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Innate suppressor cells in cancer, tuberculosis, 
and AIDS
Immunosuppressive myeloid cells were originally described in 
tumor-bearing mice (1) and cancer patients (2) as pathologically acti-
vated or atypical myeloid cells. As this field expanded, requirements 
for a common nomenclature emerged, and a terminology for clas-
sifying myeloid-derived suppressor cells (MDSCs) was adapted (3). 
The defining characteristic of MDSCs is suppression of T cell acti-
vation and function (4). Before their identification in malignancies, 
“natural suppressor” cells were reported in systemic mycobacterial 
infection (5). More recently, increased MDSC numbers and activity 
have been identified in tuberculosis (TB) and AIDS patients (6–8).

Solid tumors and lesions in chronic infections share multiple 
features, including hypoxia, neovascularization, tissue remodeling, 
and nonresolved inflammation, which shape the cellular landscape 

of such lesions (Figure 1). Chronic, low-grade inflammation induces 
and activates MDSCs (9). Primary HIV infection is associated with 
elevated inflammatory mediators, e.g., serum GM-CSF (10) and 
IL-6 (11), which are drivers of MDSCs. Host responses in cancer, 
TB, and AIDS are often marked by immune suppression. Indeed, 
MDSCs in individuals with TB and AIDS impair CD4+ and CD8+ T 
cell proliferation, function, and trafficking (6–8, 12), all hallmarks of 
tumor-induced MDSC immunosuppressive mechanisms. MDSCs 
also facilitate Treg development that further amplifies immune 
suppression (11, 13–15). Since overexuberant immune suppression 
restrains effective immunity, understanding how MDSCs impact 
TB and AIDS is a critical priority. Lessons learned from oncology 
may inform drug targeting of MDSCs in therapies for TB and AIDS 
(16). Recognizing this potential, the National Institute of Aller-
gy and Infectious Diseases in January 2019 convened a workshop 
called Suppressor Cells and TB/HIV: What Is Known and What Can 
Be Learned to bring together leaders in MDSC research from both 
TB/HIV and oncology. This Review identifies the gaps that hamper 
translation of MDSC knowledge into effective intervention strate-
gies, and emphasizes how cross-fertilization between cancer and 
infection fields could bolster TB and AIDS therapies.

The critical role of suppressive myeloid cells in immune regulation has come to the forefront in cancer research, with myeloid-
derived suppressor cells (MDSCs) as a main oncology immunotherapeutic target. Recent improvement and standardization of 
criteria classifying tumor-induced MDSCs have led to unified descriptions and also promoted MDSC research in tuberculosis 
(TB) and AIDS. Despite convincing evidence on the induction of MDSCs by pathogen-derived molecules and inflammatory 
mediators in TB and AIDS, very little attention has been given to their therapeutic modulation or roles in vaccination in these 
diseases. Clinical manifestations in TB are consequences of complex host-pathogen interactions and are substantially affected 
by HIV infection. Here we summarize the current understanding and knowledge gaps regarding the role of MDSCs in HIV and 
Mycobacterium tuberculosis (co)infections. We discuss key scientific priorities to enable application of this knowledge to the 
development of novel strategies to improve vaccine efficacy and/or implementation of enhanced treatment approaches. Building 
on recent findings and potential for cross-fertilization between oncology and infection biology, we highlight current challenges 
and untapped opportunities for translating new advances in MDSC research into clinical applications for TB and AIDS.
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Identification and monitoring
MDSCs in TB and AIDS versus cancer. Murine MDSCs comprise 
monocytic (M-MDSC) and polymorphonuclear (PMN-MDSC) 
subsets, phenotypically designated Gr-1dim/+CD11b+Ly6C+Ly6G− 
and Gr-1dim/+CD11b+Ly6CloLy6G+, respectively (3, 18, 19). 
Human corresponding subtypes in the peripheral blood mono-
nuclear fraction bear the phenotype CD11b+CD14+CD15− and 
CD11b+CD14–CD15+ for M- and PMN-MDSCs, respectively. All 
human MDSCs are HLA-DR−/lo, while immature MDSC progen-
itor populations (early-stage MDSCs, or e-MDSCs) are Lin– and 
CD33+/hi. Identification of eosinophilic MDSCs (Eo-MDSCs) in 
mice infected with Staphylococcus aureus expanded the family 
of suppressive granulocytes (20). In cancer studies, the mark-
ers CD66b and S100A9 were originally included to define 
PMN-MDSCs and M-MDSCs, respectively, and subsequently 

Obstacles to MDSC targeting in TB and AIDS
To date, no drug directly targeting MDSCs has received FDA 
approval; however, many compounds have demonstrated success 
in preclinical models of cancer and in clinical trials (17). Some of 
these compounds have shown promise in preclinical TB studies 
(17). Despite this potential, it remains unknown whether MDSCs 
would have a clinically relevant impact on the course of HIV/TB 
disease or affect treatment outcome in humans. To answer this 
question, the TB and HIV fields require information on MDSC 
abundance in various immune compartments and throughout 
therapy, specifically from trials investigating disease relapse or 
treatment response, to justify prioritization of MDSC-based inter-
ventions as an immunomodulatory option. In the following, we 
address misconceptions and obstacles that have restricted MDSC 
research in infectious diseases.

Figure 1. A schematic view of TB MDSCs and tumor MDSCs within the cellular architecture of the typical granuloma or tumor microenvironment. The 
figure compares MDSCs in (A) the solid TME and (B) the TB granuloma microenvironment. M. tuberculosis infects various innate immune cells including 
macrophages and neutrophils within the granuloma. Macrophages might polarize and differentiate to form foam and multinucleated cells, whose pres-
ence is most frequently at the center of mature TB granulomas. Other myeloid cells include DCs that together form the core of the granuloma. Recruited 
NK cells, B cells, and T cells, including Th1, Th2, and Th17 cells, Tregs, and CD8+ T cells, form the outer cuff, often surrounded by fibroblasts and a collagen 
matrix (extracellular matrix [ECM]). The type, combination, phenotypes, and arrival timing of immune cells influence pathogen containment and the 
trajectory of granuloma development. Immune cells produce a range of soluble effector molecules such as cytokines and chemokines. In this inflammatory 
environment, advanced granulomas develop hypoxia and necrosis, which are followed by tissue destruction. The presence of MDSCs has been reported in 
necrotic TB granulomas. Similar cellular constituents and crosstalk have been reported for the TME. Apart from malignant cells, the TME contains immune 
cells, including TAMs and TANs, DCs, NK cells, and T cells, often surrounded by the stroma of fibroblasts and ECM. Both tumor and immune cells produce 
inflammatory and suppressive signaling molecules such as growth factors, cytokines, chemokines, etc. Tumor-derived immunosuppressive mechanisms 
are well described, including the presence of MDSCs.
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Application of uniform phenotypic anal-
yses reveals that ratios of MDSC subsets 
differ among various cancer types (27–29); 
e.g., in selected malignancies, PMN-MD-
SC frequencies are up to 1.5 times higher in 
blood and even higher at the tumor site rel-
ative to those in healthy individuals (24, 30, 
31). Expansion of e- and M-MDSCs occurs 
in some cancers (32–34), and in TB patients 
M-MDSCs are the major circulating subset, 
reaching 4% to 10% of the PBMC fraction, 
while PMN-MDSC frequencies of up to 30% 
of total PBMCs have been reported (6, 7). 
MDSC abundances in granulomas specifical-
ly are largely unknown, owing to the inacces-
sibility of the lung compartment (see Migra-
tion/trafficking of MDSCs to lungs in TB).

Equally confounding are the reports on 
MDSC subsets in AIDS. PMN-MDSC lev-
els of up to 5% of total PBMCs have been 
observed in primary HIV infection and up 
to 8% in chronic HIV infection (7, 10, 12), 
while remaining undetectable in healthy 
adults. M-MDSC levels of up to 4% of total 
PBMCs compared with 1% in healthy con-
trols have also been reported in HIV infect-
ed adults, despite their use of efficacious 
antiretroviral therapy (HAART) (12). Irre-
spective of subset prevalence, MDSCs pos-
itively correlate with viral load, negatively 
correlate with CD4+ T cell count, and may 
decrease subsequent to HAART (10, 12, 
28). Post-HAART residual immune activa-
tion potentially supports MDSC genesis, so 
that monitoring of MDSC frequencies may 
serve as an indicator of treatment-induced 
immune dysfunction.

Tumor burden and disease stage modu-
late subset ratios (28, 35, 36), prompting the 
exploitation of MDSCs as diagnostic and 
predictive biomarkers in oncology. Accord-
ingly, distinct treatment approaches may be 
required, depending on the most prevalent 
subset (37–42). Similar scenarios are envis-
aged for TB and AIDS. A direct correlation 
between MDSC frequency and infection 
phase and duration has been suggested 
for TB patients (7). However, inconsistent 
criteria used to classify MDSCs may have 
resulted in their misclassification as typical 

myeloid cells in other studies (43–45). This, along with insufficient 
clinical TB disease burden/stage classification, has likely resulted 
in underreporting of MDSCs and disparities in reported frequen-
cies of MDSCs in TB. Large-scale studies of MDSC subsets across 
the spectrum of TB and AIDS, with long-term follow-up, particu-
larly in TB patients, are overdue for accurate correlation of MDSCs 
to relapse or treatment failure.

also shown to be expressed by TB-induced MDSCs (4, 21–23). 
Markers recently assigned to MDSCs, such as LOX1 (24, 25) and 
FATP2 (26), await validation in infection. Differences in subtype 
reporting highlight the importance of defining unequivocal phe-
notypic MDSC markers, or alternatively reaching a consensus 
for the MDSC phenotype reporting across infectious diseases, as 
achieved for cancer (22).

Figure 2. Drugs targeting MDSCs in cancer and tested in TB. Various classes of compounds target 
three main biological processes linked to MDSCs in oncology, notably genesis, dynamics, and 
suppressive functions. Depicted drugs have reached clinical trials in patients with cancer and been 
validated for their effects on MDSCs. Few compounds have been tested in animal models of TB 
(gray boxes). The compounds in the lower gray box have been tested as immunotherapeutics in TB; 
however, their effects on MDSCs have not been evaluated.
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Several therapeutic strategies under investigation for TB are 
aimed at pharmacological modification of (a) MDSC expansion, 
activation, and recruitment; (b) differentiation of MDSCs into 
mature myeloid cells; (c) inhibition of molecular mechanisms of 
action; or (d) depletion of MDSCs at inflammatory sites (Figure 2).

Chemotherapy in cancer patients generally suppresses innate 
and adaptive immunity. Selected drugs at lower doses paradoxical-
ly stimulate T cell responses, suggesting putative interference with 
MDSC-mediated T cell suppression. Gemcitabine and 5-fluoro-
uracil enhance antitumor immunity by depleting MDSCs (64–67). 
These drugs also promote immune defense against S. aureus infec-
tions in mice (68). However, neither drug is unequivocally advanta-
geous for reduction of MDSC activity. Both can have reverse effects 
when MDSCs release cathepsin B, subsequently triggering NLRP3 
inflammasome activation and thereby enhancing MDSC activity 
(69). Similarly, gemcitabine-mediated MDSC depletion has been 
shown to exacerbate Nippostrongylus brasiliensis or Trichinella spira-
lis infection in mice, presumably by enhancing mast cell responses 
(70). Thus, when and how gemcitabine can act as a suppressor of 
MDSC development and function requires further investigation. It 
also remains to be validated whether encapsulation of gemcitabine 
would improve its effects on MDSCs (71).

Tyrosine kinase inhibitors, such as sunitinib, showed suppres-
sion of MDSCs in several studies (72–74), but failed in another 
murine tumor model in which, instead, nilotinib, dasatinib, and 
sorafenib successfully suppressed MDSCs (74). Additional mech-
anistic studies will clarify how these drugs affect MDSCs and their 
potential as TB host-directed therapies (HDTs). Other compounds 
reduce MDSC numbers in mice and humans and promote genera-
tion of immunogenic DC-like cells, both events presumably bene-
ficial for TB vaccination (75, 76).

Carboplatin and cisplatin are both used in cancer treatments 
and also target MDSCs; the antitumoral efficacy and adverse 
effects exhibited by cisplatin are higher than those shown by car-
boplatin. Carboplatin and paclitaxel treatment combined with a 
peptide vaccine in Montanide adjuvant appeared to increase fre-
quencies of Gr-1loCD11b+ cells in blood and promote T cell immu-
nity in a murine HPV16 tumor model as well as in patients with cer-
vical cancer, but spared or reduced the frequencies of Gr-1hiCD11b+ 
granulocytic cells and Gr-1–CD11b+ monocytes (77, 78). Since 
pre-neutrophils downregulate the Gr-1/Ly6G epitopes during pro-
liferation in vitro (79), it requires clarification whether Gr-1lo cell 
loss and Gr-1hi cell gain in these in vivo studies are due to depletion 
or a shift in surface expression with acquisition of altered functions. 
In one study, cisplatin treatment was found to increase Ly6Chi and 
CD11chi cells with elevated costimulatory activity through CD70/
CD80/CD86 molecules and better CD8+ T cell responses (78), 
indicating that cisplatin treatment generated monocyte-derived 
DCs by interfering with the function of MDSCs without depleting 
them. The additional combination of cisplatin/radiotherapy with 
cyclophosphamide (CTX) plus an inducible NO synthase (NOS2) 
inhibitor further affected MDSCs and improved immune respons-
es and clinical responses in otherwise radiotherapy-resistant 
tumors (80). These have not yet been tested in TB and AIDS.

All-trans retinoic acid (ATRA) reduces M-MDSC frequencies 
in tumor-bearing mice (81) and cancer patients (82), along with 
increases in antigen-presenting cells (83). ATRA interferes with 

MDSCs in vaccination. Apart from altering host protective 
responses in TB and AIDS, MDSCs may also weaken the effica-
cy of prophylactic or therapeutic vaccines. In cancer, efficacy of 
antineoplastic agents increases when they are used in conjunction 
with MDSC inhibitors (34, 46–48). Unbalanced immunoregulato-
ry mechanisms could underlie anti-TB vaccine failures (49), and in 
this context, the role of MDSCs needs to be explored. A TB vaccine 
superior to bacille Calmette-Guérin (BCG) is still not available 
(50, 51). BCG induces MDSCs in mice (52), and immunizations 
with heat-killed and dried Mycobacterium tuberculosis in mineral 
oil (complete Freund’s adjuvant [CFA]) (53) hamper immune acti-
vation. This is not observed with incomplete Freund’s adjuvant 
(IFA; used as Montanide ISA51 IFA in humans), which lacks myco-
bacterial components (54). CFA causes splenic accumulation of 
MDSCs, which deplete DCs by an NO-dependent mechanism 
without directly affecting T cells (55). CFA immunization cannot 
be extrapolated to humans, yet these data call for investigation 
of MDSCs in vaccine failure versus success. Adjunctive therapies 
along with TB vaccination to counteract the generation or sup-
pressive functions of MDSCs need to be explored  (50, 56–58). 
BCG is delivered prophylactically to neonates, and the increase 
in MDSCs during pregnancy (59), and in newborns (59), suggests 
that preventive vaccination should consider MDSC modulation. 
Postexposure vaccination should also consider MDSCs as adjunct 
targets. MDSCs suppress NK cell responses, potentially influenc-
ing the efficacy/durability of currently used BCG or revaccination 
strategies. Vaccine trials do not routinely monitor MDSCs, and 
their inclusion may aid in vaccine development. Few studies and 
no TB vaccine trials have examined the role of MDSCs in mem-
ory CD4+ T cell or “polyfunctional” responses. This is an area of 
potential discovery and innovation, as BCG is increasingly recog-
nized for its nonspecific effects, notably protection from heteroge-
neous pathogens (60).

In an HIV/SIV macaque model, an AIDS vaccine induced 
MDSCs that inhibited or weakened vaccine immunogenicity and 
protection (61). MDSCs induced by this vaccine, HIV/SIV infec-
tion, or viral proteins (11–14) equally suppressed T cell proliferation 
in vitro (61). Another HIV/SIV vaccine study achieved 44% vaccine 
efficacy while both PMN- and M-MDSC subsets were induced, the 
former mostly late in the vaccination regimen (62). MDSCs func-
tion as a double-edged sword in SIV vaccination and infection in 
nonhuman primate (NHP) models (63): MDSCs can be induced 
by vaccines, dampen vaccine efficacy, promote viral transmission, 
and also become infected with SIV to serve as a viral reservoir. 
However, MDSCs in SIV infection reduce CD4+ T cell activation 
and thus reduce viral load by curtailing cell-cell transmission.

MDSC inhibition or elimination strategies. Considering that 
the pathophysiological characteristics of the tumor microenvi-
ronment (TME) include CD8+ T cells as the principal effector 
mechanism against tumor cells, the most likely clinically feasi-
ble MDSC-targeting strategy in oncology would be as an adjunct 
treatment to potentiate cancer therapies aimed at improving CD8+ 
responses. In TB, myeloid cells function as pathogen niche as well 
as effectors in the granuloma, having the ultimate responsibility 
of killing intracellular mycobacteria upon proper activation. Tar-
geting myeloid cells, such as MDSCs, is thus likely to have a much 
larger impact on disease outcome in TB than in cancer.
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characterize MDSCs. Interventions focused on nongenetic mark-
ers may have therapeutic implications. Elucidating epigenetic and 
posttranslational modifications regulating MDSC induction and 
function thus remains crucial for both therapeutic development 
and development of an epigenetic biosignature of TB and HIV dis-
ease development and therapy responses.

MDSC-mediated immunosuppression in TB and AIDS. MDSCs 
suppress T cell functions considered crucial for host defense to 
HIV and TB (7, 11–13, 88, 103), but the fields lack comprehensive 
descriptions of the mechanisms whereby subsets affect patho-
gen-specific host immunity or which receptors recognize specific 
pathogen-associated molecular patterns. Instead, a range of sup-
pressive mechanisms have been described, mainly in response to 
polyclonal stimulation or mitogens (6, 52, 79, 88, 103, 104).

In TB, MDSC suppressive mechanisms point toward a role 
for arginase-1 (Arg-1) and NOS2 in repressing T cell proliferation 
and IFN-γ production (6, 55, 88, 105). Depletion of l-arginine by 
Arg-1 and NOS2 downregulates T cell receptor ζ chain expression, 
which impedes T cell proliferation and aerobic glycolysis, prevents 
CD4+ T cells from expressing IFN-γ and inducing efficient intra-
cellular pathogen killing in macrophages, and blocks formation of 
immunological synapses, impairing T cell activation (106, 107). 
NO produced by NOS2 inhibits STAT5 phosphorylation in T cells 
and induces expansion of CD4+ Tregs (108). MDSCs are known 
to use NO to suppress lymphocyte proliferation upon both in vitro 
and aerosol M. tuberculosis infection (88, 109). BCG studies fur-
ther indicate that NO release and suppressor function depend on 
TLR2/caveolin-1 signals (110). In murine models, Arg-1 expression 
has been correlated to levels of cells resembling MDSCs in necrot-
ic granulomas (105, 109). Studies to establish exclusive require-
ments of Arg-1 or NOS2 on MDSC suppression in TB patients have 
been inconclusive, and targeting individual mechanisms may acti-
vate “compensatory” suppressive mediators (7).

Information on the contribution of MDSC suppressive path-
ways previously identified in cancer, including ROS, ADAM17, reac-
tive nitrogen species, TGF-β, IL-10, L-selectin expression, VISTA, 
and IDO, should be tested in TB and HIV infection. For example, 
IL-13 released by NKT cells can activate MSDC for the release of 
TGF-β, which is a potent suppressor of CD8+ T cell immunity (111, 
112). Recent reports indicate roles of PD-L1 and transmembrane 
TNF (tmTNF) in MDSC suppressive activity in TB (103, 113). PD-L1 
also forms part of the suppressive arsenal of PMN-MDSCs in early 
HIV infection, along with inhibition of CD3ζ expression by cell-to-
cell contact involving ROS and NOS2 (10–12, 114). M-MDSC sup-
pressive functions in HIV are linked to Arg-1–mediated expansion of 
Tregs and inhibition of CD8+ T cell proliferation (14). Suppression of 
M. tuberculosis/HIV-specific T cell responses remains to be tested in 
patients (7). Moreover, MDSCs suppress other myeloid cells, B cells, 
NK cells, innate lymphoid cells , and nonclassical T cells, and such 
effects have not been evaluated in TB or HIV infection.

The diversity of MDSC suppressive mechanisms reported 
for TB and HIV infection likely reflects multiple redundancies, as 
reported for cancer. The main suppressive mechanisms may cor-
relate with the dominant MDSC subset, the cellular target, and/or 
the functional impact, and could change during disease develop-
ment or in a particular anatomical location (91). Eliminating a sin-
gle MDSC suppressive mechanism may therefore reduce the levels 

oxidative processes in MDSCs (84), affecting PMN-MDSCs as 
major ROS producers (85, 86). ATRA, alone or in combination 
with antibiotics, minimizes TB relapse in a mouse model and low-
ers bacillary burdens, likely providing partial clarification of the 
protective effect of this compound (87, 88). Additional MDSC-tar-
geting drugs tested in oncology, such as PDE5 inhibitors and imati-
nib, improved TB outcome in mouse models; however, a direct 
link to MDSCs has not been established. Many other MDSC-tar-
geting approaches have shown promise in cancer (76–78) and are 
described extensively elsewhere (17). Additional combination 
approaches for the future include MDSC-based interventions with 
checkpoint inhibitors and activators of costimulatory receptor sig-
naling, e.g., OX-40 and TLRs. Approaches using combinations of 
above-mentioned therapies/strategies could be explored in TB/
HIV, as these may be synergistically effective.

Taken together, experimental evidence suggests that BCG, M. 
tuberculosis–derived vaccine components, and SIV vaccines could 
induce MDSCs. Drug modulation of MDSCs may thus improve 
efficacy of BCG as well as novel vaccine candidates. Opportuni-
ties for modulating MDSCs as HDT for active TB have not been 
substantially explored and deserve more attention.

Genesis and suppressive functions
Epigenetic and posttranslational modification of MDSCs in TB/
HIV. M. tuberculosis and HIV contain structural moieties that 
trigger MDSC generation. These include mycobacterial glyco-
lipids (89), HIV gp120 (11), and/or Tat proteins (14). TLR2 and 
TLR4 receptors predominantly induce M-MDSCs (11, 90), while 
host factors generated during infection contribute to MDSC 
expansion in both diseases.

Epigenetic signatures and fate mapping of MDSCs in TB and 
HIV infection remain poorly defined. Cancer studies suggest 
that peripheral MDSC proliferation is unlikely, and rather med-
ullary and extramedullary compartments serve as sites of MDSC 
development or activation (24, 91, 92). This implies that MDSCs 
in TB and HIV infection may expand either from fully differenti-
ated monocytes or granulocytes or from myeloid precursors. The 
two-step activation process described for M-MDSCs comprising 
GM-CSF/IFN-γ/AKT pathways (79) remains to be validated. In 
cancer, MDSCs are epigenetically regulated through DNA meth-
ylation by histone deacetylase-2 (HDAC2), a negative regulator 
of tumor MDSC expansion and function (93), and covalent his-
tone modifications (94–98). Other cancer studies convincingly 
show that the accumulation of histone H3 lysine 27 acetylation 
(H3K27ac), an enhancer histone modification, is involved in 
MDSC generation (95). Thus, epigenetic modification could be 
exploited as a specific and effective cancer treatment strategy. 
Although the MDSC epigenetic profile remains to be determined 
in TB and HIV, it was recently reported that tasquinimod (a drug 
that epigenetically reprograms histones and HDAC4 transcription 
factors) depletes MDSCs, incrementally enhances CD8+ T cell 
responses, and improves M. tuberculosis clearance in mice (99–
101). The same group also reported that denileukin diftitox treat-
ment reduces M. tuberculosis loads in mice, although its safety and 
MDSC-specificity remain to be demonstrated in humans (102).

Considering the above, technologies based on the detection 
of proteins or gene expression alone might be inadequate to fully 
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and potency of some but not all MDSCs, or only at distinct disease 
stages, highlighting the importance of establishing the spatiotem-
poral dynamics of MDSC subsets, their suppressive functions, and 
their targets during the TB and HIV infection and disease continua.

Are MDSCs exclusively pathological? Reports on MDSCs are 
synonymous with deleterious clinical outcomes in cancer (28, 115). 
However, appraisal of MDSCs exclusively as detrimental must be 
questioned. Although development of disease is, at least in part, 
a consequence of regulatory cells such as MDSCs, outweighing 
protective cell responses, the dual nature of MDSCs has also been 
described. In autoimmunity, and recently in infections, MDSCs’ 
contribution to immune homeostasis by limiting of excessive 
inflammatory processes has been highlighted (refs. 116–120 and see 
below). Protection from invading pathogens requires a critical bal-
ance between beneficial suppression of damaging excess inflamma-
tory and repair responses and augmentation of effective protective 
antipathogen responses. In this regard, MDSCs change their fate and 
activity according to the local microenvironment (121). For example, 
in SIV infection, MDSCs can suppress CD4+ T cell activation and 
thus reduce target cells for SIV infection, simultaneously inhibiting 
SIV transmission and promoting it by suppressing immunity (61–63). 
In pulmonary TB, successful chemotherapy clears M. tuberculosis 
and allows tissue repair, partially through a fibrotic process. A subset 
of fibrocytes has been described as a novel suppressive MDSC sub-
set in cancer (122), while others have shown in pulmonary fibrosis 
that M-MDSCs activate resident lung fibroblasts (123). Considering 
that fibrotic repair often results in tissue scarring that may impair 
organ function, MDSCs’ impact in post-TB lung function remains to 
be investigated. In HIV–M. tuberculosis coinfection, MDSCs may still 
increase the risk of TB disease, but in HIV-CMV coinfection these 
cell subsets control excessive CMV-specific inflammation (15).

Additional investigations are required to identify the kinetics 
of distinct MDSC subtypes and how their tissue or lesion com-
partmentalization influences outcomes during different stages of 
infection. Determining the optimal timing for initiating any HDT 
will be crucial for successful outcomes to maintain immunoregu-
latory balance between effective defense and excess damage.

MDSC roles in immunopathology: a case for TB
Migration/trafficking of MDSCs to lungs in TB. S100A8 and 
S100A9 are damage-associated molecular patterns (DAMP) pro-
teins produced by myeloid cells, including MDSCs, and secreted 
into tissues and serum as endogenous danger signals. S100A8 
and S100A9 bind to cell surface receptors including receptor for 
advanced glycation end products (RAGE) and TLR4 (124, 125). 
The S100 proinflammatory protein family promotes MDSC accu-
mulation in cancer (126). In murine and NHP TB models, and TB 
patients, myeloid cells producing S100A8/A9 proteins dominate 
within granulomas and are associated with exacerbation of inflam-
mation (127). These S100A8/A9-producing cells have not been 
tested for suppressive activity. Tasquinimod, a DAMP inhibitor 
and Treg-targeting drug that binds to S100A9 and blocks surface 
receptor binding, reduces granuloma formation in a BCG-chal-
lenge guinea pig model (128), while S100A9-deficient mice also 
exhibit reduced inflammation upon M. tuberculosis infection (127). 
Similarly, in a TB mouse model, administration of tasquinimod 
was associated with a concomitant reduction of MDSCs in the 

lungs as well as reduced M. tuberculosis replication (99), suggest-
ing a role in reducing MDSC trafficking to the lungs. Many oth-
er MDSC chemoattractants have been described, mostly factors 
produced by tumor cells, like CXCL8 (IL-8) (129), which recruits 
both PMN- and M-MDSCs (124), whereas only CCR2+, CCR4+, 
and CCR5+ M-MDSCs are recruited by its ligands (e.g., CCL2) 
(130, 131), and CXCR2+/CXCR4+ PMN-MDSCs by its ligands (e.g., 
CXCL1, CXCL2, or CXCL12) (132, 133). None have been investi-
gated as MDSC chemotactic factors in AIDS or TB.

Fate of MDSCs at TB granulomas? MDSCs populate necrotic 
areas within granulomas; however, compartmentalization in lung 
parenchyma and the bronchoalveolar space remains undefined 
(88, 109). In mice, accumulation of MDSCs in necrotic granulo-
mas has been associated with a poor disease outcome and uncon-
trolled bacterial replication (88). Immunostaining of granulomas 
from M. tuberculosis–infected mice and macaques has identified 
populations of macrophages coexpressing NOS2 and Arg-1 (134, 
135) and suppressive neutrophils exhibiting immunoregulatory 
functions (136), collectively resembling MDSC subsets. The pres-
ence of MDSCs in human TB biopsies has not been documented. 
However, studies using cellular aggregates for ex vivo modeling 
of TB granulomas suggest that mycobacterial growth within such 
multicellular structures can be supported by human MDSCs 
and has been linked to their propensity to produce IL-10 (103). 
In murine lesions and human models, MDSCs contain bacteria, 
raising the question of whether MDSCs could serve as reservoir 
cells (88). Furthermore, crosstalk between MDSC and bystander 
cells such as macrophages (137) opens the possibility that MDSCs 
affect not only polarization of surrounding cells, but also myco-
bacterial growth dynamics in bystander cells through bidirection-
al interaction. This will be particularly important in the context 
of granulomas.

Circulating M- and PMN-MDSCs have a short in vivo lifespan 
of days, while M-MDSCs are viable in vitro for several days (138). 
Increased inflammatory signals augment circulating MDSCs, 
suggesting that inflammation may prolong MDSC half-life (139). 
Indeed, studies in mice have demonstrated that during oxidative 
stress, transcription factors involved in enhancing cellular resis-
tance to ROS are upregulated in MDSCs (85), thereby increasing 
their longevity in the TME (140). These studies also demonstrated 
homeostatic regulation of MDSC dynamics. A decrease in half-
life of tumor-infiltrating MDSCs led to a compensatory increase 
in MDSC production in the bone marrow and maintenance of 
MDSC frequencies in the blood (141). Considering the inflamma-
tory milieu of TB and AIDS, similar processes might be involved 
in MDSC survival, with impact on maintenance of long-lived 
pathogen reservoirs (141). MDSCs were identified in the broncho-
alveolar lavage fluid and pleural effusions of TB patients (7) but 
were not evaluated for M. tuberculosis content. Whether mycobac-
terial infection modulates MDSC viability and phenotype is also 
unknown. Several soluble factors present in TB lesions, including 
prokineticin 2 (PROK2) and the metalloproteinase MMP9, may 
modulate pulmonary MDSC expansion (88); local accumulation 
of tmTNF-α has been shown to regulate the dynamics of these 
cells in the pleural cavity of BCG-infected mice (113). Fate map-
ping studies are required to define the local turnover and dynam-
ics of MDSCs within granulomas.
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The ultimate fate of MDSCs at the M. tuberculosis infection 
site or tissue inflammatory environment is uncertain. Several tis-
sue macrophage populations are long-lived and capable of in situ 
proliferation to sustain M. tuberculosis replication (142, 143). It is 
thus tempting to speculate that MDSCs entering the M. tuberculo-
sis–infected lung or granuloma differentiate into suppressive, M. 
tuberculosis growth–permissive macrophages. In cancer, M-MD-
SCs entering the tumor can differentiate into tumor-promoting, 
suppressive tumor-associated macrophages (TAMs) or inflam-
matory DCs, whereas a case is made for PMN-MDSCs differen-
tiating into tumor-associated neutrophils (TANs) (144–146). It 
is likely that in TB and HIV, a multilevel process of MDSC acti-
vation occurs, similar to that reported in vivo and in vitro (79). 
MDSCs could thus be converted to MDSC-like cells by peripher-
al signals, and upon entering the inflammatory milieu, host and 
pathogenic signatures activate these licensed cells to become 
potent suppressors. Furthermore, while M. tuberculosis can be 
distributed among alveolar macrophages, DCs, and neutrophils 
during the initial stages of infection, after prolonged infection, 
DCs and recruited monocyte-derived macrophages become the 
prominent infected cell types in the airways (147). MDSCs like-
ly become a prominently infected myeloid subset during the 
uncontrolled chronic stages of TB disease. MDSC characteriza-
tion in tissue is challenging yet critical for understanding disease 
pathogenesis and informing therapy, and can only be achieved 
by discovery of unique MDSC identifiers with stable expression 
irrespective of anatomical location.

MDSCs’ immunometabolic cues. The metabolic preference 
of MDSCs is not fully known. It is likely that MDSCs, similarly 
to other immune cells, may engage distinct metabolic pathways 
depending on the intermediates available for energy produc-
tion. The phenotypic heterogeneity of tumor-derived MDSCs is 
controlled by oxygen levels, fatty acid metabolism, and inflam-
matory parameters, which may in turn regulate the balance 
between oxidative phosphorylation (OXPHOS) and glycolysis 
(148). M- and PMN-MDSCs in the tumor, in comparison with 
circulating peripheral MDSCs, prefer fatty acid oxidation (FAO) 
as their energy source (149). MDSCs rely on FAO as the major 
metabolic fuel for the production of inhibitory cytokines. Con-
sequently, targeting FAO may be a useful approach to limit the 
immunosuppressive function of MDSCs. Pharmacological inhi-
bition of FAO with etomoxir or ranolazine blocked the immuno-
suppressive functions of MDSCs in the tumor and significantly 
delayed tumor growth (149). Interestingly, trimetazidine, an 
FAO inhibitor used in chronic heart disease, blocks intracel-
lular growth of M. tuberculosis (150) and may have advantages 
also as an MDSC modulator. The immunosuppressive function 
of PMN-MDSCs in cancer has been linked to overexpression of 
fatty acid transport protein 2 (FATP2), a lipid transporter, and is 
reversed upon treatment with lipofermata, causing a significant 
delay in tumor growth (26).

In contrast, in a mouse tumor model, total MDSCs presented 
with a significantly increased glycolytic status, whereas only the 
PMN-MDSC subset used both glycolysis and OXPHOS to produce 
energy (151). In human tumors, glycolytic signatures that include 
lactate dehydrogenase A correlated with high MDSC frequen-
cies (152). Others also reported the correlation of glycolysis with 

MDSCs in cancer (152), but the plasticity of the myeloid compart-
ment likely explains the switch between glycolysis and OXPHOS, 
as reported for other myeloid cells in the TME. This is likely also 
dependent on the stage of cancer development (153, 154).

In TB granulomas, metabolic cues, including nutrient and oxy-
gen gradients, lipid-rich macrophages, and enzymatic products such 
as prostaglandin E2, segregate in distinct zones. Remarkably simi-
larly to solid tumors, granulomas show coordinated upregulation of 
genes encoding enzymes associated with the Warburg effect, stabi-
lization of the master transcription factor HIF-1α, and accumulation 
of lactate in infected lung lesions (155). It is thus likely that alterations 
in MDSC nutrient metabolism and bioenergetic flux in TB and HIV 
also differ across the diverse and dynamic attributes of the tissue 
inflammatory milieu and disease stage (156). How these metabolic 
regulators may affect the course of M. tuberculosis and HIV infection, 
or such metabolic cues modulate MDSC dynamics and function in 
TB/HIV, remains to be evaluated. The bioenergetic features of mac-
rophages affect their propensity to support M. tuberculosis replication 
(143), and this remains unknown for MDSCs.

The metabolic profile of myeloid cells, including MDSCs, 
could also rewire mycobacterial bioenergetic status, and vice 
versa (157). Energy metabolism in mycobacteria has emerged as 
a novel target pathway in discovery of new antibacterials (158). 
An important consideration would thus be the role of MDSCs in 
the metabolic adaptations of M. tuberculosis, notably the impact 
on mycobacterial growth and dormancy (159, 160). Elimination 
of persisting mycobacterial population is essential for combating 
latent and active M. tuberculosis infections.

Models to study MDSC biology
NHP infection with SIV is a widely used model to study MDSCs in 
HIV and HIV–M. tuberculosis coinfection (elaborated on in MDSCs 
in vaccination above; refs. 63, 111, 161, 162). Preliminary data from 
this model show that MDSC suppression in SIV occurs through 
IL-13/TGF-β signaling that inhibits T cell proliferation and effec-
tor functions. Although studies investigating the benefit of TGF 
signaling inhibition during antiretroviral therapy are lacking, it 
is widely accepted that TGF-β overproduction is a major cause of 
both innate and adaptive immune suppression during HIV infec-
tion (163). Therefore, calculated blocking TGF-β could inhibit 
tumor growth or synergize with cancer vaccines (111, 164–167) and 
may offer promise in HIV infection.

In the absence of well-characterized, low-maintenance, easy-
to-handle animal models for HIV, TB, and coinfection, ex vivo 
models serve as good alternatives for studying MDSCs. Using 
PBMCs, such a coculture model was developed from HIV-unin-
fected TB patients (7), and also adapted to model HIV-uninfected 
and -infected individuals with more than 200 CD4+ T cells, to 
demonstrate the expansion and suppressive function of MDSCs 
(11, 15, 168). Such models have demonstrated increased circulat-
ing M-MDSC frequencies in comparison with healthy controls (12, 
15). The limitation of using cryopreserved PBMCs is that mono-
nuclear cells are enriched at the expense of granulocytes and can 
skew findings (13). In HIV-TB coinfection, results suggest that 
comparable surface expression of TLR2 and TLR4 on HLA-DRhi 
and M-MDSC subsets exists in HIV-infected individuals with viral 
suppression, but demonstrate defective signaling in response to 
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evaluating MDSC discoveries and interventions from oncology in 
TB and AIDS should take precedence. Fundamental advancement 
of MDSC research in infections requires development of an MDSC 
program, whereby TB and HIV researchers coordinate research pri-
orities and strategies with those in the cancer field. Such synergy 
and cross-fertilization among disciplines and sectors will be criti-
cal to unlocking the clinical potential and therapeutic translation of 
MDSC research findings from bench to bedside.
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M. tuberculosis antigens through lower quantities of IL-12 p70 and 
TNF-α production (169). These recapitulate observed cytokine 
outcomes in HIV–M. tuberculosis–coinfected individuals, suggest-
ing the reliability of the ex vivo system. The elevated numbers of 
MDSCs measured within lung and bone marrow in mouse models 
of pulmonary TB (88, 170) correspond to findings in patients (7, 
169), thus highlighting the appropriate use of both clinical and ani-
mal models to understand the role of MDSCs in TB. Nonetheless, 
considering the discreet variability in MDSC functions amongst 
subsets and anatomical site, and in TB and HIV, the requirement 
for large-scale and standardized ex vivo production of functional 
MDSC for studies has been suggested.

Future prospects, conclusions,  
and recommendations
Although important contributions and efforts have been undertak-
en to understand MDSCs in TB and AIDS, incomplete knowledge 
about their differentiation, functions, and mechanisms delays clin-
ical utilization of MDSC-based therapeutics. Topics highlighted as 
key research priorities in TB and AIDS include (a) the role of MDSCs 
in TB granulomas; (b) establishing a beneficial balance between 
MDSC-mediated inflammatory suppression/healing and augmen-
tation of effective immunity; (c) determining the abundances and 
functions of MDSC subsets at various anatomical locations across 
infection stages to guide choices and timing of targeted interven-
tions; (d) the role of MDSCs as a pathogen reservoir; (e) delineating 
interactions with other immune cells and mechanisms (miRNAs, 
exosomes, etc.); (f) knowledge regarding epigenetic changes reg-
ulating MDSCs; (g) the use of MDSCs as biomarkers; (h) evaluat-
ing MDSC-directed therapeutic approaches; and (i) exploring the 
manipulation of MDSCs to potentiate vaccine outcomes. Consider-
ing the common pathophysiological mechanisms and perturbations 
in immune pathways and functions shared by cancer and infection, 
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