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Abstract

Myeloid-derived suppressor cells (MDSC) are induced during active TB disease to restore immune
homeostasis but instead exacerbate disease outcome due to chronic inflammation. Autophagy,

in conventional phagocytes, ensures successful clearance of M.b. However, autophagy has been
demonstrated to induce prolonged MDSC survival. Here we investigate the relationship between
autophagy mediators and MDSC in the context of active TB disease and during anti-TB therapy.
We demonstrate a significant increase in MDSC frequencies in untreated active TB cases with
these MDSC expressing TLR4 and significantly more mTOR and IL-6 than healthy controls,

with mTOR levels decreasing during anti-TB therapy. Finally, we show that HMGB1 serum
concentrations decrease in parallel with mTOR. These findings suggest a complex interplay
between MDSC and autophagic mediators, potentially dependent on cellular localisation and M.t
infection state.!
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1. Introduction

Immune protection against tuberculosis (TB) disease is associated with induction of T
helper cell-1 (Th1) and pro-inflammatory immune responses [1]. Endogenous amounts of
proinflammatory cytokines produced locally in the lungs benefit the host by activating
antimicrobial pathways and stimulating tissue repair, whereas uncontrolled release of large
amounts of these mediators, signal the onset of tissue injury [2], [3]. This is a potentially
disastrous scenario that is normally prevented by counter-regulatory mechanisms, evolved
to inhibit cytokine overproduction. One mechanism of innate immune regulation in TB
involves the induction of myeloid-derived suppressor cells (MDSC) [4].

MDSC are classified as immunosuppressive cells of monocytic (M-MDSC;
Lin/HLA-DR!®"/~/CD33*/CD11b*/CD14*/CD15") and granulocytic/polymorphonuclear
(PMN-MDSC; Lin"/HLA-DR!*¥/~/CD33*/CD11b*/CD147/CD15") phenotypes [5], [6],
arising from the immature precursor “early-stage” MDSC subset (e-MDSC; Lin~
(CD3/14/15/19/56)/HLA-DR~/CD33*) [6]. More recently, a new subset resembling
immature eosinophils (Eo-MDSC) were identified in mice infected with Staphylococcus
aureus, and further expanded our knowledge of suppressive granulocytes [7]. These cells
accumulate in response to chronic or excessive inflammatory conditions, such as cancer,
mediating tumour escape through their potent T-cell suppressive functions in the tumour
microenvironment [8], [9].

Detrimental immunosuppressive effects of MDSC are also recognised in infectious diseases,
potentially restricting protective anti-pathogen responses [10]-[13]. We and others have
previously shown that MDSC from individuals with untreated active TB disease exhibit a
potent ability to impair CD4 T-cell homing by targeting their L-selectin expression, reducing
CD4 T-cell cytokine production and reducing CD8 T-cell activation and proliferation [12],
[13]. In cancer, MDSC suppression occurs through production of high levels of arginase-1
(Argl) and inducible nitric oxide synthase (iNOS), resulting in the depletion of L-arginine
which is essential for T-cell proliferation [14]-[16]. Other suppressive mechanisms reported
from the cancer field include production of indoleamine-2,3 dioxygenase (IDO) and TGF--
mediated immunosuppression [17]-[21]. In the context of TB, our previous investigations
suggested minor roles for Arg-1, iNOS and IDO [12], [22].

MDSC-induced suppression in malignancy, through regulation of L-selectin on T-cells,

is mediated by MDSC plasma membrane expression of the enzyme, A Disintegrin And
Metalloproteinase Domain-17 (ADAM-17) [23], [24]. ADAM-17 cleaves the ectodomain
of L-selectin on T-cells, decreasing their ability to home to tumour sites where they would
be activated [23]. Tumor-derived MDSC have demonstrated ADAM-17 expression, and
this expression may be further sustained by the extracellular, damage-associated molecular
pattern (DAMP) and alarmin, high mobility group box 1 (HMGB1), which contributes
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to the downregulation of L-selectin on T-cells [23], [25]. HMGB1 may also act as a

binding partner, inducer and/or chaperone for multiple pro-inflammatory molecules that
drive MDSC expansion, like interleukin (IL)-6 [26], [27]. HMGBL is secreted extracellularly
during cellular stress responses induced through hypoxia or nutrient starvation, or after
exposure of immunocompetent cells to products of pathogenic bacteria, binding to either

the receptor for advanced glycation end products (RAGE) [28], or the toll-like receptors
(TLR)-2 and/or -4 [27]; all shown to be highly expressed on the surface of tumor-derived
MDSC. Binding of HMGBL1 to these receptors activates the NF-xB signalling pathway

and the subsequent production of IL-10 from the induced MDSC. HMGB1 has been
demonstrated to further promote the development of MDSC, and their ability to suppress
antigen-driven activation of T-cells by inducing MDSC secretion of IL-10 and IL-1p [25]. In
addition to regulating MDSC immunosuppressive potential, HMGB1 also prolongs MDSC
survival through the induction of autophagy under conditions of stress, as described in
cancer by many [29]-[37], and is particularly beneficial for the human host during M.t
infection owing to its mechanism of virulent bacterial clearance [38].

The autophagic response is regulated by the mammalian target of rapamycin (nTOR)
pathway a member of the phosphatidylinositol-3 (P1-3)-kinase-related family [28], [39],
[40]. mTOR is regulated by the binding of HMGBL to its receptors (RAGE, TLR2/4),

with binding of HMGB1 facilitating the inhibition of mMTOR and subsequently preventing
the inhibition of the autophagic response [41], [42]. Recently, mTOR has been identified

as a master regulator in cancer cells, driving the expression of tumor-promoting G-CSF

and PMN-MDSC accumulation [35]. Direct MDSC treatment with rapamycin showed
opposing effects on the two MDSC subsets: while PMN-MDSC generation was promoted
by rapamycin [36], M-MDSC generation and function were inhibited [43] likely due to
inhibition of their glycolytic metabolism [41]. In contrast, inhibition of MTOR has been
shown to promote autophagy and increase the viability of bulk CD11b* GR1* MDSC [36].
In addition to this, autophagy has promoted the suppressive capacity of M-MDSC [30],
while in PMN-MDSC autophagy reduced their accumulation and suppression [31]. Thus, the
interplay between mTOR and autophagy and its impact on MDSC shows conflicting results
[44].

The investigation of the mTOR signalling pathway and autophagy has, to our knowledge,
not been done in the context of MDSC during active TB disease. Interestingly, studies
investigating autophagy during M.t infection in general have shown evidence that

both mTOR activation and inhibition may occur depending on the species or strain
virulence in question [45]. In this study we aimed to provide a M.tb infection-specific
description of kinetic changes of circulating MDSC during TB treatment, and specifically
investigate whether the HMBG1-mTOR signalling pathway is linked to MDSC induction
or function. Here we demonstrate the multi-faceted role of the HMGB1 pathway in the
immunosuppressive functioning of MDSC as a means by which their immunosuppressive
functions may be exacerbated/lessened and host control of bacterial invasion inhibited.
Extracellular HMGB1 produced systemically in response to infection has the potential to
bind to one of its receptors, in this case TLR4, which we have demonstrated is expressed

on MDSC. This may subsequently induce the production of proinflammatory cytokines like
IL-6 to further induce MDSC expansion from the bone marrow of the host. Further research
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into this pathway in the context of M.tbinfection and MDSC specifically may hold promise
as unique targets for host-directed therapies.

2. Materials and methods

2.1 Subject enrolment and sample collection

In this study, eligible adult participants (>18 years of age) were selected from two existing
longitudinal multi-centre studies in Cape Town, South Africa — the Concurrent Tuberculosis
and Diabetes: Clinical Monitoring, Microbiological and Immunological Effects of Diabetes
During TB Treatment (TANDEM) study and the ScreenTB study. Newly diagnosed,
untreated active TB disease participants were recruited, and followed-up for 18 months. At
the baseline visit, medical history and clinical examination occurred, followed by routine TB
diagnostic tests: three independent samples of 2ml smear, GeneXpert and MGIT culture,

as well as Chest X-ray and HIV rapid test (finger prick). At month 2 and month 6

follow up, all participants and only TB-case participants respectively, had repeat diagnostic
assessment (medical history and examination, sputum smear, GeneXpert and culture, CXR).
Each participant’s outcome was classified using harmonised case definitions (Table 1), with
treatment response monitored by sputum culture conversion at the month 2 and month 6
time points.

Select participants recruited at diagnosis also had peripheral blood drawn at additional

time points, including two weeks- (W2), one month- (M1), two months- (M2), and six
months (M6) after the initiation of 2HRZE/4HR anti-TB treatment. Non-TB (otherwise
healthy) controls were also recruited, and peripheral blood collected only at the initial visit.
Peripheral blood was collected in either two 9mL sodium heparin tubes (BD Biosciences), or
one 5mL EDTA (BD Biosciences) anti-coagulant tube where available.

2.2 Ethics considerations

Ethics approval (S12/06/163) was obtained from the Health Research Ethics Committee
(HREC) of the Faculty of Medicine and Health Sciences of Stellenbosch University, Cape
Town, South Africa, and the research was performed in accordance with the amended
Declaration of Helsinki. City of Cape Town regional approval and HREC ethics approval
were obtained previously for each of the source cohort studies, and written informed consent
was provided by all participants.

2.3 Whole Blood Lysis

The peripheral blood samples were collected in sodium heparin tubes (BD Biosciences)
and divided for whole blood lysis (1mL), and peripheral blood mononuclear cell (PBMC)
isolations (remainder ~16mL). Erythrocytes were lysed using FACS lysing solution (BD
Biosciences, San Jose, CA) to enumerate whole blood cell frequencies. Briefly, ImL of
peripheral blood was lysed with 9mL FACS lysing solution (1:10 as per instructions) for 20
minutes in the dark at room temperature (RT). Cells were then pelleted at 400 x g for 10
minutes and washed twice with 10mL 1X phosphate buffered saline (PBS). Washed cells
were pelleted, suspended in 200pl 1X PBS and stored at 4°C prior to analysis by flow
cytometry.
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2.4 Peripheral Blood Mononuclear Cell Isolation and Cell enrichments

PBMC were isolated from peripheral blood by centrifugation using density gradient
medium (Histopaque-1077; Sigma Chemical Co., St. Louis, MO). Cells were counted

and the viability determined to be >90% by Trypan Blue exclusion method. PBMC were
then used to enrich for MDSC using the MACS® (magnetically activated cell sorting)
MicroBead Isolation technique (Miltenyi Biotec, Cologne, Germany) according to the
manufacturer’s instructions. Briefly, PBMC were pelleted by centrifugation and stained with
CD3 Microbeads (130-050101) by adding 20pl of Microbeads and 80ul (per 1x107 cells)
MACS buffer (containing 1XPBS, 2mM EDTA and 0.5% bovine serum albumin (BSA))

for 15 minutes (4°C). Cells were then washed with 1ml (per 1x107 cells) MACS buffer

and centrifuged at 300 x g for 10 minutes. Resuspended cells (500ul MACS buffer) were
then separated using a column surrounded by a magnetic field, with the CD3 negative
(unlabelled) and CD3 positive (labelled) fractions being collected into separate sterile 15ml
Falcon tubes. The CD3 negative fraction was then used to enrich for HLA-DR negative

cells using anti-HLA-DR Microbeads (130-046-101) and the method described above. The
HLA-DR negative (unlabelled) fraction was collected in a sterile 15ml Falcon tube and used
to enrich for CD33 positive cells using CD33 MicroBeads (130-045-501) and the same
method described above. The CD33 positive (labelled) fraction was collected and represent
the enriched MDSC population, with a final enriched phenotype of CD3"HLA-DR~CD33".
Enriched MDSC were then either used for stimulation assays or cryopreserved in cryomedia
consisting of 90% fetal bovine serum (FBS; HyClone, GE Healthcare Life Sciences, Illinois,
USA) and 10% dimethyl sulfoxide (DMSO; Sigma-Aldrich Co., St. Louis, MO) and stored
in liquid nitrogen until later batch-analysis of cellular phenotypes by flow cytometry.

2.5 MDSC Stimulation with purified protein derivative (PPD)

The cytokine profile of MDSC stimulated with M.zb-specific proteins was assessed in
culture using PPD. Enriched MDSC (2x10° MDSC per well) from each participant were
cultured in a 96-well round-bottom culture plate for 48 hours under two stimulatory
conditions: (i) unstimulated and (ii) stimulated with PPD (10ug/ml) in a total volume of
200pl complete RPMI-1640 supplemented with 1% L-glutamine (Sigma-Aldrich, St Louis,
Missouri, USA), 2% FBS. Following the 48-hour incubation, supernatants were harvested
and stored at —80°C until use in Luminex immunoassays, and the cells cryopreserved in
cryomedia and stored in liquid nitrogen.

2.6 Flow cytometry

Phenotypes of enriched MDSC were analysed by flow cytometry in batches. For this,

cells were thawed in a water bath set to 37°C and transferred to 10ml pre-warmed

complete RPMI-1640. Cells were washed twice in 10ml pre-warmed complete RPMI-1640,
centrifuging at 250 x g for 10 minutes between washes. Cell counts and viability were
determined using a haemocytometer and the trypan blue exclusion method, and then fixed
with 4% paraformaldehyde (PFA) for 10 minutes in the dark (RT) and washed with 1X
PBS. Cells were then pelleted and stained with conjugated antibodies (volume per reaction:
50ul), purchased from BD Biosciences, for 30 minutes in the dark (RT). The surface
marker antibodies included: CD3 APC-Cy7 (clone: SK7), CD14 PE (clone: M*P9), CD15
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BV510 (clone: W6D3), CD11b PerCP-Cy5.5 (clone: M1/70), CD33 PE-Cy7 (clone: P67.7),
HLA-DR APC (clone: L243), and TLR4 BV421 (clone: TF901).

To determine the number of MDSC expressing mTOR, fixed and lysed whole blood samples
were stained with antibodies against intracellular and surface proteins for 30 minutes in the
dark (RT) and washed as per manufacturer’s instructions. Cells were permeabilised using
the eBioscience™ Intracellular Fixation and Permeabilization Buffer set (catalogue number:
88-8824; eBioscience, Thermo Fisher Scientific, Massachusetts, United States) according

to the manufacturer’s instructions. Surface markers included: (1) LIN1-FITC (lineage
marker 1 cocktail contains CD3, CD14, CD16, CD19, CD20, and CD56; used as exclusion
marker), (2) CD33-PE (clone: P67.6), (3) HLA-DR-V500 (clone: G46-6), (4) CD15V450
(clone: MMA), and (5) CD11b-APC-Cy7 (clone: ICRF44); while (6) phosphorylated-mTOR
(Ser2448)-PerCP (clone: MRRBY) was intracellular.

Cell acquisitions were performed on a FACS Canto Il (BD Biosciences, New Jersey,

USA). Instrument calibration was performed according to manufacturer’s instructions

and compensation settings adjusted using antibody-capture beads (CompBeads, BD
Biosciences). Data was analysed using FlowJo v10 software (Oregon, USA). After
excluding doublet populations, lymphocytes were selected using the FSC-A vs SSC-A gates,
followed by the selection of the CD3 and HLA-DR double negative population. CD33

and CD11b double positive (total MDSC; CD3/HLA-DR!°W/~/CD33*/CD11b*) populations
were then selected, from which either CD14 (M-MDSC; CD3/HLA-DR!W/~/CD33*/
CD11b*/CD14*/CD157) or CD15 (PMN-MDSC; CD37/HLA-DR!°"/~/CD33*/CD11b*/
CD147/CD15%) positive populations could be gated on. Single gates were then used to
detect TLR4 expression on either the M-MDSC (CD14*/TLR4") or PMN-MDSC (CD15"/
TLR4") populations. For the gating of lysed whole blood samples for the detection of
mTOR expression, the same gating strategy was used, except for lymphocytes first being
gated on the LIN1 negative population, instead of the CD3 negative population. Single

gates were used to detect phosphorylated-mTOR expression in either the M-MDSC (CD14*/
phospho-mTOR™) or PMN-MDSC (CD15*/phospho-mTOR™) populations.

2.7 HMGB1 and ADAM17/TACE ELISA assays

From the subset for which venous blood was collected into EDTA anti-coagulant tubes, the
tubes were immediately centrifuged for 15 minutes at 1000 rpm (RT). The isolated plasma
was then stored at —80°C until later batch analysis. The plasma samples from the patients
and controls were routinely diluted 1:4 to assess the protein levels of ADAM17 (Abcam),
and likewise diluted 1:50 to assess the protein levels of HMGB1 (Abcam) by commercial
ELISA according to the manufacturer’s instructions. The OD values were measured using an
automatic microplate reader at 450 nm. The concentration of samples was calculated using a
log-log curve by regression/fit calculation program.

2.8 Multiplex cytokine assay

The Luminex immunoassay platform (Luminex, Bio Rad Laboratories, Hercules, CA,
USA) using a MILLIPLEX® multiplex kit (MERCK MILLIPORE, Darmstadt, Germany)
was used for detection and quantification of the following cytokines: IL-6, IL-8, IL-10,
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granulocyte-macrophage colony—stimulating factor (GM-CSF), macrophage inflammatory
protein-1 alpha (MIP-1a), MIP-1B, monocyte chemotactic protein-1 (MCP-1), and
interferon inducible protein (IP)-10 produced by MDSC in the presence/absence of PPD.
Cytokine measurements were analysed using Bio-Plex Manager v.4.1.1. software (Bio-Rad,
Richmond, CA) against internal quality controls and serial dilutions of cytokine standard
curves prepared according to manufacturer’s instructions.

2.9 Statistical Analysis

All data were statistically analysed using GraphPad Prism version 8.0 (GraphPad Software,
San Diego, CA, USA), and a p-value of < 0.05 was considered statistically significant. The
D’Agostino & Pearson Omnibus test for normality was used to determine the distribution of
the datasets, after which the appropriate statistical tests were performed and outlined in the
results.

3. Results

3.1 M-MDSC frequencies are elevated in PBMC from TB patients and return to
frequencies comparable with healthy controls following successful TB treatment.

Total MDSC and major subtype frequencies in the PBMC of patients with active TB disease
have previously been assessed in small sample populations with inconsistent means of
characterising this innate population of myeloid cells [12]. In this study, the frequencies of
total MDSC (CD3 /HLA-DR!*"W/~/CD33*/CD11b*), and the two dominant MDSC subtypes
(MMDSC: CD3/HLA-DR!*¥~/CD33*/CD11b*/CD14*/CD15; and PMN-MDSC: CD37/
HLADR!*W/~/CD33*/CD11b*/CD14~/CD15%) were compared in PBMC from participants
with active TB disease (n = 38) at the time of diagnosis (Figure 1a) and in healthy

controls (n = 10; Figure 1b). No differences were observed between their total MDSC

and M-MDSC frequencies (p = 0.3719 Figure 1a; p = 0.6842 Figure 1b), however there
were significantly fewer PMN-MDSC compared to total MDSC (p < 0.0001), as well as
M-MDSC (p < 0.0001) (Figure 1a and Figure 1b) demonstrating a potential M-MDSC
dominance within the PBMC compartment of patients with active TB disease as well as in
healthy controls. We then investigated the differences in frequencies of total MDSC and the
major subtypes between patients with active TB disease and healthy controls. Total MDSC
frequencies (Figure 1c; p = 0.0161), M-MDSC frequencies (Figure 1d; p = 0.0496), and
PMN-MDSC frequencies (Figure 1e; p = 0.0003) in PBMC were observed to be upregulated
in participants with active TB disease at the time of diagnosis compared to frequencies
observed in healthy control participants. Based on these observations, M-MDSC are the
dominant subset in the PBMC compartment.

MDSC induction and accumulation is known to be associated with chronic inflammation
that occurs during active TB disease [12], [13]. However, no studies have assessed the
change in MDSC frequencies over the course of anti-TB treatment. Owing to the previous
observation that the M-MDSC subtype is dominant within the PBMC compartment,
longitudinal analyses of this subtype were performed in adult active TB cases. Using paired
samples where available, frequencies were investigated at the time of diagnosis/baseline
(BL; n = 21), week two following treatment initiation (W2; n = 21), one month (M1; n
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= 24), two months (M2; n = 24), and six months (M6; n = 23) after treatment initiation

and compared to healthy controls (HC; n = 16). The longitudinal analysis revealed that
M-MDSC frequencies were significantly upregulated at the time of diagnosis compared to
the frequencies observed in healthy controls (p = 0.001), and dropped significantly by the
M2 time point (p = 0.0004), as well as by the M6 time point (p = 0.0028) to levels similar

to those seen in healthy controls by the end of treatment (Figure 1f), strongly suggesting that
the point at which these cells return to normal levels following the initiation of treatment

is likely around the month 2 time point. Taken together, these data show that MDSC are
elevated in TB patients at diagnosis and return to frequencies comparable with healthy
donors at month 6, following successful treatment.

3.2 MDSC upregulate IL-6 following Purified Protein Derivative (PPD) stimulation.

In cancer, various cytokines have been demonstrated to enhance MDSC expansion (IL6 and
TNF-a [46]) and mediate their immunosuppressive functions (IL-10 and TGF-B) [47], [48]).
These cytokine functions have recently been demonstrated to be synonymous with MDSC
functions during active TB disease [10], [12]. To investigate which suppressive mediators
are released by MDSC isolated from active TB patients, this study performed a stimulation
experiment using PPD to determine whether mycobacterial proteins are sufficient to induce
these mediators. Enriched MDSC isolated from the PBMC compartment of participants with
active TB disease were cultured and stimulated with or without M.#6 PPD. Supernatants
were harvested after the 16 hour culture period, and the production of twelve extracellular
cytokines were assessed using the Luminex immunoassay platform to compare differences
in cytokine production between PPD-stimulated (n = 20) and unstimulated MDSC (n = 25);
these included IL-6 (Figure 2a; p = 0.0011), IL-8 (Figure 2b; p = 0.8893), IL-10 (Figure 2c;
p = 0.545), MCP-1 (Figure 2d; p = 0.2132), MIP-1a (Figure 2e; p = 0.6613), MIP-1b (Figure
2f, p = 0.6704), GM-CSF (Figure 2g; p = 0.8029), and IP-10 (Figure 2h; p = 0.4718).
MDSC display no difference in cytokine responses following PPD-specific stimulation,
except for IL-6, which was significantly upregulated (Figure 2c). It is generally accepted

in literature that MDSC are unable to be isolated from healthy donors due to them not
having a chronic inflammatory condition or are found in incredibly low numbers in healthy
controls recently exposed to M.t (tuberculin skin test positive) [4], [12]. For these reasons,
this experiment was not conducted with MDSC from healthy volunteers. As observed in

this study, the frequency of MDSC from healthy controls are significantly lower than that

of TB patients (Fig 1c—e) and this posed a significant challenge in terms of adequate cell
numbers when trying to conduct the above-mentioned experiment, as equal cell numbers
were required for appropriate comparison, and is therefore a limitation of this study.

3.3 HMGBL1], but not ADAM17, is significantly downregulated following anti-TB therapy.

HMGBL, a secreted DAMP, has been demonstrated to drive the differentiation of MDSC
within the bone marrow, and enhance their immunosuppressive effects through the induction
of IL-10 [25]. This study, and others, was performed in the context of cancer, while

no previous research has specifically investigated M.z infection-specific production of
HMGB1 and its role in MDSC [25], [36], [49], [50]. While the expression of ADAM17 on
the surface of MDSC is well known, again it has not been investigated in the context of
active TB disease, although its function is expected to be synonymous with that of cancer.
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Expression levels of HMGB1 and ADAM17 were therefore evaluated in serum of people
with active TB disease (n = 20) at the time of diagnosis/baseline (BL), one month (M1) and
six months (M6) after the initiation of treatment. While high levels of both proteins were
measured at diagnosis, baseline levels of only HMGBL1 protein (Figure 3a) diminished at
the M1 (p = 0.0124) and M6 (p = 0.0278) time points. Longitudinal analysis of ADAM17
protein (Figure 3b) showed no difference between any of the investigated time points
following TB treatment initiation. This downregulation of HMGB.1 production corresponds
with the downregulation of MDSC frequencies longitudinally over the course of anti-TB
treatment (Figure 1f).

3.4 TLR4 expression on MDSC is significantly upregulated at TB diagnosis.

HMGB1 stimulates pro-inflammatory cytokine production in one of three ways: (1) through
binding to the RAGE receptor, (2) binding to the TLR2 and/or TLR4 receptors, and (3)
through DNA transcription in the nucleus. As mentioned previously, both RAGE [28] and
TLR2/4 [37], [51] have been demonstrated to be expressed on the surface of MDSC. This
study therefore aimed to investigate the expression of TLR4 specifically, in the hopes

of delineating the relationship between HMGB1 and MDSC in the context of active TB
disease. In this study, the frequency of TLR4-expressing MDSC was investigated in patients
with active TB disease (n = 18) and in healthy controls (n = 10), and isolated CD14+
monocytes (n = 12) were used as a control cell population owing to the phenotypic
similarities between conventional monocytes and M-MDSC, and the observation that the
total MDSC population consisted mostly of MMDSC. The frequency of TLR4-expressing
MDSC did not significantly differ between the two patient groups (Figure 4a; p = 0.0735),
nor was there a significant difference between the monocyte control population and total
MDSC (Figure 4b; p = 0.8667). There was, however, a significant upregulation of the
median fluorescent intensity (MFI) of TLR4-expressing MDSC isolated from patients with
active TB disease compared to healthy controls (Figure 4c; p = 0.0439). Unfortunately, the
MFI of TLR4-expressing total MDSC and control monocytes showed no significant changes
(Figure 4d; p = 0.2028). Where frequencies of MDSC expressing TLR4 demonstrate the
number of MDSC expressing TLR4, the MFI is a measure of how many receptors are on

a given cell. Therefore, while TLR4-MDSC and —-monocyte control population frequencies
do not significantly differ, it is reasonable to suggest that the MDSC cellular compartment
expresses more of these receptors on their surface, thereby allowing for enhanced binding of
ligands such as HMGBL1.

3.5 MDSC showing mTOR phosphorylation are enriched at TB diagnosis and decrease
with TB treatment.

HMGB1 is known to enhance MDSC development and function, and may prolong MDSC
survival by driving the autophagy process within these cells [36]. Under nutrient-starved
conditions, HMGB1 binds to its receptors (RAGE, TLR2/4) signalling the inhibition of
mTOR which subsequently initiates the autophagic response [39], [52]-[54]. Contrastingly,
under nutrient-rich conditions, mTOR remains active and inhibits autophagy. Additionally,
increased mTOR phosphorylation has been described as a marker for M-MDSC in the blood
of tumor patients [43]. For this reason, the expression of intracellular phospho-mTOR was
investigated in MDSC using flow cytometry.
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Longitudinal analysis of phospho-mTOR™ total MDSC from the peripheral blood of patients
with active TB disease at the time of diagnosis/baseline (BL; n = 15), week two following
treatment initiation (W2; n = 14), one month (M1; n = 13), two months (M2; n = 9),

and six months (M6; n = 13) after treatment initiation, were compared to healthy controls
(HC; n=4) using intracellular staining and flow cytometry. The MFI of phosphor-mTOR
expression on total MDSC was assessed and no significant differences were observed across
the period of anti-TB treatment from baseline to end of treatment. There was a single
significant difference, however, between the week 2 and month 2 after treatment initiation
time points (Figure 5a; p = 0.0109). In contrast, the absolute number of total MDSC
expressing phospho-mTOR demonstrated a significant upregulation at the time of active TB
disease diagnosis compared to healthy controls (Figure 5b; p = 0.0477 and Figure 5¢c; p =
0.039), and longitudinal analyses demonstrated the same downregulation over the course of
anti-TB treatment as seen in total MDSC frequencies (Figure 1f) and total HMGB1 serum
concentration (Figure 3a). Interestingly, after one month of anti-TB treatment, the number of
phospho-mTOR* MDSC showed a significant decrease compared to baseline (Figure 5b; p =
0.0257 and Figure 5c¢; p = 0.0097), raising the potential of this measurement for downstream
investigations into biomarkers of treatment response. By the end of anti-TB treatment,

the number of phospho-mTOR* MDSC were significantly reduced compared to baseline
(Figure 5b; p = 0.0026 and Figure 5c; p = 0.0048) and were similar to levels observed for
healthy controls. These observations were consistent with the overall frequency of phosphor-
mTOR-expressing MDSC as a percentage of all cells analysed in whole blood (Figure 5c).
Considering these results, MDSC isolated from patients with active TB disease prior to

the initiation of anti-TB therapy express significantly more phospho-mTOR, indicative of a
non-autophagic phenotype, possibly promoting bacterial survival.

4. Discussion

MDSC are a heterogeneous population of myeloid cells with strong immunomodulatory
suppressive functions driven by excessive inflammation. Largely studied in cancer models,
MDSC research in infectious diseases is showing great promise for host-directed therapeutic
targets, as well as for improving our understanding of host responses to M.zb infection. In
this study, the frequencies of MDSC from the PBMC compartment were investigated in
patients with confirmed active TB disease and compared to otherwise healthy participants.
Consistent with the literature, we observed a significantly larger population of MDSC

in patients with active TB disease compared to healthy controls, with the predominant
subset being M-MDSC in both participant groups [12], [22]. Recent advances in the cancer
field have demonstrated that MDSC are more accurately measured in PBMC rather than
whole blood and that phenotypic characterization using whole blood can lead to a gross
overestimation of the PMN-MDSC subset particularly due to the shared CD15 marker
with conventional neutrophils [55]. As such, previous research using active TB patient
samples investigated the frequencies of MDSC in whole blood and not PBMC, making

our study a unique investigation [12], [22], [56]. We observed the M-MDSC subset to

be dominant, with little-to-no detection of PMN-MDSC, both in the context of active
disease and healthy controls. But, this observation is likely not an accurate reflection of
PMN-MDSC frequencies as it has been shown that PMN-MDSC do not readily survive the
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process of cryopreservation which was necessary post-isolation for the storage and batch
analysis of these samples, and this is considered a limitation of the study [57]. Future studies
should evaluate these frequencies using fresh samples which have not been cryopreserved.

The point at which MDSC frequencies change over the course of anti-TB treatment has

not been characterised. We have previously demonstrated a reduction in MDSC frequencies
between the time of diagnosis and the end of successful anti-TB treatment [12] however, this
study used multiple longitudinal timepoints to further characterise the point at which there is
a reduction in MDSC frequencies. We demonstrated that while there is a non-significant
reduction in frequencies soon after treatment initiation (week two and month one), a
significant reduction can be observed in the second month (Figure 1f). This significant
decrease prior to the six-month treatment endpoint holds promise for mechanistic insights
into disease resolution within TB patients.

MDSC also hold promise as targets for host-directed therapies owing to the
immunomodulatory properties of these cells. Knaul ef a/. demonstrated in a murine model
of M.tbinfection that MDSC can phagocytose M.tb and subsequently secrete the cytokines
IL-10, IL-6, and IL-1a to elicit their immunosuppressive functions [10]. Toll-like receptors
-2 [51] and —4 [58], [59] appear to play a crucial role in MDSC functions during M.tb
infection, likely during the uptake of M.#binto the cytosol of MDSC and also facilitating
the activation of molecular pathways leading to the secretion of cytokines, like IL-6

and IL-10, and immunosuppressive effector functions. While the production of IL-10 in
this study was not significant in PPD stimulated MDSC, the production of IL-6 was
significantly increased in PPD stimulated MDSC, however, this was not a convincing
incremental increase (Figure 2). This suggests that the MDSC investigated during this
study had lower immunosuppressive potential than MDSC studied for example at the
tumour site. In cancer it has been suggested that tumour infiltrating MDSC demonstrate

a stronger immunosuppressive capacity than their circulatory counterparts owing to their
drive to differentiate into tumour-associated macrophages (TAMs) which are highly
immunosuppressive [60], thereby suggesting that those MDSC found in circulation during
active TB disease may also display lessened immunosuppressive potentials compared to
MDSC from the site of disease.

A known regulator of MDSC function both in the circulation and at the tumour site,
HMGB1, was demonstrated in this study to be upregulated in patients with active TB
disease suggesting the potential activation of autophagic pathways within host phagocytes
associated with chronic M. b infection. This upregulation was longitudinally downregulated
during anti-TB therapy, suggesting that as the host environment becomes less inflammatory
in response to a lower bacterial burden, so too does the release of DAMPs like HMGB1
lessen. This would, by definition, reduce the expansion of the MDSC subset within the host,
as observed in Figure 1f. Mechanistically, HMGB1 has a multifaceted role in the regulation
of MDSC: (1) HMGB1 can induce the production of pro-inflammatory cytokines like 1L-10
and IL-6 after binding with the RAGE or TLR2/4 receptors, thereby inducing the NF-xB
signalling pathway specifically to enhance the immunosuppressive activities of MDSC,
significantly reducing T cell activation and expansion [25], [61], [62]; and contrastingly

(2) HMGBL1 can induce the autophagic pathway in MDSC to ensure prolonged survival

Cell Immunol. Author manuscript; available in PMC 2022 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Kotze et al.

Page 12

while reducing immunosuppressive activity on T cell functions [36], [63][25], [36]. Based
on our evidence, we propose that HMGBL plays a crucial role as a modulator of MDSC
function depending on the environmental conditions present and other contributing factors
like the receptor being bound on the surface of MDSC. We have demonstrated in this

study that MDSC enriched from active TB patients do indeed express TLR4, one of the
receptors to which HMGBL binds to initiate the NF-xB signalling pathway. Considering
the knowledge that HMGB1 may bind multiple different receptors and thus initiate various
pathways as a result, we speculate that there may be a difference in the immunosuppressive
functions of MDSC in circulation (a more autophagy-driven response) compared to MDSC
at the site of disease (a more immunosuppressive response), possibly driven by specific
HMGB1 receptor binding. With our results at hand, it is possible to speculate that the
MDSC investigated during this study specifically may well have adopted such an autophagic
phenotype considering their origin and the lack of convincing pro-inflammatory cytokine
upregulation. Future work should consider the investigation and comparison of MDSC from
the periphery and the site of disease to establish the possibility of this being true.

A limitation of this study is that the continuous expression of ADAM17 over the course of
anti-TB treatment did not correspond with the downregulation of MDSC frequencies over
the course of anti-TB treatment as would be expected; however, it is prudent to consider
that the responses seen in Figure 3a and Figure 3b, while M.tb infection-specific, are not
MDSC-specific as these proteins were measured using whole blood plasma. It would be
interesting for future studies to investigate the MDSC-specific production of ADAM17,

as well as the release of its ligand CD62L from co-cultures of MDSC and T-cells in

the context of active TB disease. While the infection of MDSC with live M.#b strains

was not specifically evaluated in this study, they would be important for future works. In
concordance with this, the HMGB1 responses seen in this study were not MDSC-specific,
while the cytokine responses, like those for IL-6, were. For this reason, we were unable to
draw parallels between the production of these two proteins in this study. We do suggest that
this be an important consideration for future work to validate the proposed mechanism.

Lastly, our study also demonstrated increased numbers of MDSC expressing the
phosphorylated autophagy inhibitor, mTOR, in active TB patients. The expression of this
protein coincides with the upregulation of HMGB1 (autophagy activator) prior to the
initiation of anti-TB treatment, with both protein levels significantly dropping over the
course of treatment. While these results may seem somewhat contradictory, it is important
to keep in mind that the population of MDSC investigated during this study may have
contained subsets in various stages of their life cycle, i.e., early-stage MDSC which had
just recently been recruited from the bone marrow, activated subsets which had entered

the periphery after pathogen exposure and/or uptake at the site of disease, or long-lived
subsets which may patrol the periphery as a result of excessive chronic inflammation.
Based on the literature and the findings from this study, the results may represent a mixed
population of MDSC at various stages in their life cycle. It is reasonable to suggest that
the upregulation of HMGB1 may be representative of MDSC subsets which have adopted
an autophagic phenotype, not producing the usual immunosuppressive cytokines like IL-10
and IL-6 (as evidenced by our results) and thereby promoting MDSC survival; while the
upregulation of phospho-mTOR may be specific to immunosuppressive MDSC which may
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then be found to be infected with M.zb. Thus, we propose that during chronic infection

with M.tb, host-protective anti-inflammatory pathways are modified by the bacteria to
promote pathogen survival within the phagocytic MDSC (Figure 6). Specifically, M.tb
promotes phospho-mTOR within M-MDSC, inhibiting autophagy and thereby enhancing

the immunosuppressive properties of M-MDSC as shown before [43], and promoting
pathogen survival. This hypothesis is further supported by previous work which has
demonstrated that autophagy is important for restriction of intracellular bacterial growth,
with subsequent knock-out experiments of the crucial autophagy-related protein, Atg5,
resulting in significantly increased M.tb bacterial burdens, inflammation, and IL-1 levels in a
murine model [64]-[67].

Conflicting evidence exists with regards to the role of autophagy, and even the HMGB1
signalling pathway, in MDSC function and control [36], [68], [69]. Disease-specific
signalling pathways activated in response to the host environment should first be validated
based on the disease being investigated, as data from this research has demonstrated that
specific MDSC subsets and disease-specific effector functions can differentially control
various induction and activation signals of MDSC. Autophagy, like other anti-inflammatory
pathways including those mediated by MDSC, physiologically function to limit excessive
pro-inflammatory responses in the host during infection to prevent tissue damage and
pathology. The importance of a strictly balanced pro- and anti-inflammatory immune
response to efficiently control, clear and recover from invading pathogens has long been
stressed [70], and autophagy has been shown to have potential as a host-directed therapy
(HDT) target for M.tb infection [71]. However, the necessity for strict immune control
raises an important question for future studies, as well as for application in medical practice
considerations: at what point during infection/the immune response should host-directed
therapies be administered/activated?

To conclude, we have demonstrated that MDSC isolated from the PBMC compartment of
the blood of patients with active TB disease are significantly elevated prior to the initiation
of anti-TB therapy and return to frequencies comparable to those of healthy controls after
two months of therapy. Prior to the initiation of anti-TB therapy, these MDSC produce

IL-6 in response to PPD stimulation, albeit in low levels, and express the TLR4 receptor in
significantly larger proportions to healthy controls. The DAMP, HMGBL, is downregulated
during anti-TB therapy suggesting a reduction in autophagic responses in response to control
of bacterial infection, preventing the prolonged survival of MDSC and further suggesting
the restoration of immune homeostasis. The number of MDSC expressing phospho-mTOR
was significantly upregulated prior to the initiation of anti-TB therapy, and declined over
the course of treatment, suggesting an MDSC-specific inhibition of the autophagy pathway
in M.tb-infected M-MDSC specifically and the possible exacerbation of MDSC suppressive
functions as a direct result. Taken together, the PBMC compartment contains MDSC in
various stages of the life cycle, with indications that prolonged MDSC survival is being
driven and possibly prioritised in the periphery before the initiation of anti-TB treatment,
and indications that autophagy is being inhibited in those cells that are potentially entering
the periphery from the site of infection and which are infected with M.zb. In this way, we
propose a mechanism by which M.#6 bacilli may persist and evade the host’s protective
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immune responses, but future studies should be directed at validating these findings in a
more functional manner using knockouts.
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Highlights
. MDSC frequencies in TB patients are significantly increased before
treatment.
. MDSC frequencies returned to healthy control levels after two months of
treatment.

. MDSC from TB patients express significantly increased phospho-mTOR,

TLR4, and IL-6.

. The expression of phospho-mTOR on MDSC decreased during anti-TB
treatment.

. HMGB1 serum concentrations decrease in parallel with phospho-mTOR.
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Figure 1:

Myeloid-derived suppressor cells (MDSC) are enriched in peripheral blood mononuclear
cells (PBMC) of participants with active TB disease compared to healthy controls, with the
monocyte-like subset (M-MDSC) being the dominant subset compared to the granulocytic-
type subset (PMN-MDSC). (a) The percentage of total PBMC for total MDSC, M-MDSC
and PMN-MDSC subsets were compared in participants with active TB disease (n = 38)

at the time of diagnosis and (b) in Healthy Controls (n = 10). (c) Total MDSC frequencies
(p =0.0161), (d) M-MDSC frequencies (p = 0.0496), and (e) PMN-MDSC frequencies

(p = 0.0003) in PBMC were ohserved to be upregulated in participants with active TB
disease (n = 38) at the time of diagnosis compared to frequencies observed in healthy control
participants (n = 10). (f) Longitudinal M-MDSC frequencies in adult active TB disease
cases. M-MDSC frequencies were investigated at the time of diagnosis/baseline (BL; n =
21), week two following treatment initiation (W2; n = 21), one month (M1; n = 24), two
months (M2; n = 24), and six months (M6; n = 23) after treatment initiation and compared
to healthy control participants (n= 16). Frequencies were determined using the FACS Canto
Il flow cytometer, and the third-party software FlowJo. D’ Agostino & Pearson Omnibus test
for normality was used to determine the distribution of the datasets: Kruskal-Wallis tests (a
& b), Mann-Whitney tests (c-e), and a one-way ANOVA with Tukeys post-hoc test (f) were
used where appropriate. Error bars represent the median and range. ***P < 0.001; **P <
0.01; *P < 0.05; ns: not significant.
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The production of twelve extracellular cytokines were assessed using the Luminex
immunoassay platform to compare differences in production between PPD-stimulated (n

= 20) and unstimulated MDSC (n = 25). D’Agostino & Pearson Omnibus test for normality
was used to determine the distribution of the datasets, after which the statistics used for

the cytokines IL-6 and MIP-1a were parametric (unpaired t-test), and the statistics used for
the remaining cytokines were non-parametric (MannWhitney test). Error bars represent the
median and range. ***P < 0.001; **P < 0.01; *P < 0.05; ns: not significant.
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Figure 3:
Expression levels of (a) HMGB1 and (b) ADAM17 were evaluated using the ELISA

platform in serum of participants with active TB disease (n = 20) at the time of diagnosis/
baseline (BL), one month (M1) and six months (M6) after the initiation of treatment.
D’Agostino & Pearson Omnibus test for normality was used to determine the distribution
of the protein data, after which the statistics used for HMGB1 were parametric (repeated
measures one-way ANOVA and Tukey’s test for multiple comparisons), while the statistics
used for ADAM17 were non-parametric (Friedman test and Dunn’s test for multiple
comparisons). Error bars represent the median and range. ***P < 0.001; **P < 0.01; *P

< 0.05; ns: not significant.
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Figure 4:

Myeloid-derived suppressor cells derived from the peripheral blood mononuclear cells of
adult participants with active TB disease express Toll-like Receptor 4 (TLR4). (a) The
frequency of TLR4-expression on MDSC from active TB disease participants (n = 18) and
healthy control participants (n = 10). (b) TLR4 expression on total MDSC (n = 18) and
control monocyte populations (n = 12). (c) The median fluorescent intensity (MFI) of TLR4
expression on MDSC from participants with active TB disease compared to healthy control
participants; as well as (d) the MFI of TLR4 expression on control monocytes and total
MDSC. Frequencies were determined using the FACS Canto Il flow cytometer, and the
third-party software FlowJo. Error bars represent the median and range, while the whiskers
represent the 5th-95th percentiles. ***P < 0.001; **P < 0.01; *P < 0.05; ns: not significant.
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Longitudinal phospho-mTOR+ MDSC cell numbers measured in the peripheral blood
(whole blood) of adult, active TB disease cases. mTOR+ total MDSC cell numbers were
investigated at the time of diagnosis/baseline (BL; n = 15), week two following treatment
initiation (W2; n = 14), one month (M1; n = 13), two months (M2; n = 9), and six months
(M6; n = 13) after treatment initiation and compared to healthy control participants (n= 4).
(a) The median fluorescent intensity of phosphor-mTOR, (b) absolute cell numbers, and (c)
frequency of phosphor-mTOR-expressing MDSC as a percentage of all cells (from whole
blood) were assessed and determined using the FACS Canto Il flow cytometer, and the
third-party software FlowJo. D’ Agostino & Pearson Omnibus test for normality was used to
determine the distribution of the flow cytometry data, after which the statistics used were
parametric (one-way ANOVA and Tukey’s multiple comparison test). Error bars represent
the median and range. ***P < 0.001; **P < 0.01; *P < 0.05; ns: not significant.
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Figure 6:
Proposed mechanism for how MDSC utilise the regulatory factor, HMGB1, to control their

effector functions depending on the environmental need after binding to the receptor TLR4.
(a) Conventional phagocytes inhibit mTOR through the binding of HMGB1 to TLR4 (and
other receptors like TLR2 and RAGE), allowing for the fusion of the lysosome to the
autophagosome and subsequent Killing of the bacteria. (b) M.t6-infected MDSC (likely
found predominantly at the site of disease) on the other hand, increase the production of
mMTOR, thereby inhibiting the autophagy process and prohibiting the lysosome fusion to
the autophagosome, harbouring the bacteria from killing mechanisms. Pro-inflammatory
cytokines, like 1L-6, produced during this process induce expansion of MDSC. (c)
Uninfected MDSC (likely found predominantly in circulation) make use of HMGB1 in an
alternate manner to induce autophagy within the cells. The induction of autophagy prolongs
the survival of these cells while limiting their suppressive potential.
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Table 1:

Classification criteria of participants based on combinations of clinical and microbiological findings.

Classification:

Definition:

Definite TB

2 positive sputum cultures, or 1 positive culture and CXR suggestive of TB.

Probable TB

2 positive smears or 1 culture, without documented CXR

evidence, but symptoms responding to TB treatment, or 1 positive smear with CXR consistent with PTB.

Questionable diagnosis

Positive smear(s), but no other supporting evidence, or CXR suggestive of TB, but no other supporting evidence.

No TB

Negative cultures, negative smears, negative CXR leading to an alternate diagnosis.
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