity. An example of a magnetic bead only isolation
protocol from PBMC uses a two-step isolation protocol that
involves first the depletion of HLA-DR-positive cells fol-
lowed by positive selection for CD33 [47]. Similarly, simple
isolations using a combination method, isolate CD14+ cells
by magnetic sorting first and then HLA-DR positive and
negative cells by flow cytometry. This method focuses on
M-MDSC only [39]. However, these simple isolation pro-
tocols are obviously not suited for high purity isolation of
MDSC subsets. Flow cytometry sorting provides the most
comprehensive method of isolating MDSC and should be
preferred over bead sorting. An example of a complex multi-
parameter panel for sorting of MDSC from PBMCs by flow
cytometry includes CD11b, CD14, CD15, CD16, CD33 and
HLA-DR and distinguishes between M- and PMN-MDSC
[48]. Clearly, only multi-parameter isolation methods can
achieve simultaneous purification of multiple well-defined
MDSC subsets and should therefore be preferred.

Suppressive phenotypic characteristics

MDSC are defined by surface markers in conjunc-
tion with suppressive function [5]. Tumors expressing
cyclooxygenase (COX)-1 and -2 produce high levels of
prostraglandin-E2 (PGE-2) which recruits MDSC to the
tumor site and induces immunosuppressive functions such
as ARG1 expression in MDSC and monocytes [41, 49].
Increased ARG levels in patient serum have been cor-
related with increased numbers of MDSC in the blood
[50]. ARG expression in MDSC is determined in vitro
through qRT-PCR, and the presence and activity of ARG1
is determined by Western blotting, and less commonly by
flow cytometry, and through ARG1 activity assays that
measure urea concentration colorimetrically [38, 50-52].
While qRT-PCR and Western blotting confirm the pres-
ence of ARG transcription and translation in MDSC, in
some instances the protein levels recorded are compara-
ble to that in monocytes and much lower than in mac-
rophages [51]. It is important to note that standard cul-
ture media such as RPMI contain high levels of arginine

(1 mM), which exceed physiologic levels (30-125 puM).
Using media low in arginine or quantifying ARGI1 levels
in media may be required to fully appreciate the poten-
tial contribution of arginine depletion in MDSC-mediated
immunosuppression.

IDO catabolizes tryptophan through the kynurenine
pathway. Similarly to arginine, the depletion of tryptophan
by IDO-expressing cells limits T cell proliferation and sur-
vival [53]. Tryptophan levels in RPMI (25 pM) exceed the
proliferation-limiting 2 uM. The presence of IDO is deter-
mined by qRT-PCR, Western blotting, and in rare instances
immunohistochemistry [38, 41, 42]. IDO activity is not com-
monly assessed. One study assessed the influence of MDSC
IDO activity on T cell proliferation, cytokine release and
apoptosis using IDO and STAT3 inhibitors [42]. However,
the MDSC used were generated from lymphocyte-depleted
bone marrow, isolated via CD11b and CD16 depletion and
thus may not conform with the current phenotypic consensus
criteria [5, 42].

In mice, NOS?2 activity results in the nitrosylation of the
TCR and its consequent downregulation and internalization.
While the work in mice is extensive and convincing, little
data has been published in human settings. Nitrosylation
was tested on the surface of CD8+ T cells from breast or
head and neck cancer patients but no direct causative link to
MDSC was established [20]. Testing TCR nitrosylation with
specific antibodies is not commonly used to assess human T
cells and their function. The expression of NOS2 by MDSC
is tested by qRT-PCR and by Western blotting [41, 51]. Liu
(2010) compared the expression of NOS2 in MDSC from
non-small cell lung carcinoma patients to those in mac-
rophages and monocytes [51]. However, MDSC expressed
NOS?2 at similar levels to monocytes. The activity of NOS2
can be assessed by flow cytometry [47]. Unfortunately,
NOS2 activity measured in this way was not compared to
monocytes or macrophages. Furthermore, this method is
destructive and the cells are no longer available for co-cul-
ture assays with T cells. ROS released by MDSC are meas-
ured in a similar manner and retain the same caveats [47].
Although determining the presence of phenotypic markers
on MDSC that could mediate suppression is interesting, they
are not sufficient to fully assess suppressive activity.

Functional analysis of human MDSCT cell
interaction and suppression in vitro

The almost universal standards to assess MDSC suppres-
sive activity are T cell proliferation and cytokine release
assays [41-43, 47]. T cell proliferation assays follow a com-
mon simple principle. However, procedural details between
reports vary widely. Usually, T cells are co-incubated with
MDSC in a 96-well with RPMI and 10% fetal calf serum for
3-5 days (Table 2). The proliferation of T cells is assessed
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through either the dilution of a tracking dye such as car-
boxyfluorescein succinimidyl ester (CFSE) or through triti-
ated thymidine incorporation. Suppression of cytokine pro-
duction is assessed by ELISA using the supernatant of the
co-incubation. IFNy is the most common effector cytokine
tested. Other cytokines of interest include IL-10, IL-2, and
TGF-B. T cell stimulation is usually achieved through anti-
CD3 and anti-CD28 antibodies. However, the type of stimu-
lation varies between soluble, plate-bound or bead-bound
antibodies. Each method has advantages and pitfalls. Soluble
antibodies might not provide sufficient cross-linking of the
TCR and CD28 to achieve T cell activation. Plate-bound
antibodies might not provide homologous activation espe-
cially in round-bottom plates. Beads are ingested by several
types of myeloid cells and therefore skew the accuracy of
the observed suppression.

Large variations between studies are evident in the
isolation methods of target cells and MDSC. Autologous
and allogenic cells are used as target cells for suppression
assays and include CD3+, CD8+, CD4+, PBMC and CD14-
depleted PBMC. The method of isolation is usually magnetic
bead sorting. Defined subpopulations of MDSC should be
isolated after Bronte et al. for use in suppression assays [5].
Jordan et al. follows these guidelines well and uses spleno-
cytes and blood samples from a variety of human carcinoma
patients to isolate MDSC. The use of human splenocytes
as a source of MDSC resulted in high yields of MDSC, but
of course these cells are only available for research under
special conditions. The suppression of T cell proliferation
was assessed by CFSE dilution after four days of MDSC co-
culture and compared to that elicited by HLA-DR + control
cells. In this system, the percentage of T cells proliferating
in non-suppressed control conditions was low (only 15%).
CD14+and CD15+MDSC reduced the frequency of pro-
liferating T cells to 12 and 10%, respectively. This was the
only functional test performed [43]. However, as previously
described, MDSC isolation protocols are highly variable
between laboratories (Table 2).

Further suppressive effects of MDSC on T cells include
the induction of Foxp3, increased PD-1 expression and
downregulation of CD3( on T cells after co-culture with
MDSC [42, 51]. All three markers by themselves are not
definitive signs of T cell functional suppression. Increased
PD-1 expression and TCR downregulation are known mark-
ers of T cell activation as well. The induction of regulatory T
cells by MDSC is well-established in mice [22]. However, all
human T cells are able to express Foxp3 if they are exposed
to TGF-p. Consequently, Foxp3 expression alone does not
indicate the presence of regulatory T cells in humans.

@ Springer

In vivo activity of human MDSC

Obtaining evidence for in vivo activity of human MDSC
poses obvious challenges to the research community. As
mentioned above, functional analyses are mostly performed
ex vivo with MDSC freshly isolated from the peripheral
blood or the pathologically affected and/or inflamed tissues
[5]. On the other hand, establishing an accurate approach
to monitor in situ actions of MDSC in human subjects is
desirable. Currently, in conjunction with surface mark-
ers, analyses of certain immune regulatory molecules and
metabolites which are directly or indirectly related to the
MDSC functions (such as ARG1, NOS2, IDO, NO, ROS,
prostaglandin-E2 (PGE2), PD-L1, TGF-p1, IL-10, SI00A8/
A9 and S100A12), are performed and presented as surro-
gate markers for the MDSC functionality in vivo. Biopsy,
surgical excision specimens or serum samples are collected
for this purpose. However, due to the limited accessibility
of human tissue materials, the majority of the studies are
performed with peripheral blood MDSC. Several techni-
cal drawbacks, such as small amounts of MDSC and the
requirement for enzymatic degradation, may complicate or
limit the assays which can be performed with MDSC from
tissues [54, 55]. Moreover, variations in processing time,
cell biological changes of MDSC during ex vivo manipula-
tion, and the changes dictated by isolation procedures may
influence the results.

In murine models, depletion of MDSC or adoptive trans-
fer represent state-of-the-art assays to assess in vivo func-
tion of MDSC. Evidently, these approaches are not possible
in humans because of the ethical concern. Nevertheless, a
number of conventional therapeutics that are approved and
conventionally used for the treatment of certain diseases
has been shown to reduce MDSC levels. Low-dose chemo-
therapy, agents inducing myeloid maturation such as ATRA,
and anti-inflammatory regimens modulate MDSC frequency
and function in patients [56]. Alternatively, recombinant
human G-CSF administered to healthy donors or cancer
patients after myelodepletion enriches the peripheral blood
hematopoietic stem cell pool which eventually leads to a
considerable increase in the immature myeloid cells with
regulatory actions compatible with those of MDSC [57].
However, these interventions often do not allow conclud-
ing on modulation of effector immune responses by MDSC.

An interesting alternative is the analysis of MDSC in
humanized mouse models (HMM). For instance, NOD
scid y,-deficient (NOD.Cg-Prkdc*“® 112rg™"/'/SzJ) mice
engrafted with human CD34% hematopoietic stem cells
develop multi-lineage human immune cells which can serve
as an efficient platform to study in vivo behavior of human
immune cells [58]. In addition, MDSC-depleted PBMCs
from systemic lupus erythematosus (SLE) patients, after
transfer into humanized NOD/SCID mice with a SLE-like
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Table 2 (continued)

&

References
s

100 U/ml, 500 IU/ml

Variable

IL-2

Springer

4% 10* monocyte-derived DC from healthy donor, allogenic PBMC

MLR
Medium

Unknown

RPMI + fetal calf serum

RPMI + human serum

—_— e e e e e

[36, 37, 42]
[39-41]

Days of incubation

36, 37, 39] or none

—_— e e e e e e e e

96-well, flat

[37-39, 41]

[42]

Unknown

Tissue culture plate

24-well, flat

96-well

Medium

Activation controls

Absence of MDSC

Patient peripheral blood-derived CD33+

Healthy donor peripheral blood-derived CD33+

HLA-DR + myeloid cells

Unknown

Suppression controls

syndrome, mitigate the disease and provided evidence for
in vivo functions of human MDSC [59]. In the future, mice
encoding human cytokines (i.e., MITRG and MISTRG)
could also help to better understand human MDSC function-
ality in vivo [58]. Non-invasive in vivo imaging technolo-
gies such as micro positron emission tomography (UPET),
single-photon emission computed tomography (SPECT) and
optical imaging systems that would employ functional and
molecular imaging agents designed for tracing MDSC would
be useful in humanized mouse models [60, 61].

Although the targeting is not always MDSC-specific, 45
clinical trials related to MDSC targeting or monitoring are
registered (https://clinicaltrials.gov). We believe that these
studies will help to better elucidate in vivo functions of
MDSC in human diseases.

Critical issues and controls

The design of functional assays for MDSC suppression
requires the careful consideration of several critical issues,
most importantly the phenotyping and isolation of cells, cell
viability and integrity, and finally the use of appropriate acti-
vation and suppression controls. Human MDSC in particular
display heterogeneous phenotypes and require complex flow
cytometry strategies for identification and isolation. Reviews
that aim at standardizing MDSC phenotyping should be con-
sulted and adopted for both phenotyping and isolation strate-
gies. Until unique MDSC marker candidates, which correlate
with function, are further validated and confirmed, at least
for human PMN-MDSC, density gradient isolations remain
necessary to separate MDSC from neutrophils [62, 63].

The complexity of isolation strategies raises further
complications:

e Yield. MDSC are rare and sensitive cells. Complex
multiple step isolation protocols could reduce already
low yields. This greatly impacts the range of functional
assays performable with one sample and reproducibility.

e Cell viability. MDSC, in particular PMN-MDSC are
cryosensitive [64] and do not survive long ex vivo. This
could impact yields and multiple day assays. Cells should
be processed quickly and monitored with viability dyes.

e Activation/Modulation. Immature myeloid cells and neu-
trophils readily respond to physical stress. Cooling, cen-
trifugation, resuspension and sorting could all activate
MDSC and neutrophils in a way that does not represent
their in vivo state. Gentle handling and sorting settings
as well as stable temperatures should be used at all times.

The second critical issue is the use of appropriate
controls. Studies frequently lack relevant controls for
comparison:
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e Flow cytometric analyses, e.g., of NOS2 or ROS pres-
ence, should be compared to monocytes and mac-
rophages. Comparing the MDSC data to unstained
controls only indicates the presence of the analyzed
parameter, but not the degree of expression. For exam-
ple, in qRT-PCR and Western blotting ARG1 and NOS2
expression can be compared to that in monocytes, and
M1 or M2 macrophages.

e Biological functional controls. Most assays compare the
functional activity of stimulated T cells in the absence
or presence of MDSC. However, activating and sup-
pressing biological control cells should be considered
to improve reliability of such assays. Activating controls
could be HLA-DR + monocytes. Suppressive controls
are not reported and it is difficult to identify a reliably
suppressive and comparable myeloid-derived cell type.
In vitro generated immunosuppressive dendritic cells
(DC-10 s) are under investigation for this role within the
Mye-EUNITER network [65].

e Target cells. MDSC may have different effects on T
cells versus other target cells. NK cells, for example,
are important contributors to the elimination of malig-
nancies. MDSC suppress NK cell and T cell functions
through similar mechanisms that prominently involve
the expression of ARG1 and NO. However, besides the
suppression of cytokine production and proliferation,
Fc receptor- and IL2-activated NK cells were also sup-
pressed in their killing activity and intracellular signal-
ing pathways [66—68]. Although discussing this aspect
in detail is outside the scope of this review, the possible
implications should not be underestimated. Similarly
effector functions such as proliferation, cytotoxicity and
cytokine release may not be equally affected by MDSC
for a given target cell. As such the selection of the test
system is a complex and probably underestimated issue
in the field.

Conclusions and future perspectives

MDSC evolve as a result of pathological expansion, differ-
entiation and functional modulation of myeloid cells. Con-
sequently, MDSC share immunophenotypic markers with
other myeloid cells such as monocytes, macrophages and
granulocytes. At present, unique validated MDSC markers
are not yet available. Thus, MDSC cannot be identified by
immunophenotyping only and functional assays are man-
datory for their appropriate characterization (see Table 1).
Historically, the suppression of T cell activation emerged
as the most often studied MDSC functional property. How-
ever, MDSC feature additional immune suppressive as
well as disease-promoting properties. At present, it is not

well-understood what regulates bona fide suppression versus
other disease-promoting properties.

Despite these uncertainties, the suppression of T cell
activity appears to be a key assay for defining MDSC iden-
tity and is most often measured in vitro after MDSC isola-
tion. Currently, the functional activity of MDSC is difficult
to compare between laboratories, experimental models and
different cohorts of patients with disease. Careful standard-
ization and optimization of MDSC immunophenotyping,
isolation and functional testing is required to better appreci-
ate the clinical relevance especially of human MDSC. Sur-
rogate markers of suppression could be useful for in vivo
assessment of MDSC in patient tissue and blood, but it will
be important to correlate expression of these markers with
target cell function and disease follow-up in future studies.

With further improvements in immunomonitoring and
functional analysis, in the future, we should be able to fully
appreciate the role of MDSC in experimental disease models
as well as their emerging clinical relevance.
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