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Coronavirus disease 2019 (COVID-19) has caused a global pandemic and presents a significant danger to public
health. Lymphopenia is considered to be the defining characteristic of severe COVID-19, especially in elderly
people. Lymphopenia has been suggested as a pivotal factor in disease severity. To minimize mortality in COVID-
19 patients, it is essential to have a deeper understanding of the processes behind lymphocytopenia. Recently,

myeloid-derived suppressor cells (MDSCs) have been confirmed as a key mediator of lymphopenia. MDSCs are
characterized by their powerful capacity to suppress T cells and eventually contribute to the course of illness.
Targeting these cells may improve the disease prognosis. In this article, we analyze the available research on
MDSCs in lymphopenia and discuss their immunopathologic changes and prospective therapeutic targets in
patients with COVID-19 lymphocytopenia.

1. Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is a
causative agent of coronavirus disease 2019 (COVID-19), which has
become a global pandemic that has claimed millions of lives [1]. More
than 599 million individuals have been verified to have COVID-19 as of
31 August 2022, causing over 6 million deaths reported to the World
Health Organization [2]. When compared to bacterial sepsis patients,
COVID-19 patients exhibited less early physiologic derangement but
more chronic inflammation and immunosuppression, as well as poorer
clinical outcomes [3]. The clinical signs of SARS-CoV-2 infection range
from mild to moderate to severe; the majority of infected individuals
have mild illness, but severe cases are associated with a greater fatality
rate. The common findings of the hematological manifestation of

COVID-19 are lymphopenia, anemia, thrombocytopenia, and coagula-
tion abnormalities [4]. The incidence of lymphopenia in COVID-19 pa-
tients varies widely, ranging from 25 % to 80 % due to various
vaccination rates, countries, detection timing, and the emergence of new
variants. Lymphopenia is characterized by drastically reduced numbers
of lymphocytes, which are responsible for progressing to the critical
stage of the disease [5]. Lymphopenia is generally found in critically ill
patients, while mild cases manifest with an upgraded number of
lymphocyte counts. Importantly, the decreased number of CD4™ T cells
and CD8" T cells showed a downregulated capability of antiviral cyto-
kine production. Exhaustion markers are upregulated, including PD-1
(programmed cell death 1) and T-cell immunoglobulin and mucin
domain-containing-3 [6,7]. In addition, there was a negative relation-
ship between lymphocyte counts and pulmonary SARS-CoV-2 RNA load
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[8]. Multiple studies have demonstrated that lymphopenia was recog-
nized as a severity predictor [5,9]. Given that deep immunosuppression
caused by downregulated T cells is likely to exacerbate the conditions, it
is rational to restore the function and count of lymphocytes. Potential
therapeutic options to reverse lymphopenia and restore its function to
orchestrate an efficient immune response against the virus may benefit
patients with COVID-19.

Recently, myeloid-derived suppressor cells (MDSCs) have been
thought to be a crucial mediator in the pathogenesis of lymphopenia in
COVID-19 patients. MDSCs with significant immunosuppressive prop-
erties are implicated in pathological immune responses that contribute
to the reduction and exhaustion of lymphocytes. Consistent proliferation
of these cells may induce significant pathophysiology changes and lead
to dismal clinical outcomes. In this review, we analyze the available
research on MDSCs in lymphopenia, highlighting immunopathologic
alterations and prospective targets for treatment interventions in
COVID-19 lymphopenic patients.

2. Pathogenesis of lymphopenia in COVID-19

The underlying pathogenesis of lymphopenia in COVID-19 is com-
plex and makes it hard to explain with a single theory. Several potential
mechanisms, such as cytokine storm (CS), may play a leading role in the
pathogenesis of lymphopenia. Patients with lymphopenia were found to
have higher serum levels of proinflammatory cytokines compared to
cases without lymphopenia, possibly because upregulated tumor ne-
crosis factor alpha (TNF-«) and interleukin-6 (IL-6) induce apoptosis in T
cells [10]. When the serum levels of cytokines and chemokines were
reduced to normal levels, the clinical manifestations improved. More-
over, upgraded proinflammatory cytokines may aggravate lymphopenia
in a direct or indirect manner. It is noteworthy that lymphopenia and
elevated serum levels of proinflammatory cytokines may form a
destructive positive feedback loop [11].

The destruction of secondary lymphoid organs is also responsible for
lymphopenia in COVID-19 patients. This disclosure was confirmed by
postmortem tissue samples of nonsurvivors of SARS-CoV whose histo-
pathological examination showed degeneration of splenic white pulp,
absence of germinal centers and lymph node necrosis accompanied by
decreased Tth cells [12-14]. Similar results were revealed by Feng et al.
[15], who proposed that SARS-CoV-2 decimated lymphatic organs and
resulted in activation-induced cell death by inducing secretion of IL-6,
followed by a significant decrease in lymphocyte counts.

Infected patients have altered gene expression impacting lymphocyte
proliferation, differentiation, and apoptosis. Several genes involved in
apoptosis pathways were upregulated [16]. It is likely that lymphopenia
is caused by the upregulation of proapoptotic genes. In addition, a report
showed that MAP2K7 and SOS1, which are related to T-cell activation
signals, were downregulated. Interestingly, after initial treatment, these
genes were upregulated compared to those on admission [17].

In addition, some metabolic products are associated with dismal
outcomes, such as lactic acid and lactate dehydrogenase (LDH). Expo-
sure to lactic acid may impede the proliferation and function of human
cytotoxic T lymphocytes by disturbing lactic acid export [18]. Further-
more, the clinical stage of severe patients may deteriorate when
suffering from lactic acid acidosis. A parallel result was found in patients
with elevated LDH [19].

Lymphopenia may be attributed to epigenetic alterations, such as the
histone methyltransferase G9a [20]. Moreover, lymphopenia closely
correlates with upregulated inhibitory immune checkpoint molecules,
such as PD-1 and Fas. MDSCs are also implicated in the development of
lymphopenia. In fact, there have been numerous attempts to elucidate
the pathogenesis of lymphopenia in COVID-19, but no definite etiology
has been identified. Further deepening the knowledge of the etiology
and pathogenesis of lymphopenia is needed.
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3. The role of MDSCs in COVID-19

Hematopoietic progenitor cells under normal circumstances trans-
form into common myeloid progenitors, granulocyte-macrophage pro-
genitors, and eventually neutrophils or monocytes. Neutrophils
differentiate via progenitor and precursor stages such as myeloblasts,
myelocytes, metamyelocytes, and band forms, while monocytes develop
from monocyte/macrophage and dendritic cell precursors(MDP) [21].
Under pathologic conditions, MDSCs are differentiated from immature
myeloid cells (IMC) via interference with transcription regulators and
epigenetic modification. On the other hand, MDSCs maintain their
suppressive function and immature state through interactions with cy-
tokines, chemokines, and transcription factors [22]. Interestingly,
normal neutrophils or monocytes can be converted into PMN-MDSCs or
M—MDSCs through endoplasmic reticulum stress or prostaglandin E2
(PGE2) [23-25]. Nevertheless, the biological processes responsible for
this transformation remain unknown.

MDSCs are heterogeneous immature myeloid cells related to
immunoregulation [26]. MDSCs are characterized by suppressing
effector T-cell activity and dampening inflammation, contrary to ca-
nonical proinflammatory phenotypes. When there is a focal infection, a
large number of immune cells are directed to the sites to clear pathogens
that may lead to systemic inflammation. Proliferation and stimulation of
MDSCs commonly take place to curb dysregulated inflammatory pro-
cesses. The precise mechanisms causing the growth of MDSCs remain
enigmatic; however, they may be related to diverse factors, such as
macrophage colony-stimulating factor, granulocyte colony-stimulating
factor, granulocyte-macrophage colony stimulating factor, and IL-6
[27].

MDSCs include polymorphonuclear/granulocytic MDSCs (PMN-/G-
MDSCs), monocytic MDSCs (M—MDSCs), and early-stage MDSCs which
account for less than 5 % of entire MDSCs [28](Table 1). And these cells
are usually classified according to morphology and functional charac-
teristics. G-MDSCs and M — MDSCs share similar morphology with
granulocytes and monocytes, respectively. These cells display dual
protective and harmful effects depending on various biological pro-
cesses. Chronic infections or cancers lead to persistent expansion of
MDSCs that may induce T-cell anergy, aggravate tissue damage, and
exacerbate the disease [29]. The target of MDSCs is not restricted to
dampening T-cell functionality. MDSCs may regulate an extensive array
of adaptive and innate immune cells, such as natural killer cells (NK
cells), macrophages, and dendritic cells [21]. This is consistent with the
observation that COVID-19 patients had NK cells with lower granzyme A
levels [30].

Phenotypic markers of human MDSCs are recognized as
CD11b*CD14'CD15*/CD66b" or CD14"CD15HLA DR~ There are no
phenotypic markers that can identify these cells from classical neutro-
phils and monocytes. This also makes it challenging to detect MDSCs
based on their phenotypic characteristics. Both PMN-MDSCs and
M-MDSCs are low-density granulocytic cells identified by density
gradient centrifugation. In recent years, lectin-type oxidized LDL re-
ceptor 1 (LOX-1) has been recognized as a specific marker of PMN-
MDSCs [31-33]. This allows for the early identification of sub-
populations of MDSCs with immunosuppressive properties by flow
cytometry for larger clinical research projects.

A study found dramatic changes in phenotypes and states of MDSCs
from proinflammatory to anti-inflammatory, as adoptively transferred
MDSCs from mice with early sepsis resulted in higher pro-inflammatory
cytokine production and earlier death of naive animals compared to
adoptively transplanted MDSCs from the late phase [34]. Epigenetic
changes may be involved in the plasticity of these cells, such as DNA
methylation and miRNA [35]. Some studies have indicated that several
members of the miR-15 family block the PD-1/PD-L1 interaction in
cancer, leading to MDSC dysfunction and T-cell activation[36].

The immunosuppressive role of MDSCs has been reported in other
conditions, such as cancers and infections. MDSCs are essential for
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Table 1

Fundamental characteristics of MDSCs, neutrophils, and monocytes.

Monocytes

M-MDSCs

Neutrophils

PMN-MDSCs

CD11b*Ly6G Ly6C™

CD11b*Ly6G Ly6C™

CD11b*LY6G "Ly6C'

CD11b*Ly6GLy6C"

phenotypical

markers in mice
phenotypical

CD11b*CD14*'CD15 HLA-DR*

CD11b*CD14*CD15HLA-DR "

CD11b*CD14°CD15"CD66b ™

CD11b*CD14 CD15"CD66b "HLA-DR™

markers in human
density gradient

low

low

high

low

centrifugation
novel markers

function

NA

CXCR1

NA

LOX-1

activation

immunosuppression

activation

immunosuppression

higher expression of genes involved in the

higher expression of PI3K, IL-6 and

TGEp

higher expression of NF-kB signaling and lymphotoxin-p

receptor signaling, lysosomal and proteosomal protein

expression

higher expression of genes involved in the cell cycle,

molecular

phagocytosis, immune responses and migration

autophagy, G-protein signaling, and CREB pathway

characteristics

higher expression of CCL2, CXCR1, CD62L and

CXCR2

higher expression of CXCR2,

CXCR4, and CXCR1

higher expression of CXCL4 and CXCL12 and lower

expression of CCL3, CCL4, and CXCL2

lower expression of chemokine receptors CXCR1 and

CXCR2

chemokines and

receptors
transcription factors

activation of STAT1/3, C/EBPa-p42, c-Jun/
JunB, VDR, IRF1/4/8, and C/EBPB-LAP

TNF, iNOS, IL-10, IL-6

activation of STAT3, C/EBPp,

downregulation of IRF-8

activation of RUNX1, KLF6, RELB, IRF5, and JUNB

activation of STAT3, C/EBPf and downregulation of IRF-8

NO, TGFp, PGE2, IL-10

MPO, NE, defensins, cathelicidins, MMP

Arg-1, ROS, PGE2

biochemical

characteristics

Abbreviations: MDSC: myeloid-derived suppressor cell; PMN-MDSCs: polymorphonuclear MDSCs; M—MDSCs: monocytic MDSCs; LOX1: lectin-type oxidized LDL receptor 1; NO: nitric oxide; NA: not applicable; CXCR:

CXC-chemokine receptor; CREB: cAMP-response element binding protein; IL-6: interleukin-6; TGF-f: transforming growth factor-p; PI3K: phosphoinositide 3-kinase; CXCL: CXC-chemokine ligand; CCL: C—C motif

chemokine ligand 3; STAT: signal transducer and activator of transcription; C/EBP: CCAAT/enhancer binding protein; IRF: interferon related factor; VDR: vitamin D receptor; Arg-1: arginase 1; ROS: reactive oxygen

species; PGE2: prostaglandin E2; MPO: myeloperoxidase; NE: neutrophil elastase; MMP: matrix metalloproteinase; iNOS: inducible nitric oxide synthase; TNF: tumor necrosis factor.
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COVID-19 infection. Studies have indicated that the number of MDSCs
in the peripheral blood of COVID-19 patients increases while the num-
ber of T cells decreases. MDSCs were shown to have increased expression
of genes with immunosuppressive effects[37]. At the same time, MDSCs
may be engaged in CS, which is one of the major pathophysiological
alterations in COVID-19, leading to a poor prognosis and increased
mortality. It appears that these cells display various phenotypic char-
acteristics and functional statuses at different stages of the disease.

An increased proportion of MDSCs was associated with a longer
hospital stay, high rates of nosocomial infections, and clinical worsening
[38]. The frequency of MDSCs has been suggested as a prognostic in-
dicator in cancer patients [39]. It is noted that these cells may also
predict COVID-19 severity. Patients with severe COVID-19 were shown
to have a greater frequency of MDSCs than healthy controls[40]. Pa-
tients admitted to the intensive care unit (ICU) had a higher population
of these cells than non-ICU patients[41,42]. A multivariate regression
study conducted in Italy suggested a correlation between PMN-MDSCs
and poor clinical outcomes[43]. In the convalescent phase, M—MDSCs
are reduced to levels comparable to those in healthy controls[44]. A
study conducted in Japan indicated that transient expansion of MDSCs
was observed in survivors, while it was not found in non-survivors [45].
In contrast, an Italian study showed an expansion of PMN-MDSCs in non-
survivors but not in survivors [43]. This result may be explained by the
versatile roles of MDSCs in the different stages of disease. Early expan-
sion of MDSCs may impair tissue repair, while later-stage expansion may
facilitate disease recovery. It has been proposed that the increased
MDSC frequency independently correlates with fatal outcomes after
adjusting for other confounders.

4. MDSCs in COVID-19 patients with lymphopenia

MDSCs are essential in tissue repair, immunotolerance, and pre-
venting unrestrained inflammation in late-stage illness, indicating their
favorable features[46]. In some cases, aberrant activation of MDSCs is
driven by persistent inflammatory signals, such as tissue trauma, chronic
infections, inflammatory mediators, and epigenetic mechanisms
[21,47]. IMCs, which usually mature into classical neutrophils and
monocytes, develop into MDSCs with immunosuppressive functions
[48,49]. MDSCs will sustain their immature condition and not be able to
undergo maturation. It has been demonstrated that MDSCs release a
number of chemicals and alter transcription factors that contribute to T-
cell anergy, apoptosis, and, ultimately, lymphopenia (Fig. 1)[50]. The
finding that in vitro MDSC reduction enhanced T-cell activities validated
their putative in vivo suppressive role. Using single-cell RNA sequencing
in COVID-19 patients and healthy donors, peripheral blood mono-
nuclear cells (PBMCs), as well as paired bronchoalveolar lavage fluid
(BALF), indicated that the expansion of MDSC-like monocytes was
related to lymphopenia[51].

4.1. Inhibiting proliferation of lymphocytes

Cytokines and mediators secreted by MDSCs, such as indoleamine
2,3-dioxygenase (IDO) and arginase 1 (Arg-1)[52], can undermine the
proliferation of T cells while promoting the generation of regulatory T
cells[40]. t-arginine is involved not only in TCR synthesis and antigen
recognition but also in T-cell proliferation[53,54]. There is a correlation
between the degradation of L-arginine by MDSC-secreted Arg-1 and the
impairment of T-cell receptor signaling, endothelial function, and
coagulation[55,56]. The formation of nitric oxide, which modulates
endothelial function, was decreased by arginase with high avidity.[56]
A recent study reported a dramatically decreased T-cell proliferative
capability in vitro, but it can be restored with arginine supplementation
[57]. However, 1-arginine supplementation was reported to have little
effect on improving immune functioning in humans. Administration
timing, specific patients, and nutritional regimens may play a role.
Citrulline administration was reported to be more efficacious than
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Fig. 1. The involvement of MDSCs in
COVID-19-associated lymphopenia. MDSCs
play a crucial role in lymphopenia. Mecha-
nisms include suppression of the prolifera-
tion of T cells by Arg-1 and IDO (A);
promotion of apoptosis of T cells via iNOS
and ROS (B); induction of PD-1/PD-L1 and
Fas/FasL interaction through IL-10 and TGF-
B, leading to T-cell exhaustion(C). MDSCs:
myeloid-derived suppressor cells; Arg-1:
arginase 1; PD-L1: programmed cell death
ligand 1; PD-1: programmed cell death pro-
tein 1; FasL: Fas ligand; ROS: reactive oxygen
species; NOX2: NADPH oxidase 2; iNOS:
inducible nitric oxide synthase; IDO: indole-

i —>( NO
/ iNOS \I

NOX2

MDSC — ROS

C MDSC accelarates T cell exhaustion
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arginine in restoring T-cell proliferation and mitochondrial function in a
septic animal model by raising arginine availability[58,59]. This
discrepancy may be explained by the absence of first-pass metabolism of
citrulline. And regulatory T cells with potency of suppressing effector T
cells were shown to be downregulated after citrulline administration.
IDO produced by MDSCs was found to activate the stress-response ki-
nase GCN2 and contribute to impairing the proliferation of T cells

¥ ras
ﬂa_._

T cell amine 2,3-dioxygenase; TGF-f: transforming
growth factor-p; IL-10: interleukin-10.

T cell

T cell

[60,61]. A recent study showed that the proliferation of GCN2-ablated T
cells was not suppressed in a mouse model. Tryptophan, which flavors
the activation of T cells, is catabolized by IDO[62].

4.2. Promoting apoptosis of lymphocytes

MDSC-derived reactive oxygen species (ROS) and its downstream
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product peroxynitrate nitrate at the T-cell receptor[63]. Thus, T cells
lose their capacity to attach to the phosphorylated major histocompat-
ibility complex and are not able to react to particular antigens, leading to
antigen-specific T-cell tolerance[64]. ROS may be involved in
activation-induced cell death[65]. Enhanced expression of NADPH ox-
idase mRNA was observed in COVID-19 patients in conjunction with a
substantial proliferation of MDSCs, which allows for the possibility that
PMN-MDSCs induce ROS-mediated tissue damage[66]. In addition, NO
produced by inducible nitric oxide synthase (iNOS) is associated with
interference with the JAK-STAT signaling pathway and initiates
apoptosis via nitration of certain cytokines[67]. INOS, in collaboration
with arginase-1, can nitrosylate TCR to generate reactive nitrogen oxide
species that suppress T cells or trigger apoptosis[68].

The number of T lymphocytes may also be influenced by MDSCs via
the process of cell-to-cell contact. MDSCs extensively express PD ligand
1 (PD-L1), Fas ligand (FasL), and galectin-9, which are responsible for
triggering T-cell anergy[69]. It has been shown that CD8" T cells
cultured with galectin-9 have a diminished ability to produce perforin
and granzyme, but their activity can be restored when this route is
inhibited.

4.3. Regulating lymphocyte exhaustion

T cells undergo significant alterations during persistent infection,
including T-cell exhaustion. Exhausted T cells significantly produce
inhibitory checkpoint molecules such as PD-1, and their function grad-
ually diminishes. The increased expression of PD-1 correlated with the
depletion of T cells during septic conditions[70]. Several studies have
demonstrated that IL-10 seems to stimulate the production of PD-L1 on
MDSCs. Membrane-bound transforming growth factor-pl (TGF-f1)
produced by MDSCs may promote the development of T-cell exhaustion.
A recent study showed that TGF-p1 in tumor mice impeded interferon-
gamma (IFN-y) production and NK-cell functions[71]. When the pa-
tients were in the recovery period, MDSCs were reduced along with the
depletion of TGF-B[29]. The expansion of MDSCs correlated with
decreased IFN-y production, which can be reversed by inhibiting TGF-f
or iNOS but not Arg-1[43]. A study showed that TGF antagonists revived
T cells’ cytokine-producing ability[72]. Furthermore, exposure to PGE2
may promote the formation of monocytic MDSCs from dendritic cells
[24,73]. PGE2 and cyclooxygenase 2 (COX-2) are involved in a positive
feedback loop, and this loop is partially responsible for immunosup-
pressive effects as well as cellular accumulation.

The key molecular properties of M—MDSCs and PMN-MDSCs are
comparable, which allow them to inhibit immunological responses, such
as the production of Arg-1 and S100A8/A9. However, the subsets of
MDSCs exhibit suppressive potential in different ways. PMN-MDSCs
predominantly use ROS, Arg-1, and PGE2 to suppress the immunolog-
ical system, while M—MDSCs function via NO, IL-10, and TGF[74,75].
The upcoming outcomes of clinical studies assessing arginine, anti-PD1
antibodies, and COX-2 inhibitors for the treatment of lymphopenia will
guide the design of investigations intended to decipher the molecular
pathways behind MDSC-induced lymphopenia.

5. MDSCs as therapeutic targets

To lessen the number of deaths caused by COVID-19, a wide variety
of antiviral drugs have been tested in clinical studies and shown to be
effective in treating infected people. In addition to antiviral drugs and
vaccines aimed at viral entry, therapeutics aimed at boosting an effec-
tive host immune response have become a promising and potent focus.
The significant importance of T cells has been underlined for eliminating
pathogens and orchestrating an effective immune response[76]. MDSC
accumulation mediates the suppression of T cells and has unfavorable
effects on individuals who have severe COVID-19. Diverse therapeutic
approaches have been suggested to suppress the detrimental role and
maintain the protective role of MDSCs in patients. Targeting MDSCs by
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delaying myeloid bone marrow cell differentiation, blocking recruit-
ment to affected organs, or changing the microenvironment appears to
be potential ways to raise lymphocyte counts. Several molecular pro-
cesses responsible for the immunosuppressive effect of MDSCs in
COVID-19 can be rationally treated utilizing knowledge gained from
cancer research. Given the detrimental effects of MDSCs, a variety of
medications have been proposed to improve clinical outcomes (Fig. 2).

5.1. Eliminating MDSCs

The proliferation of MDSCs is usually accompanied by decreased
lymphocyte count, suggesting rational therapeutic options for patients.
L-arginine has been proposed to dampen the immunosuppressive func-
tion of MDSCs that help maintain endothelial function, platelet equi-
librium and cardiovascular homeostasis[77,78]. CD4" and CD8" T
lymphocytes showed an increased rate of proliferation through arginine
supplementation[57]. It has been proposed that IL-6 may induce
emergency myelopoiesis leading to the generation of M—MDSCs and act
as a prognostic indicator of poor disease outcomes[79]. IL-6 receptor
inhibitors may upgrade HLA-DR expression, reduce the production of
M-—MDSCs in plasma, and bring clinical benefit to patients[80]. The
authors implied that the raised proportion of MDSCs was coupled with
the elevated serum level of IL-6, which is the hallmark of inflammation
and provides advice for clinicians to recognize severe COVID-19 from
moderate cases. It was not seen that administration of an IL-6 inhibitor
brought about a reduction in MDSCs matched for age, sex, and disease
severity[81]. Whether IL-6 antagonists directly affect MDSC frequency
still needs to be fully investigated. 1o, 25-dihydroxyvitamin D3 has the
potential to serve as an effective therapeutic strategy that inhibits the
proliferation of MDSCs via the IL-6 signaling pathway[82]. The active
form of vitamin D, la, 25-dihydroxyvitamin D3, lowers MDSC sup-
pressive activity by 70 %, especially in the early phases of development
[83]. Vitamin D suppresses miR-155 expression associated with MDSC
activation[84]. Low dosages of zebularine, a DNA methylation blocker,
downregulated the expression of IDO in colon cancer mice, suggesting
that it might offer a possible therapeutic approach to COVID-19 patients
[85]. A phosphodiesterase-5 antagonist has been demonstrated to
inhibit the activity of various mediators, such as Arg-1 and iNOS,
resulting in suppressing MDSC function[86,87].

5.2. Targeting MDSC recruitment

A substantial number of MDSCs have been discovered in the lungs of
nonsurvivors of COVID-19, suggesting that when infection develops,
MDSCs are attracted to the site of infection to restrict infection. Diverse
cytokines or chemokines, including IL-6, IL-10, TNF-a, and CCL2/5,
stimulate the migration of MDSCs to sites of chronic inflammation[88].
MDSCs may interfere with T-cell expansion at infection sites in this
phase. The efficacy of Leronlimab on the outcomes of COVID-19 is now
the subject of several ongoing clinical investigations. Leronlimab, a
CCRS5 inhibitor, has been demonstrated to restore the CD4/CD8 ratio
and resolve SARS-CoV-2 viremia[89]. Furthermore, elevated IL-8 levels
were related to a high frequency of MDSCs. It is likely that IL-8 acts as a
chemokine signal that contributes to the recruitment and mobilization
of MDSCs and is a treatment alternative[45,90]. Furthermore, as the
PGE-COX-2 axis plays a crucial role in MDSC production and function,
COX-2 inhibitors might reduce not only recruitment of MDSCs to
afflicted areas but also rates of tumorigenesis[91,92]. Ramatroban, a
receptor antagonist of PGD2/DP2 signaling, is proposed as an immu-
notherapy for lymphopenia since PGD2 is required for MDSC upregu-
lation via DP2 receptor signaling[93]. 5-Fluorouracil (5-FU) has been
administered to boost the Thl-cell response in cancer and thus may
provide clinical benefits for patients. An investigation demonstrated that
5-FU was able to lessen the number of MDSCs, which in turn led to a
reduction in the production of IL-8, IL-10, IL-17, and IL-22 but an in-
crease in the production of IFN-y[81].



T. Li et al.

COX-2 inhibtors
Celecoxib CCRS5 antagnists

\ Leronlimab

PGE2 “ 7 COX2

\ CCR5

cGMP

/

PDE-5 inhibitors

Sildenafil
MDSC

IL-6 receptor

IL-6 inhibotors |

Tocilizumab IL-6

\ wos /

International Immunopharmacology 112 (2022) 109277

PGD2 inhibitors

Ramatroban
PGD2 OOO
00 O
(%)
DP2
IL-13 /
ILC2
10,25(0H)2D3

arginine supplement

Arg-1
TGF-B

T cell

Fig. 2. Strategies for targeting MDSCs. The therapeutic approaches that target the proliferation, differentiation, and reprogramming of MDSCs may assist in the
recovery from lymphopenia in COVID-19 patients. MDSC-induced lymphopenia is mediated by PGE2 generated from arachidonic acid through COX-2 catalysis.
MDSCs express COX-2, which contributes to their own immunosuppressive function. Inhibitors of COX-2 interrupt this positive feedback loop. 1,25(0OH)2D3 pen-
etrates cells and binds to VDR, hence inhibiting MDSC activation. The PDEs catalyze the hydrolysis of cGMP. PDE-5 drugs that enhance cGMP limit the production of
iNOS and Arg-1, leading to reducing MDSC-mediated T-cell suppression. CCR5 inhibitors reduce the recruitment of MDSCs, hence impeding their interaction with
lymphocytes. As an immunotherapy for lymphopenia, a PGD2 receptor antagonist of PGD2/DP2 signaling is suggested, given that PGD2 is essential for MDSC
overexpression through DP2 receptor signaling. It has been hypothesized that r-arginine inhibits the immunosuppressive activity of MDSCs. Moreover, IL-6 receptor
inhibitors may improve HLA-DR expression and decrease M—MDSC synthesis in plasma. MDSC: myeloid-derived suppressor cell; COVID-19: Coronavirus disease
2019; PGE2: prostaglandin E2; COX-2, cyclooxygenase 2; VDR: vitamin D receptor; cGMP: cyclic guanosine monophosphate; PDE: phosphodiesterase; iNOS:
inducible nitric oxide synthase; Arg-1: arginase 1; PGD2: prostaglandin D2; DP2: p-type prostanoid receptor 2; IL-6: interleukin-6; ILC2: innate lymphoid cells.

S100A8/A9 upregulates the expression of arginase and consequently
raises immunosuppressive function, which may provide another rational
therapeutic choice[39]. A S100A8/9 inhibitor, such as Paquinimod,
reduced lung injury and viral load in mouse models[94]. In addition, a
group of neutrophils was increased with an unrestrained immune
response in the early stage of COVID-19, and administration of paqui-
nimod diminished these neutrophils and restored antiviral responses.
Paquinimod and leronlimab are offered as potential therapeutic ap-
proaches that require more research to validate their efficacy.

5.3. Reprogramming MDSCs

Prospective agents may be created to reprogram myeloid cells to
treat hyperinflammation and the immune dysregulation that ensues. All-
trans retinoic acid (ATRA) is commonly used to treat myeloid leukemia.
It provides a glimmer of hope to COVID-19 patients, given its role in the
induction of MDSC differentiation and ROS-neutralizing agent produc-
tion[95]. ATRA has been demonstrated to prompt viral clearance in
vitro[96].

Therapeutic strategies aimed at reprogramming MDSCs can be
considered for the treatment of COVID-19. Metabolic factors are
involved in MDSC-inducing T-cell anergy, such as fatty acid transport

protein 2 (FATP2), suggesting a viable therapy option for COVID-19
patients[97]. The subsequently synthesized PGE2 has been recognized
as a modulator of PMN-MDSCs. A few studies also implied a correlation
between STAT3 signaling and MDSC function.

The function of MDSCs depends on the stage of disease, viral load,
and illness severity. These cells may be protective in later stages by
dampening unrestrained inflammation. However, the early expansion of
MDSCs may compromise host immunity and cause lymphopenia. Con-
cerning possible targets for MDSCs in COVID-19, the illness stage and
severity must be specified. For this therapy strategy to be useful rather
than harmful to the patients, identifying the disease’s stage and severity
remains vital. It is difficult to determine whether the function of MDSCs
affects disease outcomes.

6. Conclusions and perspectives

Due to the lack of specific antiviral agents, severe COVID-19 patients
with lymphopenia and comorbidities still suffer from a high rate of
mortality. It is necessary to determine rational approaches to elevate
absolute lymphocyte counts and diminish the dysregulated immune
response. MDSCs are related to the pathogenesis of lymphopenia and are
responsible for the suppression of immunological defenses in the later
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phase of disease. High frequencies of PMN-MDSCs and M—MDSCs in the
blood and their immunosuppressive function have been confirmed in
severe COVID-19 patients. The data collected on MDSCs provides evi-
dence for the potential application of treatment techniques aimed at
lowering MDSC number/function.

The inhibiting impact of MDSCs on T lymphocytes was evaluated,
but their potential impact on B lymphocytes was not investigated. Be-
sides, there are no phenotypic markers that can distinguish these cells
from classical neutrophils and monocytes. Further investigation is
required to identify these cells with novel markers, which may facilitate
better standardization and ultimately the identification of more targeted
therapy targets. Several therapeutic approaches have been identified as
rational methods underlying the pathological alteration of MDSCs.
Certain cytokines such as IL-6 and CCL2 were shown to be elevated in
line with the rise in the number and activity of MDSCs, suggesting that
these cytokines were involved in the proliferation and activation of these
cells. In fact, some randomized controlled trials with cytokine antago-
nists failed to demonstrate an increase in survival, underlining the
requirement for their logical design and administration at the optimum
time and dose. Personalized immunotherapy may bring a ray of hope for
resolving the deficiency in host immunity. It is yet unclear whether
short-term expansion of MDSCs is harmful to patients. Further studies
are necessary to better our understanding of the mechanisms by which
MDSCs contribute to lymphopenia during COVID-19.
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