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Abstract: Myeloid-derived suppressor cells (MDSCs) are immature myeloid precursors which
emerged as a potent regulator of the immune system, exerting suppressive properties in diverse
disease settings. In regards to cancer, MDSCs have an established role in solid tumors; however,
their contribution to immune regulation during hematologic malignancies and particularly in lym-
phomas remains ill-defined. Herein focused on lymphoma, we discuss the literature on MDSC
cells in all histologic types, and we also refer to lessons learned by animal models of lymphoma.
Furthermore, we elaborate on future directions and unmet needs and challenges in the MDSC field
related to lymphoma malignancies which may shed light on the complex nature of the immune
system in malignancies.
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1. Introduction

Myeloid cells have been reported for their suppressive ability around 40 years ago [1,2].
However, the nomenclature “Myeloid-derived suppressor cells” (MDSCs) was first estab-
lished in 2007 [3,4]. Up to date, MDSCs are characterized as a heterogeneous population of
immature cells of myeloid origin. Despite the similarities with neutrophils and monocytes,
MDSCs are distinct from terminally differentiated mature myeloid cells, mainly focused
on their potent immunosuppressive activity as well as the metabolic and transcriptomic
profile [5]. MDSCs have emerged as a unique regulator of the immune system and have
been demonstrated to heavily expand and to be implicated not only in cancer pathogenesis,
growth, and metastasis [6] but also in various aspects of immune regulation, including
chronic inflammation, infectious diseases, autoimmune diseases, trauma, graft versus host
disease and so on [7–10].

2. Phenotypic Characterization of MDSCs

The phenotypic and morphologic heterogeneity impede the precise characterization of
MDSCs. However, the phenotypic characterization of MDSCs in mice has been established
and is well-defined [11], based on the expression of the myeloid-cell lineage differentiation
antigen Gr-1 [12,13] and CD11b [14] (αM-integrin) markers. Extensive research on MDSC
biology supports their morphological heterogeneity, subdividing them into two function-
ally distinct subsets named the monocytic-MDSCs (M-MDSCs), which resemble monocytes
and expressing the Ly-6C (CD11b+Ly-6G–Ly-6Chi), and granulocytic or polymorphonuclear
MDSCs (PMN/G-MDSCs), which are characterized based on the Ly-6G expression MDSCs
(CD11b+Ly-6G+Ly-6Clow) [15].
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In contrast, human MDSCs are not clearly defined due to their early-stage cell nature
and their difficulty to be phenotypically and mechanistically defined. Both of MDCSCs’ sub-
groups are isolated from low-density Ficoll-gradient fraction of peripheral blood mononu-
clear cells (PBMCs), a mean which makes their distinction an easy task, as neutrophils
show a similar phenotype and are found in high-density fraction [11]. Thus, as human
PMN-MDSCs are defined the CD11b+CD14–CD15+CD33+ or CD11b+CD14–CD66b+CD33+

cells [11,16], with CD15 and CD66b being human granulocyte activation markers. Regard-
ing the human M-MDSCs, these cells are characterized by the CD11b+CD14+CD15–CD33+

HLA-DR–/lo phenotype [11] and are distinguished from human monocytes by low expres-
sion or absence of HLA-DR molecules. Furthermore, “early-stage MDSCs” (eMDSCs) have
been described, defined as an immature MDSC population and characterized as Lin−HLA-
DR−CD33+ cells, where Lin includes CD3, CD14, CD15, CD19, and CD56 [11,17]. However,
the mouse equivalent is yet to be identified. Delineation of new markers that will specif-
ically characterize MDSCs and their subgroups in humans is an unmet need, and their
identification holds significant clinical importance since it will expand our knowledge
in MDSC biology and may help the stratification of patients and guide personalized
medicine decisions. In relation to this, the identification of lectin-type oxidized LDL recep-
tor 1 (LOX-1) [18–23] as a specific surface marker of human PMN-MDSCs allowed their
gradient-independent purification and characterization in cancer patients. Such knowledge
may pave the way for the identification of novel MDSC targets and may lead to the design
of future immunotherapeutic approaches.

3. Expansion and Activation

The mechanisms that govern the generation, expansion, and activation of MDSCs are
complex and under current investigation. MDSCs are generated under pathological condi-
tions through emergency myelopoiesis, and their expansion is mediated by several factors
in the bone marrow (BM) or spleen before they migrate to the periphery. Several factors
such as granulocyte-macrophage colony-stimulating factor (GM-CSF) [24], granulocyte
colony-stimulating factor (G-CSF) [25], macrophage colony-stimulating factor (M-CSF) [26],
stem cell factor (SCF) [27], vascular endothelial growth factor (VEGF) [13], and proin-
flammatory factors, such as interleukin-6 (IL-6) [28], alarmins S100A9 and S100A8 [29],
and prostaglandin E2 (PGE2) [30,31] have been shown to mediate this process. These in-
duce signaling pathways, which are controlled by transcription factors and regulators,
such as signal transducer and activator of transcription (STAT)-3, STAT5, Interferon regula-
tory factor 8 (IRF8), and C/EBP-β (reviewed in [32–34]). In addition, signaling pathways of
NOTCH, adenosine receptor A2b, cytoplasmic receptor NLRP3, and retinoblastoma protein
1 (RB1) are also involved in MDSC expansion (reviewed in [32,33]). Induction of MDSC sup-
pressive activity, except signals that promote their expansion, also requires signals for their
activation, including interferon-γ (IFN-γ), IL-1β, IL-4, IL-6, IL-13, tumor necrosis factor-α
(TNF-α), toll-like receptors (TLRs) ligands, and transforming growth factor-β (TGFβ) (re-
viewed in [33,35,36]). Interestingly, recent studies suggest that M-MDSCs are induced by
the reprogramming of monocytes, while PMN-MDSCs may represent an activation stage
of neutrophils generated from activated immature or mature granulocytes [37].

4. Recruitment

The accumulation and recruitment of MDSCs in the microenvironment in different
inflammatory situations have been demonstrated to be induced by a variety of factors.
Chemokines are the main soluble mediators that are involved in this process. For example,
CCL2- and CCL5-mediated recruitment of MDSCs have been reported at the inflammatory
tumor microenvironment (TME) [38], as increased levels of intratumoral CCL2 were found
in patients with colitis-associated colorectal cancer (CRC), adenocarcinomas, and adeno-
mas [39], whereas increased expression of CCR2 (receptor of CCL2) was found on isolated
MDSCs from ovarian, breast, or gastric cancer patients [40]. In addition, CCR2-deficient
MDSCs and the deletion of CCL2 reduced the recruitment of MDSCs into tumor sites of
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murine tumor models [39–41]. Moreover, CCL5 chemokine expression has been corre-
lated with advanced breast cancer in human patients [42] and was reported to promote
mammary tumor growth in mice, whereas the deficiency of this chemokine resulted in
the aberrant generation of MDSCs in the bone marrow, with the impaired immunosup-
pressive ability [43]. In the same line, other chemokines, including CCL7 [44], CCL15 [45],
CCL26 [46], CXCL8 (also known as IL-8) [47], and CXCL12 [48], have been demonstrated
to mediate mobilization of MDSCs in TME.

5. Mechanisms of Function

MDSCs employ a variety of mechanisms, such as cell-surface receptors and/or the
release of soluble factors, to suppress immune responses with M-MDSCs to be a more
potent suppressor subset compared to PMN-MDSCs, which have a relatively modest
suppressive activity [49,50].

The main mechanisms through which MDSCs exert their immunosuppressive function
are briefly outlined below.

5.1. Deprivation of Essential Amino Acids

The metabolism of L-arginine is one of the well-characterized mechanisms of MDSC
immunosuppressive activity. L-arginine is a substrate for the inducible Nitric Oxide Syn-
thase (iNOS) and Arginase 1 (ARG-1), both of which are highly expressed in MDSCs and
involved in lymphocyte suppression [51,52] since the deprivation of L-arginine leads to
T-cell dysfunction [53,54]. In addition, induced iNOS production from MDSCs generates
nitric oxide (NO), which is implicated in the attenuation of MHC class II expression in
macrophages [55] and the induction of T-cell apoptosis [56–58]. This mechanism has been
extensively studied in solid tumors but also in hematological malignancies. Thus, MD-
SCs in lymphoma [59–62] and multiple myeloma [63,64] patients were correlated with
an upregulated gene expression of ARG-1 and iNOS, and increased expression of ARG-1
in PMN-MDSCs was associated with the disease progression and the resistance to ther-
apy [65]. Besides L-arginine, competition for extracellular cysteine between APCs and
MDSCs resulted in the deprivation of cysteine and thus the inhibition of T-cell activa-
tion [66]. Moreover, indolamine 2,3-deoxygenase (IDO)-dependent tryptophan catabolism
is considered a mechanism in MDSC-mediated suppression. This generated the notion
of targeting IDO1 for therapeutic purposes (Reviewed in [67,68]). However, IDO1 in-
hibitor monotherapies did not show the expected efficacy, whereas the combination with
immunotherapeutic approaches showed negative results in phase-III clinical trials [67],
indicating that further studies are needed for the effective targeting of IDO in cancer.

5.2. Reactive Oxygen Species (ROS) Production

Another important factor that is induced in activated MDSCs and contributes to their
immunosuppressive activity is ROS and peroxynitrite (PNT) production. Up-regulation
of ROS in MDSCs is observed in both tumor-bearing mice and cancer patients with solid
tumors [69–72] mediated by the increased activity of NADPH oxidase (NOX2). Moreover,
increased MDSC-mediated production of ROS is also observed in the lymphoma murine
model [15] and patients with mycosis fungoides and Sézary syndrome with stage IB T-cell
malignancies [73]. ROS production, together with PNT, has been accused of T-cell unrespon-
siveness and tolerance, thus targeting their production seems to be a promising therapeutic
intervention, which would enhance the effects of immunotherapeutic approaches and help
to induce antitumor immune responses (reviewed in [74]).

5.3. Obstruction of Lymphocyte Trafficking

MDSCs in the context of their immunosuppressive nature downregulate the expres-
sion of L-selectin (CD62 ligand), a key homing receptor on T-cells, as reported by the
in vitro co-culture of tumor-induced MDSCs with naïve T-cells [75,76]. The downregula-
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tion of L-selectin has been demonstrated to be associated with the expression of ADAM17
(disintegrin and metalloproteinase 17) on MDSCs [77].

5.4. Induction of Immunosuppressive Cell Population and NK Cell Anergy

Finally, MDSCs promote the generation of Treg through the secretion of TGF-β and
IL-10 in solid tumor murine models [78]. Furthermore, CLL-induced MDSCs have been
shown to promote Treg induction in an IDO-dependent manner [79]. In addition to MDSC-
mediated Treg induction, MDSCs are also capable of increasing some M2-like characteristics
of macrophages, thus inducing an immunosuppressive phenotype of them and promoting
the growth of solid tumors [80]. MDSCs through TGF-β suppressed NK function by
the inhibition of their IFN-γ production, NKG2D expression, and their cytotoxic activity
in vitro and in an in vivo hepatic model [81].

PMN-MDSCs and M-MDSCs have unique features through which they mediate their
suppressive function. More specifically, PMN-MDSCs-mediated immunosuppression of-
ten requires ARG-1, ROS, and PNT, whereas M-MDSCs suppress antitumor responses
through NO, the secretion of IL-10 and TGF-β immunosuppressive cytokines, and the
expression of inhibitory surface molecules, such as PDL-1. Due to MDSC heterogeneity,
targeting them is not an easy task. In addition, recent studies revealed mechanisms that
mediate the reprogramming of myeloid suppressor cells and enhance the anti-tumor im-
mune responses [82,83]. Thus, the identification of novel mechanisms of MDSC-mediated
suppression, which characterize each subgroup, are required. This will offer insights in
MDSC biology but also, together with the discovery of specific markers that will exclu-
sively characterize these cells, could pave the way for the design of innovative therapeutic
interventions that will further improve the already established.

6. MDSCs in Hematological Malignancies

Numerous studies have established the role of MDSCs in several hematological malig-
nancies, such as multiple myeloma (MM), acute myeloid leukemia (AML), acute promye-
locytic leukemia (APL), B-cell acute lymphoblastic leukemia (B-ALL) myelodysplastic
syndromes (MDS), and in chronic myeloid leukemia (CML), as extensively reviewed else-
where [84]. A common denominator in these diseases is that frequencies of MDSCs are
significantly enriched either in blood, bone marrow, or tumor sites and often associated
with high tumor burden, adverse clinical features, and outcome. Herein, we focus on lym-
phomas, a group of blood malignancies of lymphocytes, and we discuss the lessons learned
from MDSC-mediated suppression in mouse models and in individuals with lymphomas.

7. MDSCs in Mouse Models of Lymphoma

For the first time in 2008, Serafini et al. showed that MDSCs can also contribute to
antigen-specific T-cell tolerance in a systemic hematological malignancy using a murine
A20 B-cell lymphoma model. More specifically, 28 days after intravenous injection of
CD45.2 A20-HA-GFP cancer cells into BALB/c mice, they found a cell population with
a phenotype consistent with other murine MDSCs described in solid tumors, which was
characterized by the high expression of CD11b, low expression of MHC class I and II
molecules, and expression of Gr1, F4/80, and IL-4Ra. Through further functional anal-
ysis, they confirmed that these cells were MDSCs, and by performing both in vivo and
in vitro experiments, they showed that these cells can uptake and process tumor-associated
antigens and promote the expansion of a preexisting Treg pool exclusively via arginase-1,
which, in turn, induced antigen specific T-cell anergy and was responsible for the im-
munosuppressive state associated with an increasing tumor burden in lymphoma-bearing
mice [85].

Until now, several studies in B-cell lymphoma patients have shown increased MDSC
frequencies with enhanced immunosuppressive potential, while others have highlighted
the role of microRNAs (miRNAs) in the regulation of their differentiation, maturation,
and function. Zhen Xu et al., using a B-cell lymphoma mouse model, observed that only
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miR-30a and no other members of the same family were increased in both the bone marrow
and spleens of tumor-bearing mice. Thus, they decided to explore its role in the regulation
of MDSC differentiation and function. Interestingly, they demonstrated that miR-30a could
promote their maturation and affect the expression of their main suppressive mediators,
including those of Arg-1, IL-10 and ROS. Furthermore, they showed that SOCS3, which is
a regulator of the JAK2/STAT3 pathway that plays a critical role in the regulation of
MDSC expansion and function, is a direct target of miR-30a. As a consequence, they found
that miR-30a downregulated the JAK2/STAT3 signaling pathway by reducing the expres-
sion of SOCS3 and thus promoted their differentiation and suppressive activity. Finally,
by performing transfection with miR-30a mimics, they observed elevated frequencies of
fully differentiated MDSCs with enhanced suppressive potential, suggesting that targeting
miR-30a could reverse the deleterious effect of MDSCs in antitumor immunity [86].

In addition, several lymphoma and leukemia studies have examined the serum levels
of adiponectin (APN) and have revealed an increase in adult and childhood non-Hodgkin
lymphoma patients, which was correlated with poor prognosis. However, few molecular
studies have been conducted on the role of APN in lymphoma development and progres-
sion. In 2013, Sora Han et al. studied the role of APN in tumor growth and in the function
of MDSCs by using EL4 lymphoma-bearing APN knock-out (APNKO) mice. Interestingly,
they found that tumor-bearing APNKO mice had a reduced accumulation of MDSCs in
their spleen, exhibited a decreased G-CSF secretion which was correlated with reduced
MDSC differentiation as well as that APN facilitated their differentiation and function by
upregulating the iNOS transcription levels [87].

Moreover, in 2016, M. Abedi-Valugerdi et al., employing a murine lymphoma model,
observed that mice with established EL4-luc2 tumors exhibited a marked infiltration of
MDSCs in their spleen, as well as an increased frequency of circulating neutrophils with
ring-shaped nuclei, a phenomenon known as tumor-induced neutrophilia, suggesting that
in tumor-bearing mice, the process of myelopoiesis is significantly enhanced during tumor
development. Importantly, they also determined that more than 90% of the circulating
neutrophils of tumor-bearing mice represent MDSCs, and 75% of them were PMN-MDSCs.
These findings support the hypothesis that tumors alter normal myelopoiesis and favor the
generation of MDSCs in order to evade the immune response. In addition, they assessed
the sensitivity of tumor-associated neutrophils to low-dose myelosuppressive drugs 5-FU
and BU, and they found that 5-FU and Treo but not BU induced tumor regression by
eliminating MDSCs at both their immature and mature stage [88]. The following year,
the same group of scientists investigated the effects of 5-FU on MDSCs at two different
stages of tumor development, an early and a more advanced. They found that when mice
with advanced tumors were treated with a single-low dose of Flu, they exhibited elevated
numbers of splenic MDSCs, as well as increased MDSC-mediated immunosuppression,
which potentiated tumor growth. On the other hand, neither the tumor growth nor the
number of splenic MDSCs was significantly affected in mice with palpable tumors following
the same treatment. In contrast, the administration of a low-dose 5-FU, independently of the
tumor stage, resulted in tumor regression that coincided with a significant reduction in the
number of blood neutrophils and splenic MDSCs as well as a marked attenuation of their
relative immunosuppressive effects [89]. In line with the above studies, Pilot et al., using a
murine T-cell lymphoma model recently unveiled the effect of heat shock (HS) or HSP70
deficiency on the 5-FU-mediated activation of caspase 1/IL-1β in MDSCs and its following
consequences on tumor progression. More analytically, they showed that HS is able to
dampen caspase-1 activation without affecting 5-FU-induced MDSC death, which results
in the promotion of antitumor immunity and the inhibition of tumor growth. Conversely,
they revealed that the absence of HSP70 in HSP70−/− tumor-bearing mice increased
caspase-1 activation in MDSCs and caused tumor regrowth, while the HS was able to
increase the survival of these mice after 5-FU treatment, suggesting that in the absence
of HSP70, hyperthermia may use other compensatory pathways. Therefore, this work
proposed an innovated non-chemical strategy to inhibit the caspase-1/IL-1β activation



J. Clin. Med. 2021, 10, 3462 6 of 20

within MDSCs in order to improve 5-FU-based chemotherapeutic treatment efficiency
using hyperthermia [90].

Furthermore, in 2014, Hong Qin et al. adapted a competitive peptide phage display
platform, and they created peptide-Fc fusion proteins named as peptibodies, which were
able to completely deplete blood, splenic, and intratumoral MDSCs in lymphoma-bearing
mice after their intravenous administration. Importantly, these peptibodies did not show
any off-target activity as the populations of DCs, T, B, NK cells, or Gr1+ CD11b+ immature
myeloid precursor cells in the bone marrow were unaffected. Additionally, their supe-
rior therapeutic effects were highlighted by their ability to deplete both granulocytic and
monocytic MDSC subsets and to promote tumor regression in vivo over the available Gr1
specific antibodies, which primarily depleted only the granulocytic subset [91]. Moreover,
the same year, another study that examined whether lenalidomide could act as an immune
adjuvant to enhance the therapeutic potency of cancer vaccines in mice with A20 lym-
phoma revealed that lenalidomide could promote tumor regression and improve immune
suppression by reducing the number of systemic MDSCs in tumor-bearing but not naive
mice. Nevertheless, its exact effect on the regulation of their function, as well as its potent
direct MDSC cytotoxicity, remains to be unveiled [92].

In 2020, Fei Lu et al. examined the contribution of NLRP3 inflammasome in the mod-
ulation of immune homeostasis during lymphomagenesis, along with its correlation with
PD-L1 expression levels and the effectiveness of anti-PDL1 immunotherapy in combination
with NLRP3 blockade. So as to achieve that, they analyzed peripheral blood samples
isolated either from Diffuse Large B-Cell Lymphoma (DLBCL) patients or from healthy
individuals, and they observed that DLBCL patients were characterized by an immuno-
suppressive state associated with a high expression of PDL1 in the tumor tissues together
with elevated frequencies of MDSCs. In order to further explore the role of NLRP3 inflam-
masome in B-cell lymphoma progression, they employed a murine lymphoma model by
injecting subcutaneously A20 cancer cells into 4-week-old female BALB/C mice and treat-
ing them with the NLRP3-inhibitor MCC950 or with placebo. Significantly, they found that
the NLRP3 blockade resulted in delayed tumor progression, and so, to further determine
whether this attenuation in tumor growth derived from the reversal of immunosuppres-
sion, they analyzed the frequencies of immune cell populations in lymphoma-bearing
mice. Interestingly, they found that MDSCs frequencies, as well as the frequencies of
other immunosuppressive cells, such as TAMs and Tregs, were decreased in tumor tissues
and spleens of treated mice. Furthermore, in order to examine the influence of NLRP3
inflammasome on the efficacy of ICB, they used three groups of lymphoma-bearing mice:
the first was treated with the MCC950 inhibitor, the second with the anti-PDL1 antibody,
and the latter with combination therapy. What they observed is that, in contrast to NLRP3
inflammasome blockade, both anti-PDL1 and combination treatment markedly increased
the frequencies of tumor-infiltrating MDSCs without affecting the Treg population, indicat-
ing that the PDL1 blockade partly revoked the immune-stimulatory function of MCC950
in TME [93].

Given the fact that IL-35 plays an important role in inducing the accumulation of
MDSCs in TME and promoting angiogenesis, Wang et al. sought to reveal the contribution
of this immunosuppressive cytokine in the pathogenesis of DLBCL. For this reason, they in-
jected NOD-SCID mice with Ly8 cells subcutaneously into their flank in order to develop
Ly8 DLBCL tumors, and 7 days after tumor inoculation, they treated them with anti-IL35 or
IgG2b antibody once weekly for 2 weeks. At day 23, after tumor induction, they sacrificed
them, collected blood, and analyzed their M-MDSC populations. Importantly, they found
that tumor-bearing mice treated with neutralizing anti-IL35 antibodies had a reduced accu-
mulation of M-MDSCs, indicating that anti-IL-35 treatment blocked M-MDSC expansion,
creating expectations for their possible future use as a new therapeutic strategy for DLBCL
patients [94].

Conclusively, mouse models provide important knowledge on MDSCs’ function in
lymphomas. However, various mechanisms still remain to be validated in human counter-
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parts and especially in the field of lymphomas, which constitute a highly heterogeneous
group of hematologic malignancies.

8. MDSCs in Lymphoid Malignancies

The assessment of MDSCs in lymphoma patients remains limited and mostly focused
on Diffuse Large B-cell Lymphomas (DLBCL) and Hodgkin’s Lymphoma (HL) because
few studies have been conducted in other histological types of non-Hodgkin’s Lymphoma
(NHL), which do not permit drawing firm conclusions for the predominant phenotype and
functional role of MDSCs in all NHL categories. Therefore, considering the established role
of MDSCs in the suppression of immune responses, it is important to shed light on their
involvement in lymphoma development and progression as well as during therapeutic
interventions in different types of lymphoma. Below, we review the literature on the role
of MDSCs and subsets in lymphoid malignancies and discuss the proposed mechanism of
action. In Figure 1 and Table 1, we summarize the main findings on MDSC contribution in
lymphoid malignancies in terms of phenotype and characterization, mechanisms of action
as well as clinical implications.

Figure 1. MDSC subsets and suppression mechanisms in lymphoid malignancies. The main immune cell subsets and
malignant cells that circulate in the blood of lymphoma patients are illustrated (left side). The MDSC subsets and the
respective mechanisms that have been described for MDSC-mediated suppression of anti-tumor immunity in different
types of lymphomas are shown (right side). Question marks indicate unknown mechanisms via which MDSCs may exert
their function in lymphoma malignancies. MDSCs: Myeloid-derived suppressor cells; PMN-MDSCs: polymorphonuclear
MDSCs; M-MDSCs: monocytic-MDSCs; IL-10: Interleukin-10; Arg-1: Arginase 1; S100A12: S100 calcium-binding protein
A12; IDO: indoleamine 2,3-dioxygenase; iNOS: inducible Nitric Oxide Synthase; IL-17: Interleukin-17.
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Table 1. MDSC subsets in different types of lymphomas.

Lymphoma Type MDSCs
Characterization Mode of Action/Expansion Clinical Implications Reference

DLBCL N = 23 ND CD14+HLADRlow/− (M-MDSCs) - Association with disease activity 2011 [60]

DLBCL N = 144 ND CD14+HLADRlow/− (M-MDSCs) - Significant difference of M-MDSC between
GCB-DLBCL and non-GCB-DLBCL patients

2015 [95]
2016 [96]

DLBCL N = 66 ND

LinnegHLA-DRlow/−

CD123−CD33+CD11b+ (PMN-MDSCs)
CD3−CD335−CD115+ CD14+ HLA-DR low

(M-MDSCs)

IL-10, S100A12 and programmed
death-ligand 1 (PD-L1)

Increased PMN- and M-MDSC compared to
HC; Only M-MDSCs corelated with high-risk

features and poor outcome
2016 [97]

DLBCL TOTAL = 103
N = 65 ND

12 RELAPSED
26 REMISSION

CD14+HLA-DRlow/− (M-MDSCs) IL-35 MDSCs levels correlated with disease
progression 2021 [94]

NHLs, N = 40
R/R = 36, ND = 4

DLBCL = 18
FL = 14, MCL = 4,
SLL = 2,MALT = 1,

LPL = 1

CD14+HLA-DRlow/− CD120blow

(M-MDSCs)
Arginine metabolism. increased M-MDSCs correlated with more

aggressive disease 2011 [61]

NHLs, N = 42
R/R = 26, ND = 16

DLBCL = 21, FL = 16, NHLi = 5
CD14+HLA-DRlow/− (M-MDSCs) arginase I

Increased in NHL vs. HC
Correlated with: Advanced stage of disease

(III/IV), aggressive histology and
relapsed/refractory disease.

2014 [62]

NHL, N = 22 (ND)
DLBCL = 6, FL = 7, MCL = 4, MZL = 5 CD14+HLA-DRlow/− (M-MDSCs) IL-10 elevated in NHL vs. HC

Correlated with higher IPI. 2015 [98]

HODGKIN ND
N = 60

CD14+HLA-DRlow/− (M-MDSCs)
CD11b+CD33+CD14−HLA-DR− Lin−

(PMN-MDSCs)
CD11b+CD33+CD14–HLA-DR−CD34+

(CD34+MDSCs)

- All MDSCs were increased in HL vs. HC
CD34+MDSCs were strong predictors for PFS 2015 [99]



J. Clin. Med. 2021, 10, 3462 9 of 20

Table 1. Cont.

Lymphoma Type MDSCs
Characterization Mode of Action/Expansion Clinical Implications Reference

NHL+HL, ND
N = 124

HL = 31, DLBCL = 62
NHLi = 31

CD66b+CD33dimHLADR−

(PMN-MDSCs)
PMN-MDSCs were increased in all NHL+HL

vs. HC 2016 [100]

NHL+HL, N = 43 ND
DLBCL = 24

HL = 19

CD11b+HLA-DRdimCD33dim CD14−

(PMN-MDSCs)
CD11b+HLADR−CD33+CD14+

(M-MDSCs)

-
Only PMN-MDSCs were increased in NHL+HL

vs. HC
Associated with better DFS in CHL

2019 [101]

B-CLL, N = 29 untreated CD14+HLADRlo/neg (M-MDSCs)
Diminished HLA-DR and CD86

expression
MDSCs correlated with disease progression

MDSCs decreased to normal at remission 2012 [102]

B-CLL, N = 79
Untreated CD14+HLADRlo/neg (M-MDSCs)

Induction of Tregs and indoleamine
2,3-dioxygenase (IDO) activity

Increased in CLL vs. HC
Associated with shorter LDT 2014 [79]

B-CLL, N = 49
MBL, N = 23

Untreated
CD14+HLA-DR low/– (M-MDSCs) -

Increased in CLL vs. MBL vs. HC
MDSCs. Associated with advanced disease

stage, IGHV unmutated CLL cases and
worse OS

2015 [103]

B-CLL, N = 50 CD14+HLA-DR low/– (M-MDSCs) - Increased in CLL vs. HC correlated with
disease stage, disease progression and OS 2020 [104]

Cutaneous and Peripheral T-cell
lymphomas

CD14+HLA-DR low/– (M-MDSCs)
PBMCs

- M-MDSCs expressing PD-L1 highly expand in
CTCL patients 2009 [105]

Extranodal NK, N = 32

CD14+HLADR−CD33+CD11b+

(MDSCs)
HLADR−CD33+CD11b+

CD15+ (PMN-MDSCs)

Arg-1, i-NOS and
IL-17

Higher levels in NHL vs. HC; M-MDSCs were
independent predictors for DFS and OS. 2015 [59]

Abbreviations: NHL: Non Hodgkin Lymphoma; HC: Healthy Controls; DFS: Disease Free Survival; OS: Overall Survival; NK: Natural Killer; B-CLL: B-Chronic Lymphocytic Leukemia; CTCL: Cutaneous T-cell
Lymphoma; ND: Newly Diagnosed; DLBCL: Diffuse Large B-cell Lymphoma; FL: Follicular Lymphoma; MCL: Mantle Cell Lymphoma; HL: Hodgkin Lymphoma; MBL: Monoclonal B-cell Lymphocytosis; SLL:
Small Lymphocytic Lymphoma; MALT: Mucosa- associated Lymphoid Tissue; LPL: Lymphoplasmacytic Lymphoma; GCB: Germinal Center B-cell; R/R: Relapsed/Refractory.
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8.1. MDSCs in B-Cell Lymphomas

DLBCL represents the best-studied lymphoma category regarding the phenotype and
role of MDSCs. DLBCL is the most common subtype of NHL, representing 30–40% of
all cases. During the last years, there has been great progress in the understanding of
the biology and the more accurate classification of DLBCL-NOS (not otherwise specified),
which have been divided into two broad categories: those derived from germinal center
(GCB) and those derived from activated B-cells (ABC). The incorporation of Rituximab
into the standard CHOP chemotherapy (R-CHOP-21) has revolutionized the treatment and
outcome of DLBCL patients. In an initial attempt to characterize the MDSC population in
DLBCL patients, Tadmor et al. focused on the observation that lymphoma patients often
exhibit monocytosis, and thus they sought to correlate the contribution of M-MDSCs in
this phenomenon [60]. To this end, in 91 newly diagnosed DLBCL patients, M-MDSCs
characterized as CD14+HLADRlow in the CD45+ fraction of PBMCs, and their frequencies
were analyzed. Patients with DLBCL had an average increase in M-MDSCs counts at
diagnosis compared to controls, and interestingly, M-MDSC levels returned to normal after
achieving remission.

In one of the largest studies published so far in the literature, it included 144 newly
diagnosed DLBCL patients [95]. Circulating M-MDSCs and monocyte levels were analyzed
at diagnosis and correlated with the Revised-International Prognostic Index (R-IPI) and the
histologic subtype (Germinal Center Phenotype (GCB) vs. non-GCB). In total, 63 patients
belonged to the GCB category and 81 to the non-GCB. M-MDSCs’ (CD14+HLADRlow/–)
frequencies were significantly higher in DLBCL patients compared to healthy controls in
all risk groups according to R-IPI. When M-MDSCs were analyzed according to the histo-
logic subtype, significant differences were found between GCB and non-GCB in both poor
and very good groups, whereas no difference was found in the good group. Significant
differences were also observed among the risk groups according to R-IPI both in GCB as
well as in the non-GCB patients. In addition, a positive correlation was found between
monocyte levels and M-MDSCs levels [95]. A follow-up study evaluated the prognostic
significance of circulating M-MDSCs in DLBCL patients after they were treated with the
immunochemotherapeutic combination: R-CHOP (Rituximab plus cyclophosphamide, dox-
orubicin, vincristine and prezolon) [96]. Monocytes and M-MDSCs significantly decreased
after receiving R-CHOP in all prognostic groups based on R-IPI. Despite the thorough
analyses of these studies on M-MDSCs in a large cohort of DLBCL patients, the assessment
of PMN-MDSCs levels, as well as their correlation with CPG phenotype, was not reported.

Analyses of PMN-MDSCs were also excluded from a recent study by Wang et al.,
in which 103 DLBCL patients (65 newly diagnosed, 12 in relapse, and 26 in remission)
and 30 healthy controls were examined for M-MDSCs’ (CD14+HLADR−/low) frequencies
in their peripheral blood [94]. Notably, a significantly increased frequency of M-MDSCs
was found in the 65 newly diagnosed as well as relapsed DLBCL patients compared to
patients in remission and healthy controls. M-MDSCs levels were also correlated with the
disease stage (III/VI vs. I/II), LDH levels, and IPI, while no correlation was found between
MDSCs and the histologic subtype (GCB vs. non-GCB). In addition, and in accordance
with the study by Wu et al. [96], the frequency of M-MDSCs was significantly decreased
after R-CHOP therapy. The negative correlation between the overall survival (OS) and
the frequency of M-MDSCs was further validated. Based on the median value frequency
of M-MDSCs (25.4%), DLBCL patients were divided into two groups: low (n = 39) with
M-MDSCs levels ≤ 25.4% and the high group (n = 26) with M-MDSCs levels > 25.4%.
The OS of DLBCL patients with low M-MDSC levels was significantly longer than those
with high M-MDSC levels (p < 0.01) [94]. In multivariate analysis, IPI and MDSCs lev-
els were independent prognostic factors for OS. Furthermore, the increased levels of the
immunosuppressive cytokine IL-35 in the periphery of DLBCL patients initiated the ex-
periments on the role of IL-35 in M-MDSC expansion in NOD-SCID humanized animals,
as described above. Overall, this study provides insight into the mechanisms that may
lead to M-MDSC expansion in patients with lymphoma and highlights the necessity of
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identification of additional molecules that drive M-MDSC accumulation and expansion
and enforce their suppressive activity.

In line with this, a study by Azzaoui et al. in newly diagnosed DLBCL patients demon-
strated significantly increased numbers of circulating PMN-MDSCs (Lin−HLADR−CD33+

CD11b+) and M-MDSCs’ (CD14+HLADRlow) frequencies compared to healthy controls [97].
Using gene expression profiling (GEP), a myeloid suppressive signature was identified in
DLBCL peripheral blood, which consisted of an upregulated expression of MDSC-related
genes, such as ARG-1, S100A12, and S100A8. The increased expression of these genes
was associated with the decreased event-free survival (EFS) compared to patients with
low expression of these genes. Of interest, only the M-MDSCs number was correlated
with the high-risk features and poor outcome, and a significant correlation of M-MDSCs
with the number of circulating Tregs was reported. In addition, M-MDSCs suppressed
autologous CD8+ T-cell proliferation upon polyclonal activation, compared to those from
healthy donors, suggesting a specific immunosuppressive function of M-MDSCs in DL-
BCL patients [97]. This was further confirmed since depletion of the CD14+ monocytes
restored T-cell proliferation. In an effort to address the mechanism of M-MDSC-mediated
suppression, they tested arginase and IDO inhibitors since both molecules were increased
in the periphery of DLBCL patients. However, neither inhibitor managed to reverse the
suppression of T-cell proliferation, suggesting that other mechanisms operate in M-MDSCs
to exert their suppressive function in this particular patient cohort. Based on gene and
protein expression analyses, IL-10, S100A12, and CD274/PD-L1 were found to be increased
in DLBCL patients and neutralization of these molecules resulted in an increase in both
CD4 and CD8 T-cell proliferation. Therefore, the authors concluded that MDSC suppressive
activity was mediated by the release of IL-10 and S100A12 and the increased expression of
programmed death-ligand 1 (PD-L1) by lymphoma cells.

Besides those studies in DLBCL patients, other reports elaborate on the MDSC fre-
quencies and function in various histologic types of B-cell lymphomas. Thus, Lin et al.
reported on 40 B-cell lymphoma cases, 36 of which were relapsed/refractory and only
4 newly diagnosed [61]. The histologic subtypes included were: DLBCL N = 18, Follicular
lymphoma (FL) N = 14, Mantle cell lymphoma (MCL) N = 4, Small lymphocytic lymphoma
(SLL) N = 2, Mucosa-Associated Lymphoid Tissue (MALT) lymphoma N = 1, and Lym-
phoplasmacytic (LPL) N = 1. Specifically, they described the presence of a suppressive
monocytic population in the peripheral blood of patients characterized as CD14+HLA-
DRlow/− and expressed low levels of the tumor necrosis factor α receptor II (CD120b)
corresponding to the M-MDSC subset. Of interest, the depletion of monocytes increased
the proliferation of peripheral blood T-cells, indicating their immunosuppressive function.
The supplementation of exogenous arginine partially overcame monocyte-mediated sup-
pression, suggesting that arginine metabolism may contribute to their suppressive activity
and further characterization of NHL monocytes revealed impaired STAT1 phosphorylation
and reduced type I IFN production. Importantly, patients with increased M-MDSCs had
more aggressive disease: higher disease stage, more aggressive pathology, and faster rate
of disease progression. An interesting observation of this study was that the assessment
of frequencies of Lin−CD33+HLA-DR− cells corresponding to PMN-MDSCs as well as
circulating Tregs, which revealed no significant differences between NHL patients and
healthy controls [61]. Whether this applies to various NHL cohorts and to different stages
of diseases remains to be investigated.

In a similar fashion, in a study by Khalifa et al., 42 lymphoma patients were evaluated
for the presence of M-MDSCs (CD14+HLA-DRlow/–) in peripheral blood, with 26 newly
diagnosed and 16 relapsed/refractory [62]. Among them, 21 were DLBCL, 16 had Follicular
Lymphoma (FL), and 5 had indolent B-NHL. Following the flow cytometry analysis,
frequencies of M-MDSCs were significantly increased in lymphoma patients compared
to healthy individuals, and the elevated M-MDSC levels correlated with an advanced
stage of disease (III/IV), aggressive histology (DLBCL vs. other low-grade B-NHLs),
and relapsed/refractory disease, which was also correlated with increased plasma levels
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of Arg-1. However, the immunosuppressive properties of M-MDSCs, as well as whether
Arg-1 contributes to their functional properties, were not addressed in this study.

One year later, Xiu et al. aimed to shed more light on the underlying mechanism facili-
tating the development of CD14+HLA-DRlow/− monocytes (M-MDSCs) in lymphoma [98].
For this, they enrolled 22 newly diagnosed lymphoma patients: 6 DLBCL, 7 FL, 4 MCL,
and 5 Marginal Zone Lymphoma (MZL) and found that circulating M-MDSCs were ele-
vated in newly diagnosed patients with B-NHL compared to healthy controls and also
correlated with a higher IPI. Interestingly, driven by the increased IL-10 serum levels in
lymphoma patients, they sought to address whether IL-10 may trigger M-MDSC devel-
opment. Indeed, in vitro exposure of monocytes to IL-10-rich supernatants obtained from
lymphoma cells induced downregulation of HLADR expression, resulting in the phenotype
of M-MDSCs with immunosuppressive function over T-cell proliferation [98].

Overall, studies on B-cell lymphomas concur on the increased frequencies of M-
MDSCs (CD14+HLA-DRlow/−) in the periphery of patients compared to healthy individu-
als and provided evidence for their immunosuppressive mechanisms. Regarding the role
of the PMN-MDSC cells in NHL patients, knowledge is very limited, and thus, more data
should be generated to address the role of this MDSC subset not only in terms of frequen-
cies but also function and generation. Towards this, the inclusion of LOX-1 marker in the
PMN-MDSCs phenotypic panel may allow their better characterization and functional
assessment in lymphoma patients.

8.2. MDSCs in Hodgkin Lymphoma (HL)

HL is a lymphoid tumor with characteristic multinucleated giant cells termed Reed-
Sternberg (RS) within an inflammatory milieu. The neoplastic cells are of B-cell lineage
(PAX5+) in virtually all cases. HL usually affects young individuals with a localized
nodal disease and indolent clinical behavior. Cure rates are in excess of 80–90% with
chemotherapy. For relapsed/refractory disease, the recent finding of PD-L1 expression
warrants the use of checkpoint inhibitor immunotherapy.

To address the role of MDSCs in Hodgkin’s Lymphoma (HL), Romano et al. examined
60 newly diagnosed patients and aimed to correlate MDSC frequencies with disease
phenotype and therapeutic outcome [99]. For this purpose, they divided MDSCs into three
subtypes based on the surface phenotype, named monocytic (CD14+CD11b+HLADR−),
granulocytic (CD33+CD11b+CD14−HLA-DR−), and a highly immature MDSC subset
characterized by the expression of CD34+, termed CD34+MDSCs. Whole blood was used
and compared with 25 age-matched healthy controls (HC). Overall, the median number
of MDSCs was higher in HL compared to HC for both types of MDSCs, and importantly,
MDSC levels were higher in non-responders compared to responders suggesting that
MDSCs may be considered a biomarker for prediction of response. In this line, a cut-
off level of 0.0045 × 109/l for CD34+MDSC displayed a strong prognostic significance
for PFS with a specificity and sensitivity of 92% and 89%, respectively, suggesting that
CD34+MDSCs levels could serve as a prognostic biomarker in HL patients.

Although in several studies with lymphoma patients the role of PMN-MDSCs has
been ignored, Marini et al. addressed the role of PMN-MDSCs in both Hodgkin and non-
Hodgkin lymphoma patients [100]. Specifically, 124 patients (31 with HL, 62 with high
grade, and 31 with indolent B-cell lymphoma) were analyzed and compared to 48 healthy
donors. PMN-MDSCs were recognized by the expression of CD66b+CD33dimHLA-DR−

and by their ability to suppress T-cells. PMN-MDSC was increased in PBMCs from lym-
phoma patients compared to healthy donors and correlated with prognostic index scores,
freedom from progression and disease status. Interestingly, this is one of the few studies
that propose a potential suppressive role of PMN-MDSCs in lymphoma patients, and there-
fore, further investigation is required towards the delineation of PMN-MDSC-mediated
immune suppression in lymphomas.

In a similar fashion, Amini et al. investigated different immune regulatory cell subsets
in the peripheral blood of lymphoma patients at diagnosis in relation to clinical charac-
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teristics and treatment outcome [101]. A total of 43 newly diagnosed lymphomas were
included in the study: 24 high-grade B-cell lymphomas and 19 HL along with 15 healthy
controls. An altered immune profile was ascertained in the PB of lymphoma patients
characterized by a lower percentage of regulatory NK and CD3+ T-cells, while a significant
increase in PMN-MDSCs (CD11b+HLADRdimCD33+CD14−) was observed. Furthermore,
PMN-MDSCs were associated with superior disease-free survival (DFS) in cHL patients.
Notably, M-MDSCs (CD11b+HLADR−CD33+CD14+) did not differ significantly compared
to healthy donors highlighting that several parameters, including patient cohorts, disease
stage, immunophenotypic criteria of MDSCs, may influence the different results obtained
in the aforementioned studies.

8.3. B-Cell Chronic Lymphocytic Leukemia (B-CLL)

B-CLL represents the most common leukemia in Western countries. The microenvi-
ronment appears to play an important role in the pathogenesis of CLL, while immune
dysregulation is an early characteristic of the disease, which manifests with hypoglobu-
linemia, autoimmune phenomena as well as qualitative and quantitative disturbances of
T- and NK-cells. MDSCs have also been studied in CLL cases, and the main findings are
reviewed below.

In an initial report, the authors assessed the phenotype of CD14+ monocytes in the
blood of 29 CLL patients and 15 healthy volunteers [102]. They revealed that CD14+

monocytes in CLL patients exhibited reduced staining for HLA-DR than age-matched
healthy volunteers and expressed reduced levels of CD86, indicative of decreased antigen-
presenting ability with reduced immune stimulatory capacity, thus resembling the pheno-
type of M-MDSCs. Furthermore, in patients who were in sustained remission at 12 months
after completion of therapy (n = 18), the median frequency of CD14+HLA-DRlo/neg mono-
cytes decreased to a value similar to healthy volunteers. The six patients with higher
CD14+HLADRlo/neg monocytes at diagnosis (≥2.5 standard deviations above the healthy
volunteer mean) had a shorter time to disease progression (median 6.9 months) compared
to 19.1 months for patients with lower levels. All this data supports the notion that MDSCs
may represent a biomarker of increased tumor burden and poor prognosis in CLL and an
important player in its pathogenesis.

Next, Jitschin et al. provided further evidence for a significant increase in M-MDSC
frequencies in CLL patients compared to healthy controls [79]. Of importance, by per-
forming an extensive immunostaining, they reported that M-MDSCs express myeloid
markers (CD11c, CD13, CD33), adhesion molecules (CD11b, CD62L), receptors associated
with promotion, and activation of myeloid cells (TNF-receptor type 2/CD120b), CD115
and CD124 (associated with MDSC activity), and two receptors associated with T-cell
anergy and Treg cell induction, such as PDL-1 and CD40. M-MDSCs lack the expression
of CD86, CD80, granulocytic markers (CD15, CD66b), as well as CD16 and CD123. By co-
culturing monocytes with CLL cells, they showed that the latter induce CD14+HLA-DRlo

MDSCs in vitro with T-cell suppressive and Treg cell-promoting capabilities. In addition,
gene expression of MDSC-related molecules in healthy monocytes exposed to CLL cells
in vitro showed a significant induction of IDO expression, which also involved in the
MDSC-mediated suppression.

In accordance with the above studies, Liu and colleagues reported on the prognostic
impact of M-MDSCs in a series of 49 untreated CLL cases, which were compared with
23 CLL-like monoclonal B-cell lymphocytosis (MBL) cases and 21 healthy controls [103].
They showed that M-MDSCs were significantly elevated in CLL patients compared with
MBL and control cases and that they were associated with adverse prognostic factors,
such as advanced disease stage, CD38 and ZAP-70 expression, as well as IGHV unmutated
CLL cases. Finally, they demonstrated that M-MDSCs exert immunosuppressive func-
tions on CD4+ T-cell responses, and the presence of M-MDSCs was inversely correlated
with survival.
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Finally, in a study enrolling 50 newly diagnosed CLL patients and 20 age-matched
healthy controls, peripheral blood M-MDSCs were found to be increased compared to
healthy controls and their presence correlated with the stage of disease (III, VI vs. I) and
CD38 and ZAP-70 expression [104]. No significant difference was observed in disease-free
survival (DFS) between CLL patients with low M-MDSCs levels (<25% of total mono-
cytes) and high M-MDSCs levels (>25%). However, M-MDSCs levels were associated
with overall survival since patients with low M-MDSCs levels had a mean survival
time of 43.24 ± 5.02 months compared to 20.6 ± 1.95 months for patients with high
M-MDSCs levels.

8.4. MDSCs in T/NK Lymphomas

T-cell lymphomas constitute less than 15% of all NHLs and comprise tumors of
mature (post-thymic or peripheral) T-cell origin. They are collectively referred to as
peripheral T-cell lymphomas and separated into extranodal, nodal and leukemic forms.
With the exception of ALK+ anaplastic T-cell lymphomas, the other T-lymphoma categories
usually are associated with poor prognosis. On the other hand, natural killer NK/T
lymphomas represent a rare category of lymphomas closely associated with EBV infection
and usually presented as an extranodal disease mainly in the nasal/paranasal area, skin and
gastrointestinal tract. The majority of NK-T lymphomas have an aggressive clinical course
with short survival.

The role of MDSCs has also emerged in these types of lymphomas, where initially, in-
creased levels of PMN-MDSCs were identified in the duodenum of patients with enteropathy-
associated T-cell lymphoma (EATL) and associated with the development of EATL through
suppression of anti-tumor T-cell immunity [106]. In cutaneous and peripheral T-cell lym-
phomas, higher levels of M-MDSCs (CD14+HLADRlow) have been observed in the study by
Wilcox and colleagues, in which M-MDSCs expressed PDL-1, inhibited T-cell proliferation,
and promoted the induction of Foxp3+ Treg cells [105]. Finally, analysis of 32 extranodal
NK-lymphoma (ENKL) patients found increased levels of circulating MDSCs compared
to 32 healthy controls [59]. MDSCs predominantly consisted of CD14+ M-MDSCs (>60%),
while PMN-MDSCs comprised approximately 20%. ENKL-MDSCs displayed significantly
higher levels of Arg-1, iNOS, and IL-17 and moderate levels of IL-10 and TGFβ compared to
healthy donors. In addition, MDSCs suppressed CD4+ T-cells via Arg-1, i-NOS, and IL-17.
Interestingly, although no correlation was found between MDSCs levels and disease stage,
MDSCs levels were independent predictors for DFS and OS.

9. Challenges and Open Questions

The accumulated evidence supports that MDSCs play an important role in the regula-
tion of immune responses in almost all pathologic situations and, therefore, have emerged
as potential therapeutic targets. Although, over the last decade, several attempts have been
made for the precise characterization of the phenotype and mechanisms of function of
MDSCs, the increased heterogeneity of MDSC populations, their plasticity, and also the
mosaic inflammatory contexture of the diverse disease pathologies have still hampered
the establishment of a unanimous system for MDSC characterization. Furthermore, in the
field of malignancies, where MDSCs dominate, most of the knowledge has been derived
for solid tumors either in humans or mouse models, while MDSC studies in hematologic
malignancies remain limited. Considering that MDSCs are bone marrow-derived cells
and most of the hematologic cancers originate in the BM, it is likely that the former may
orchestrate the outcome of the latter. It is, therefore, of urgent need to better character-
ize the MDSC function in hematologic cancers and to delineate how current therapeutic
regimens imprint on MDSC to mediate remission or whether MDSCs are involved in
therapeutic resistance. Of importance, the assessment of MDSC phenotype and function
in BM aspirates is totally ignored and should provide novel insights into the regulation
of anti-tumor responses in blood cancers. Towards this, a comprehensive phenotypic
characterization of M-MDSCs and PMN-MDSCs should be established across hematologic
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malignancies since this will allow us to address the aforementioned caveats. Furthermore,
the molecular mechanisms via which MDSCs suppress the anti-tumor immunity in hema-
tologic malignancies remain to be determined. Multi-omic analysis of each MDSC subset,
such as transcriptomic, proteomic, and genomic data, may shed light on those mechanisms,
regarding the functional importance but also recruitment to the periphery (chemokine
receptors expressed in MDSC subsets), possible expansion in the BM, differentiation arrest
(transcription factors and their post-translational regulation), as well as molecules-proteins
that may emerge in each malignant disease setting. In accordance, single-cell RNAseq of
total MDSCs may reveal additional MDSC subsets or diverse activation stages, which will
facilitate a better categorization of these diseases. Another crucial aspect, which seems to
influence the MDSC properties is metabolism, which, in the field of hematology, is largely
ignored. Therefore, the determination of metabolites through metabolomic analysis and the
assessment of metabolic parameters (such as oxygen consumption rate and extracellular
acidification rate) will provide novel insights into the metabolic adaptations of MDSCs
in such diseases and will open new avenues for investigations focusing on the metabolic
rewiring and therapeutic targeting of MDSCs.

Interestingly, MDSCs abundantly express the checkpoint molecule PDL1; however,
its role in MDSC-mediated suppression remain ill-defined. Considering the promising
results obtained with the anti-PD1 (the ligand of PD-L1) checkpoint inhibitor immunother-
apy in the treatment of Hodgkin’s lymphoma, it is of great interest to investigate how
this therapeutic regimen modulates the function and frequencies of MDSCs. It is almost
certain that anti-PD1 immunotherapy targets all PDL1-expressing cells, including MDSCs,
and thus, we formulate the hypothesis that such interaction may result in reprogramming
this potent suppressive population, thus contributing to therapeutic efficacy. Future stud-
ies on MDSCs from anti-PD1-treated patients responding or not responding to therapy
may address this hypothesis and provide further evidence on checkpoint inhibitors im-
munotherapy resistance. In line with this, low frequencies of M-MDSCs were associated
with a better response in lymphoma patients treated with the third generation of CD19
Chimeric Antigen Receptor (CAR) T-cells [107]. Considering the powerful therapeutic
potential that chimeric antigen receptor (CAR) T-cells hold for patients with lymphomas,
but also that MDSCs have been shown to have a detrimental effect on CAR-T-cell expansion
and cytolytic function, it is necessary to identify how the expansion of MDSCs, which has
been reported in almost all lymphoma studies as discussed above, may interfere with the
effectiveness of CAR-T protocols in order to condition the patient accordingly aiming to
maximize the therapeutic benefit. In particular, combination of CAR T-cell therapies with
immune checkpoint inhibitors, mainly anti-PD1 and anti-PDL1, may significantly increase
the anti-tumor immunity in lymphomas, paralleling the suggestions and observations
in solid tumors [108]. In contrast, MDSCs have been emerged as a potential therapeutic
approach in graft-versus-host disease (GVHD), which constitute a major impediment of the
allogeneic stem cell transplantation (allo-HSCT). Briefly, allo-HSCT is a curative treatment
for hematologic malignancies; however, its efficacy is compromised by the development
of GvHD, while immunosuppressive treatment which ameliorate GvHD associate with
malignancy recurrence since also affect the graft-versus-leukemia effect (GVL). In this
regard, MDSCs have been shown to inhibit GVHD without affecting GVL mainly in mouse
transplantation settings [109], while in humans, this field remains in its infancy and should
be readily explored.

10. Conclusions

In lymphomas, which constitute malignancies of the immune system, immunosup-
pressive cells orchestrate the anti-tumor immunity, which is further strengthened by the
therapeutic efficacy of immune checkpoint inhibitors in lymphoma patients. Therefore,
unravelling the phenotype and functional cues of immunosuppressive cells, such as MD-
SCs, will provide novel insights not only in the pathogenetic mechanisms of such complex
and heterogenous malignancies but also set the stage for the identification of biomarkers
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for the prediction of the response to various treatments. Finally, the delineation of the
suppressive programs via which MDSCs modulate the immune responses in individuals
with lymphoma may provide novel therapeutic targets to ensure long-lasting remission
with diminished toxicities.
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