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Tuberculosis (TB) has tremendous public health relevancét most frequently affects
the lung and is characterized by the development of unique dsue lesions, termed
granulomas. These lesions encompass various immune popuians, with macrophages
being most extensively investigated. Myeloid derived suppssor cells (MDSCs) have
been recently identi ed in TB patients, both in the circuldbn and at the site of infection,
however their interactions withMycobacterium tuberculosis (Mtb) and their impact on
granulomas remain unde ned. We generated human monocytic SCs and observed
that their suppressive capacities are retained upomMtb infection. We employed anin
vitro granuloma model, which mimics human TB lesions to some extenwith the aim
of analyzing the roles of MDSCs within granulomas. MDSCs alted the structure of and
affected bacterial containment within granuloma-like strctures. These effects were partly
controlled through highly abundant secreted IL-10. Compagd to macrophages, MDSCs
activated primarily the NFkB and MAPK pathways and the latter largely contributed to
the release of IL-10 and replication of bacteria withinn vitro generated granulomas.
Moreover, MDSCs upregulated PD-L1 and suppressed prolifation of lymphocytes,
albeit with negligible effects orMtb replication. Further comprehensive characterization
of MDSCs in TB will contribute to a better understanding of diease pathogenesis and
facilitate the design of novel immune-based interventionfor this deadly infection.
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INTRODUCTION

Mycobacterium tuberculos{tb) is the causative agent of tuberculosis (TB), a disease that
accounted for 1.7 million deaths in 2016 (Caseous granulomas which develop at the sitdtbf
infection are considered a hallmark of pulmonary TB.(Albeit speci ¢ for TB, these lesions are
not pathognomonic, granulomas are triggered also by uneelatcteria, fungi and parasites as well
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as by foreign bodies3]. The cellular composition of TB the cellular compositionn vitro granulomas contain epithelioid
granulomas may vary with disease stage. Generally, lesiooslls, foamy macrophages and multinucleated giant cellsgalon
consist of macrophages, lymphocytes and transformedith other immune cells usually observed in TB lesiofi§)(
macrophages, including epithelioid and multinucleated gianConsidering the limitations of this model, we termed such
cells as well as foamy macrophagéss). Trajectories and the vitro generated multicellular aggregates, Vitro granuloma like
fate of granulomas are determined by a plethora of secretestructures” (IVGLSs). We investigated the functions of taum
factors, such as cytokines and eicosanoids, which arelyjocamonocytic MDSCs in TB by characterizing their responses to
produced by immune cells6€], in situ changes in cellular mycobacteria and using a well-de néalvitro granuloma model
composition, as well as viability, replicative and metaboli¢35). We observed that MDSCs suppadvitb replication within
features of the mycobacterid, (8). Balanced abundances of the IVGLSs and identi ed molecular requirements and signaling
pro-in ammatory cytokines IFNg and TNFa are associated pathways operative in MDSCs and driving such e ects.
with bacterial clearance while regulatory cytokines likelD
o er limited protection to TB (2, 9, 10). Presence of selected MATERIALS AND METHODS
immune cell subsets, their location, as well as their profignsi
produce soluble mediators thus control stability of gramalis  ISolation and Culture of Cells
and TB progression. The buy coats were obtained from healthy donors through
Despite recent new insights into mechanisms governinghe blood bank of German Red Cross (Deutsches Rotes Kreuz,
Mtb interaction with immune cells, understanding of factors DRK). Donors were kept anonymous and their latent TB status
controlling Mtb survival within pulmonary TB granulomas, was unknown. Peripheral blood mononuclear cells (PBMCs)
speci cally in human lesions remains poorly de ned)( The were isolated from bu y coats by density gradient centrifugat
diversity and the activation spectra of immune cells presentBiocoll, Biochrom GmbH, DE). After thorough washing with
within granulomas are currently acknowledgefll( 12). Yet, phosphate bu er saline (PBS), mononuclear cells were cultured,
how newly described subsets imprint on granuloma stabilitycryopreserved or further processed according to the requérgm
and Mtb replication remains to be established. Myeloid-derivecf each experiment.
suppressor sells (MDSCs) have been recently detected in pleuralGeneration of human MDSCs was done as previously
eusion and in the peripheral blood in TB patientsl§ described §9). Briey, CD14° cells were isolated from the
15. MDSCs encompass heterogeneous myeloid cells, boBBMC fraction by positive magnetic bead isolation according
monocytic- and neutrophil-like, which suppress T-cellimmtyni  to manufacturer's instructions (Miltenyi Biotech, DE). 5 1(°
through high expression of arginase-1, inducible nitricdixi monocytes were cultured in untreated Petri dishes in 10ml
synthase, indoleamine dioxygenase, cyclooxygenasd) -1 IMDM (Gibco, IRL) supplemented with heat inactivated 10%
reactive oxygen species. In murine models, MDSCs harbor (v/v) fetal calf serum (FCS) (Lonza Group, CH), 1% L-glutaepin
mycobacteria, promote tissue damage and their depletionealorl% HEPES and 0.1%mercaptoethanoll{-ME) (Gibco, IRL),
or in combination with canonical TB chemotherapy lowersrecombinant IL-4 and GM-CSF (both at 1000 U/ml; PeproTech,
bacillary burdens and improves patholody421). These studies NJ, USA) and PGE(1 mM; Sigma-Aldrich, MO, USA). Cell were
have identi ed MDSCs within the lungs and highlighted their di erentiated for 6 days at 371C and 5% CGQ. This protocol
capacity to alter or directly produce and respond to cytokinesesulted in generation of loosely attached MDS&3.(In selected
critical for granuloma stability, notably IFNg; TNF-a, IL-10, and  experiments, for comparative analysis cells were di erentiate
IL-6 (13-15, 17-23). Moreover, investigations performed in the presence of human AB clotted serum (Sigma-Aldrich, MO, USA),
non-human primate model report populations of macrophageserein abbreviated hsMDSCs.
co-expressing nitric oxide synthase and arginas@4). (Such To generate monocyte-derived macrophages (MDMs), 2
cells resemble MDSCs and were detected speci cally in necroti0’ PBMCs were suspended in 10 ml PBS and incubated for 1 hin
granulomas in macaques. The interactions of human MDSCE5 cn? ask at 37 C, 5% CQ. Afterwards cells were washed with
with Mtb including their ability to modulate granuloma-like PBS and incubated with 20 ml RPMI-1640 supplemented with 1%
structures have not been addressed so far. L-glutamine, 1% HEPES, 0.184VIE and heat inactivated 10%
Murine models represent valuable tools to study hosthuman AB clotted serum. Flasks were incubated for 6 days at
mycobacteria interaction2f). However, the extent of similarity 37 C, 5% CQ. Harvesting of MDMs was done using accutase
between disease pathophysiology and lung lesions in murine T@ibco, IRL).
and human patients varies with the murine model utilizexby; Whole PBMCs were cryopreserved in 10% dimethyl sulfoxide
Particularly TB granulomas are hardly reproduced by TB mouséDMSO) in FCS at the day of isolation for further co-cultures
lung lesions. To overcome such experimental limitations ynanwith IVGLSs obtained from matched donors in granuloma
investigators have independently developed and charaeterizstudies. Similarly, CD14 cells or PBMCs were cryopreserved
in vitro granuloma models 7-38). Such structures enable from the matched donors for purication of untouched T-
the study of human cell-cell interactions upon mycobacteriacells using naive pan T-cell isolation kit (Miltenyi Biote®E)
infection and thereby early events in TB. Absence of unigmg! according to vendor's instructions for further co-cultustudies.
environment and lack of brosis, encapsulation and caseation Isolation of MDSCs from active TB patient samples was done
represent major limitations of such models. However, thesas described previoushy2d. In brief, PBMCs were isolated
structures mimic human TB granulomas especially regardinffom blood within 2 h of collection using density gradient
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centrifugation. Unlabeled HLADR cells were isolated using control. T-cells were co-cultured with varying amounts of
HLADR microbeads (Miltenyi Biotech, DE) and subjected toautologous naive or BCG-infected MDSCs (MOI 10). Plates were
isolation of CD3§ cells using CD33 microbeads (Miltenyi sealed with para Im and incubated at 32 and 5% CQ. After
Biotech, DE) according to manufacturer's instructionsli€eere 48 h of co-culture, inCi of [2H]-Thymidine was added and plates
cultured in RPMI-1640 (Biowest, France) supplemented with 1%vere incubated for additional 18 h. Plates were either diyect
L-glutamine and 2% FCS. Donors were negative for HIV andead or stored at 20 C for further harvesting. FilterMate

positive for drug susceptible TB. Harvester was used to quantify counts per minute (CPM) using a
Cell viabilities were estimated after various assays usiag Microplate Plate Counter (PerkinElmer, MA, USA). In separate
LDH cytotoxicity kit (Roche Holding AG, CH). assays, cells were also stained with 7AAD and AnnexinV to
estimate numbers of live T-cells upon co-cultuhtb infected
Bacterial Culture and Infection of MDSCs MDSCs were co-cultured in BSL3 laboratory with autologous T-
and MDMs cells after prior labeling of the lymphocytes with CFSE. Simil

M. tuberculosidaboratory strain H37Rv andV. bovisBCG 10 BCG infection, MDSCs were infected with H37Rv at MOI 10
cultures were grown to early-log phase at @in Middlebrook for 4h and added to stimulated T-cells in various ratios.eAft
7H9 broth (Thermo-Fischer Scienti ¢, NH, USA) supplemented 72 h of incubation at 37C and 5% CQ, cells were isolated and
with 10% albumin dextrose catalase (Thermo-Fisher Scignti processed for further assessment of the proliferation byistgi
MA, USA), 0.05% glycerol and Tween 80 (Sigma-Aldrich, MOfor phenotype and proliferation markers (CD3, CD4, and CDS8;
USA). Bacilli were used within four passages after thawing andi67) and analyzed by ow cytometry.

were harvested when cultures reached an optical density (at .

600 nm) of 0.4 to 0.6. For infection, bacteria were washetl witGeneration of IVGLSs

PBS and passed through 27G needle to obtain a single céfe protocol for the generation of IVGLSs was adapted from
suspension. MDSCs and MDMs were infected at the multiplicityAgrawal et al. §5). In brief, 4 10° PBMCs were seeded on the
of infection (MOI) 10 and 20 for 4h in rotation at 3C to  day of PBMC isolation in 48 well tissue culture treated plates.
minimize loss of cells due to poor adherence and to maintairells were incubated overnightin 10% FCS supplemented RPMI
similar conditions for both cell typesi{). The MOI 10 resulted GlutaMAX media (Thermo-Fisher Scienti ¢, MA, USA). The
in 1 to 2 bacteria per cell at 4 h post infection (data not shown)next day cells were infected with H37Rv at an MOI of 0.005

MOI 20 was used only for short course experiments. (calculated according to the total number of PBMCs cultured
per well, that is approximately 2,000 bacteria per well) followed
Flow Cytometry by incubation for 4 h and subsequent gentamicin (I@g/ml)

Cells were blocked with human Fc receptor (Miltenyi Biotechfreatment for 2h to remove extracellular bacteria. Aftersigr
DE), stained and xed with 4% paraformaldehyde (PFA) beforeplates were centrifuged at 100 g for 3min, media were
proceeding for acquisition. For each donor and each condjtio replaced with fresh 500n media per well and plates were
three technical replicates were processed. Following atiiso incubated until further testing. To assess the e ect of diete
were used: CD3 (clone UCHT1), CD8 (clone HIT8a), CD11kcell types on IVGLSs; (a) MDSCs, (b) MDMs (both after 6 days
(clone ICRF44), CD33 (clone WM53), CD14 (clone M5E2)ofdi erentiation) and (c) PBMCs (cryopreserved) were colést;
CD15 (clone H198), Lineage cocktail (CD3, CD19, CD20 anwvashed and added to running IVGLSs cultures at day 5 post
CD56; clones UCHT1, HIB19, 2H7 and 5.1H11, respectively), Kinduction. Distinct ratios of MDSCs/MDMs/PBMCs compared
67 (clone Ki-67) and PD-L1 (clone 29E.2A3) from BioLegendio the number of PBMCs employed for generation of I[VGLSs
CA, USA; CD4 (clone RPA-T4), HLA-DR (clone G46-6) andwere used. Therefore, ratios 1:2 and 1:4 correspond to additi
AnnexinV from BD Biosciences, NJ, USA; live/dead stainingf2 1CPor1 10 cells at day 5 post induction, respectively,
kit from Thermo-Fisher Scientic, MA, USA. In selected where 4 1P PBMCs were seeded to induce IVGLSs at day 0.
studies, MDSCs, MDMs or T cells were labeled with\ In all of these co-culture studies MDSCs/MDMs/PBMCs were
CFSE (CellTrace, Invitrogen, CA, USA) following manufactare kept uninfected while adding carefully to IVGLSs. Any furthe
instructions. All samples were acquired in the BSL3 facilitypo readouts were done after 48 h of co-cultures, that is day 7 post
CytoFLEX ow cytometer (Beckman Coulter, CA, USA). generation of the IVGLSs.

T-Cell Suppression Assay Quanti cation and Imaging of the IVGLSs
[3H]-Thymidine incorporation assay was employed to asses&/GLS plates were centrifuged at 10@ for 3 min, supernatants
proliferation of T-cells in the BCG studies and the CFSEwere removed and cells were xed overnight in 4% PFA in PBS.
dilution method as well as the Ki-67 staining were used folNextday PFA was washed away and cells were stained with DAPI.
the Mtb investigations. Each donor and conditions were studiedmages were acquired on the high content platform ArrayScan
in triplicate. Lymphocytes were polyclonally activated in UVXTI (Thermo-Fisher Scientic, MA, USA) and subsequently
sterilized at bottom 96-well Maxisorb plates which were tmth  analyzed using an in-built software, HCS Studio (Thermdi€is
with 1mg/ml of anti-CD3 (clone UCHT1) and anti-CD28 Scienti ¢, MA, USA). HCS analysis protocol was set to fac#itat
(clone 37407) (R&D Systems, MN, USA) antibodies in PBSdenti cation of the individual objects, notably granulcma
Unstimulated T-cells served as negative control and stitedla like structures, and to reject background noise. Reportedivali
T-cells without addition of the MDSCs were used as positivggranulomas were equal or larger than 4602, which was lowest
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detection limit of the software for high speci city accordjrio  (Bio Rad laboratories, CA, USA). Culture interval also inedd
our protocol. The same acquisition settings were applied to aliddition of Brefeldin A (Sigma-Aldrich, MO, USA) before 4h
investigated samples. Each condition was acquired fronmi¢ef@ of completion of assay; to measure intracellular cytokinemfro
wells for each donor. IVGLSs were in addition induced on Poly same samples (data not included).

L-Lysine coated coverslips to observe these structureb, awit

without addition of MDSCs/MDMs, using confocal microscopy Neutralization Assay

(Leica TCS SP8; Leica Microsystems, DE). Giemsa stainifgyo djerent neutralization experiments were independently
was performed using standard protoc@5 to observe cellular performed: (a) IL-10 and (b) PD-L1. For each assay, after
structures in 48 well plates. harvesting mature cells, MDSCs or MDMs were pre-incubated
. . . . with neutralizing antibodies for 30min, at 1fy/ml. The
ESt.'mat'on of Bacterial COIOny Forming following antibody clones were employed: IL-10 (clone 23738)
Units (CFUs) From IVGLSs and IL-10Ra (clone 37607) (R&D Systems, MN, USA), PD-
Cell culture plates were centrifuged at 100g for 3min and |1 (clone MIH1, Thermo-Fisher Scienti c, MA, USA), isotype
supernatants collected for further analyses. Cells werd lygd  |gG1k (clone MG1-45), and isotype IgGRb(clone MG2b-
100m of 0.1% Triton-X100 in PBST (0.05% Tween80 in PBSk7) (BioLegend, CA, USA). Afterwards cells were added to
Serial dilution of lysates were plated on Middlebrook 7H11ragaday 5 IVGLSs of matched donors and analyzed after 48 hr
(Fischer Scientic, NH, USA) plates supplemented with 10%f co-cultures. Similarly, IVGLSs were treated with di eten
oleic albumin dextrose catalase (Thermo-Fisher ScienMé,  pathway inhibitors (SB203580, PD98059, BMS345541, LY294002
USA) and 0.5% glycerol. Total CFUs were counted after 2{yortmanin and SR11302), as described in the above sectitmn, wi
days of incubation at 3TC. For contact dependency assessmenfr without addition of MDSCs or MDMs at day 5 post induction

transwells of 0.4m pore sized polycarbonate inserts were usedef [\VGLSs. The CFUs were estimated after 48 h of co-culture.
IVGLSs were generated in the lower chamber and MDSCs or

MDMs were added with or without inserts to these wells. SampIePQNA Expression and gRT-PCR

were processed and plated for CFU enumeration after 48h %‘ter4h ofMtb infection, 5 1 naive or infected MDSCs and

co-cultures. MDMs were transferred in 1 ml TRIzol reagent (Invitrogen, CA,
USA) and kept frozen at 80 C until RNA isolation. Reverse
transcription was performed using High-Capacity cDNA Reverse
co-cultures) were passed through B2 pore size lters and nl'ranscription Kit (Applied Biosystems, CA, USA). qRT-PCR
pa: 9 P . was analyzed on a Biomark HD System (Fluidigm Corporation,
sFored at. 20 C until used. Commercially available ELISA CA, USA) with TagMan Fast universal mix and primers. The
kits from R&D Systems (MN, USA) were used to detect . i 0" rimers were used©CLS Hs00982282 mTXCL10
concentrations of IL-6, IL-10, IFNy, and TNFa according to Hs01124251 glL6: Hs00174131 miL10 Hs00961622 m1

ma‘:'](gjfzgéirsesr?r:zsérgglg?z eci ¢ inhibitors on cytokine releas PDLT Hs00204257_mIJGFB Hs00998133_mil, an@iNFA
P Y Ts01113624_g1.

cells were pre-incubated for 1 h with several inhibitors a/irey
concentrations (1, 5, or 3®M) and infected withMtb at MOI . .
10 afterwards. For each cell type and each concentration stignal Pathway Analysis and Western
inhibitor, internal controls with corresponding amount of SO Blotting
were included. The following inhibitors were used: SB20358Cells were rested in 1% FCS supplemented RPMI-1640 for 5h
(p38 inhibitor) and PD98059 (MEK1/2 inhibitor) (Cell Signadjn  at 37 C in a rolling incubator. Equal numbers of MDSCs and
MA, USA); PD0325901 (MEK1/2 inhibitor), BMS345541 (KB- MDMs (5 1CP cells per condition) were stimulated either
inhibitor), FR180204 (ERK1/2 inhibitor), Tanshinone lla (AP with H37Rv (MOI 20) or with LPS (25ng/ml) for various
inhibitor) and LY294002 (PI3K inhibitor) (Sigma-Aldrich, MO time intervals ranging from 10 min to 2 h. At every time point
USA); Wortmanin (PI3K inhibitor) (Merck-Calbiochem, DE) cells were centrifuged at 300 g, 4 C for 5min followed by
and SR11302 (AP1 inhibitor) (Tocris Biosciences, Bristol).UK two washings with cold PBS and incubation with RIPA bu er
Supernatants were collected after 24 h of culture, ltered andBD Biosciences, NJ, USA) supplemented with phosphatase and
assessed for cytokine concentration. protease inhibitor cocktail (Roche Holding AG, CH) atG for

To observe antigen speci ¢ responses, MDSCs puri ed froml0 min. Supernatants were collected after centrifugatidréz@00
TB patients were stimulated either with tuberculin protein gfor 10 minat4C. Samples were denatured at@§or 10 min
puri ed derivative (PPD) (Statens Serum Institute, Denmark after addition of sample bu er (Sigma-Aldrich, MO, USA) and
at 4mg/ml or only media. According to other experimental were either subjected to immediate electrophoresis or dtore
conditions, (data not included) co-stimulatory antibodi€D28 at 80 C. After electrophoresis and transfer to nitrocellulose
(clone L293) and CD49d (clone L25) (BD Biosciences, NJ, USAnembrane, samples were blocked with 5% low fat milk in PBST
were also added to isolated MDSCs at 250 ng/ml. Cytoking®.1% Tween20 in PBS). Membranes were incubated overnight
were measured from the supernatants after 20 h of culturegusirwith primary antibodies; NFB p65, NFkB p-p65, p38 MAPK,
multiplex bead based assay (IL-10 by R&D Systems Incorporatgup38 MAPK, ERK1/2, p-ERK1/2, JNK, p-JNK (all from Cell
MP, USA and IL-6 by Merck, DE) on a Luminex platform Signaling, MA, USA) at 4C. Subsequently, membranes were

Cytokine Measurements
Supernatants collected from various samples (monoculturds al
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incubated with the HRP-conjugated anti-mouse IgG or anti-delineate the outcomes of MDSC suppression in a disease-

rabbit IgG antibodies (Cell Signaling, MA, USA) and developedelevant setup. E ects of MDSCs on stability @i vitro

using ECL detection kit (Thermo-Fisher Scienti ¢, MA, USA). generated granuloma-like structures and bacterial combaint
within these structures were ascertained. MDMs were used for

Statistical Analysis and Software comparative analysis because they usually havkibrand tissue
Data were analyzed with GraphPad Prism 7 (Graphpad, USAJecruited in ammatory monocytes/macrophages share ontyge
FlowJo (FlowJo LLC, OR, USA), HCS Studio (Thermo-Fishewith MDSCs ¢1). We employed aim vitro model developed by
Scienti c, MA, USA), Fiji ImageJ (Wayne Rasband, Nationa/Agrawal et al. §5) and observed appearance of IVGLSs starting
Institutes of Health, USA), Fluidigm Real-Time PCR analysi§lay 5 post generationSupplementary Figures 5A- Within
software (Fluidigm Corporation, CA, USA), and R statisticalsuch structuresMtb replicated upon extended incubation, as
programming environmentz(o). The paired Studentstest was indicated by increased bacterial loads at day 7 post induction
applied to estimate statistical signi cance for most datsseor ~ (Supplementary Figure 5 This is in line with observations
analysis of various treatments on a cell type, within a grouph other IVGLSs {2). We selected day 5 IVGLSs to initiate
one-way ANOVA with Dunn's mu|tip|e Comparison was app”ed_ co-cultures with MDSCs/MDMs and observed responses 48h
RNA expression data was analyzed by two-way ANOVA followedfterwards, which was day 7 post IVGLS induction. IVGLSs
by Bonferroni correction. Comparison of the distribution§ o became larger, yet less numerous, upon addition of MDSCs as
granuloma sizes was performed using a Wilcoxon test comparirgPmpared to MDMs Eigures 2A-J Supplementary Figure 5§

the distribution medians of each donor in two groups andAddition of MDSCs to IVGLSs resulted in higher CFUs in
con rmed by a randomization test. IVGLSs, compared to MDM co-culturesFigure 2K). This

indicates that MDSCs facilitatétb growth or restrict anti-
bacterial mechanisms within IVGLS either by providing a
RESULTS replication niche or by altering the microenvironment of the

MDSCs Retain Their Suppressive Property granulomas. Similarly, hsMDSCs induced higher bacillary
Upon Mtb Infection loads in IVGLSs, albeit their propensity to enlarge these

The bh i vitro di iated MD ined multicellular structures was inconclusive because of heigtd
e pi enotype o n vitro di erentiate SCs was examine ariability among donors Supplementary Figures 4B,
following the gating strategy suggested by Bronte et a

| ; " i ; Ithough majority of added cells remained viable upon
(16 (Supp ementa_ry Figure . Cells were Ineage _ne_gatlve extended co-culture with IVGLSs and apoptosis rates were
and expressed high CD33 and CD14. Dierentiation of

similar between the two cell types, frequencies of necrotic

MDSCs with human serum down-regulated CD14 expressioWDSCS exceeded those of MDMs after 48h of IVGLS co-

and left other gell surface markgrs unchanged (hSMD,SC%UItures Gupplementary Figure . The e ects on granuloma
Supplementary Figure 1. We validated the suppressive

bilit fin vi d h ) size and bacterial replication were more pronounced upon
abilities ofin vitro generated human MDSCsigures 1A 4gition of higher numbers of MDSCs in all assays that is

and observed that these properties were preserved UPQPhen ratio of MDSCs (added number):IVGLS (day 0 PBMCs

infectlion with . virulent bm)]/ccobadcteria Figures 1C,0 q number) was 1:2. In murine pulmonary TB models frequency
Supplementary Figure 2 Mtb-infected MDSCs suppresse of MDSCs at the site of infection parallels susceptibility to

proliferation of CD4" (Figures 1C,§ and CD& (Figures 1D, disease 17) and in humans their number decreases upon
T-cells upon co-culture. The results of CFSE dilutionthelrapy 3. This was replicated in the IVGLS model

assay were con rmed by Ki'6.7 prol_iferation eX_p?rimentsuggesting that higher MDSC numbers may correlate with
(Supplementary Figure 34. Infection with BCG similarly 15" ino10gy in humans, possibly by tailoririg situ immune
resulted in maintenance of the T-cell suppressive activity Olresponses

human MDSCs $upplementary Figure 3B The suppressive
capacity oMtb-infected MDSCs was observed irrespective of the o
sera used for their di erentiation $upplementary Figure 44 IL-10 Neutralization Reduces

MDSCs generated with FCS were employed for further analysg9]DSCs-Induced Mtb Growth Within
unless otherwise indicated. Altogether, these co-culsiuelies IVGLSs

suggest that the suppressive property of MDSCs is retained Up@, ity of TB granulomas is positively regulated by TAlfhile
mycobacterial infection independent of key virulence fasto IFN-g is rather associated with increased protection to B (
such as those encoded by region of di erence 1 (RD1), whicQ3)_ The anti-in ammatory cytokine IL-10 impaird/tb speci c
?S abgent in BCG. Suppression was maintained upon infeCtioirl)nmunity and promotes bacterial growth. The major sources of
implying that MDSCs can a ect the cross-talk between T-cellgy,is ovtokine are not well de ned, speci cally within grarashas
and myeloid cells in TB. (2, 44, 45). Modeling studies have suggested important roles of
IL-10 in granuloma progressiowia macrophage polarization
MDSCs Alter the Structure of and ~ Mtb (46). We hypothesized that abundances of these cytokines
Containment Within IVGLSs could be altered by MDSCs and that in turn a ected bacillary
With the knowledge of reports specifying important rolesreplication. Compared to MDMs, IL-10 levels in IVGLS
of MDSCs at the site of infectionl{, 20, 21), we wanted to co-cultures were indeed higher upon addition of MDSCs
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FIGURE 1 | In vitrogenerated human MDSCs maintain suppressive activity folling Mtb infection. Proliferation of polyclonally stimuted, CFSE-labeled T-cells
co-cultured with naive (nMDSCsJA,B) and Mtb-infected (MOI 10) MDSCs (iMDSCH)C,D) for 72 h. Number of T-cells was kept constant for all conditios with varying
amounts of added MDSC; no MDSCs (0:1), 1/4th MDSCs (1:4) and agal MDSCs (1:1). Representative histograms are presentedrfone donor (E,F). Each symbol
corresponds to a single donor, shown are median IQR. Data are pooled from 2 independent experimentn(D 6 individuals); paired Student's-test, **p  0.01, **p
0.001, **p  0.0001.

(Figure 3A). Concentration of IL-6 remained unchanged, that an environment characterized by abundant IL-10 paltial
although it is known to be released by MDSCs7)( and explains the mycobacteria promoting activity of MDSCs.
abundances of the pro-in ammatory cytokines TNFand IFN-

g, were also not signi cantly di erent in IVGLSs supplemented . .
with MDSCs compared to MDMs. The amounts of TN#F- MDSCs Secrete Differential Amounts of
and IFNg positively correlate with IVGLSs siz85), however N @mmatory and Regulatory

these cytokines were not altered by any of the cells adde€dytokines/Chemokines Compared to

to IVGLSs in our study. To investigate whether IL-10 wag\DMs After Mtb Infection

critical for Mtb replication within IVGLSs co-cultured with pMurine MDSCs release both in ammatory and regulatory
MDSCs, we employed neutralizing antibodies. Combination ofytokines uporMtb challenge, which prompted us to investigate
antibodies against IL-10 and IL-10 receptor A reduced béaiter how di erential the source of IL-10, as observed in IVGLSs,
growth compared with cultures receiving the isotype controlswas in human MDSCs. We pro led various immune relevant
speci cally in MDSC treated IVGLSd-{gure 3B. We assume cytokines in MDMs and MDSCs infected with mycobacteria.
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mRNA expression oflL10 and IL6 was higher in infected ability to shift the balance of soluble mediators at the site
MDSCs than in MDMs Figure 4A), whereas transcripts for of infection toward suppressive and regulatory cytokines, by
TNFA were comparable in the two cell types. We measureeeleasing high amounts of IL-10 and IL-6. BCG resulted in
the expression level of TGE-in addition to IL-10 as these similar patterns of IL-6 and IL-10 release, which further gests
cytokines are known to be expressed synergisticadly). ( that conserved pattern recognition receptors rather tharuei
Surprisingly, the expression ofGFB was lower in MDSCs. virulence factors a ected cytokine abundances in mycoléte
We monitored transcription of chemokines as these regulatinfected MDSCs$upplementary Figure J. Further supporting
recruitment of immune cells to sites of infection and couldthis assumption, MDSCs isolated from TB patients secreted
impact on dynamics of cells within granulomas. The chemokindL-6 and IL-10 after PPD stimulationFigure 4F. The data
CXCL-10 has been singled out as a powerful biomarker temphasizes that MDSCs puri ed from human TB patients are
distinguish active and latent TB from unexposed individualssimilar with in vitro generated MDSCs with regard to their
(48). Expression ofCXCL10was higher in infected MDSCs cytokine patterns induced by mycobacterial stimulation.
compared to MDMs. Levels @fCL5transcripts were comparable

in the cells under investigation. This led us to investigtte

phagocytic capacity of the two cell types. Bacillary burdeneweMAP Kinase and PI3K Pathways Play

higher in MDSCs after 4h of H37Rv infectiorFigure 4B). C e . . . .
Interestingly, the higher bacterial load in MDSCs did notuks Distinctive Roles in Cytokine Secretion in

in increasedMtb replication over time (observed at 24, 48, andMDSCs and MDMs With MAPK Controlling

72h) Figures 4C,D. The lower replication oMtb in MDSC ~ Mycobacterial Replication in

monocultures and the opposite ndings in case of IVGLSY\/G|LSs-MDSCs Co-cultures

(Figures 2K 4D, respectively), suggests that MDSCs regulaigye further investigated the signaling pathways that contiéd
Mtb replication within IVGLSs primarily through interactions o dj erential cytokine release in MDSCs upa¥tb infection
with other immune cell types. Heightened transcription 106 and focused on IL-6 and IL-10. Mycobacteria are recognized by
andIL10in MDSCs despite of lower bacterial replication resulted,arious pattern recognition receptors (PRRs), including TLRs
in more abundant cytokine concentrations in supernatant§ TLR-2, TLR-4 and TLR-9) and C-type lectin receptors, to name
after 24h of infection Kigure 45. Thus, MDSCs have the 3 few @9). These events activate distinct mitogen-activated
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protein kinases (MAPK) and nuclear factor kappa B (NF-p38 and ERK1/2 and hence activate AP-1/NF-kB for IL-6 and
kB) for the generation of cytokines5(, 51). Mtb infection IL-10 production with impact on bacterial containment within
induced signi cantly higher phosphorylation of p38, ERK1/2,granuloma-like structures.

JNK, and p65 in MDSCs compared to MDMs, demonstrating

that activation of MAPKs and NkB pathways was elevated MDSCs Upregulate PD-L1 to Regulate

@n MDSQS Figures 5A,B,D. Comparaple resylts were achievedCD3C Lymphocyte Proliferation and Leave
irrespective of the FCS starvation prior to infection (data nothb Growth Unchanged

included). LPS, which is a bona- de TLR-4 agonist, resulte gleutralization of IL-10 reduced bacillary growth within GL.Ss
in comparable activation of ERK and p38 pathways in MDSC } !
P bse b y however we also observed that MDSCs and MDMs both

and MDMs (Figures 5C,D), therefore indicating that di erences X X '
required direct T-cell contact to promote bacterial growth

in MAPKs activation were speci ¢ for mycobacterial infection ’ =~ ied levels of hich is K
Higher activation of MDSCs after mycobacterial infectiorgimi ~ (Figure 84). We quanti ed levels of PD-L1, which is known

be a coordinated event with their high phagocytic capacityl® P€ upregulated on tumor-in lrating MDSCs56, 56) and
however, early divergence in the magnitude and speci citnef contributes to exhgustlon of T-cell immunity b_y cell-cellntact _
signaling events rather suggest cell speci ¢ di erences. (57). PDL1 transcripts were more abundan.t in s_teady state in
To further establish which of these pathways speci callfMPSCS compared to MDMs and théftb infection further
contributed to heightened IL-6 and IL-10 secretion, UPregulated expression of this gene in MDSGSg(re 8B).
MDSCs/MDMs were pre-treated with various inhibitors We determined the PD-L1 surface expression on cells puri ed
and cytokine levels were measured at 24h pdtt infection  [1OM co-cultures of MDSCS/MDMSf with IVGLSs. Althlougfh
(Figures 6A—Q. At low concentration of NFB inhibitor, IL-6 the surface expression (gMFI) of PD-L1 was similar tor
production in MDSCs was signi cantly inhibitedFigure 64).  MDSCs and MDMs (CFSE-labeled), the frequencies of PD-L1
However, IL-6 production in MDMs was only reduced by expressing cellswere_hlgherln caseof_l\_/GLSssupplemenﬂedwn
high concentration of inhibitors. The AP-1 inhibitor SR180 MDSCs compared with cultures receiving MDMBiqure 80,
reduced IL-6 secretion from both cell typegigure 6A). suggesting a possible contribution of this co-regulatoryenale

Similar inhibition activity for IL-6 was displayed by another [ Immune suppression. To investigate the outcome of this
AP-1 inhibitor, Tanshinone lla Supplementary Figure & We regulation on T-cell responses ardtb growth, neutralizing

observed that IL-10 secretion was furthermore regulated iftiodies against PD-L1 were employed. This treatment

MDSCs and MDMs by the afore-mentioned factors. These datgSulted in more abundant CD3 lymphocytes, however the

suggest that both NIkB and AP-1 contributes to IL-6 and IL-10 ov_eraII growth ofMtb within IVGL_SS remained_ unchanged
production in MDSCs. (Flgure58D,|3. Thus, Mtb grovv_th in IVGLSs is regulated
To further delineate which MAPKs are involved, we employed/!2_contact-dependent mechanisms and MDSCs employ co-
speci ¢ ERK1/2 and p38 inhibitors. We found that single p38|nh|t_)|tory receptors to fegu'a‘e lymphocyte S”_rv'_val and/or
or ERK1/2 inhibition did not alter IL-6 production in MDSCs replication, but neutralization of PD-L1 alone is insu cient
(Figure 6B). However, the combination of p38 and MEK1/2 to restrict bacterial growth. It has been reported that PD-L1
inhibitors signi cantly reduced IL-6, demonstrating thpg and  2lockade may not reduce the suppressive activity of MDSEs (

ERK1/2 mutually regulate IL-6 production in MDSCs. In MDMs therefore it_remain_s to be establish_ed which_speci C contact
single p38 inhibition reduced IL-6 release. IL-10 productioym depend_er_n interactions of MDSCs Wlth cells within granulomas
MDSCs was primarily inhibited by combination of p38 and &€ decisive for mycobacterial survival.
MEK1/2 inhibitors. Of note, the di erential outcomes of sefize
pathway inhibitors were associated with variable activattd D|ISCUSSION
corresponding signaling molecules in the two cell types antd no
imprinted by distinct cellular viability. There was no sigrant  Usingin vitro di erentiated MDSCs we demonstrated that this
induction of cell death in either of cell types by various ipitors ~ monocytic subset readily phagocytosédtb, albeit allowing
at 1 and 5mM concentrations $upplementary Figure . We  reduced bacillary replication in monocultures, abundantly
further observed signi cant increase in IL-6 secretion uponreleased IL-10 and employed this cytokine for promoting growt
inhibition of the PI3K pathway by Wortmannin in MDMs of Mtb within IVGLSs. MDSCs have been recently described in
(Figure 60). However, there was no e ect of PI3K inhibition TB (13-15, 17-23); however particularly in humans outcome of
on IL-6 production by MDSCs. PI3K inhibition by LY294002 their direct interactions witiMitb as well as their roles at the site
reduced IL-10 secretion from both cell types, though moreof pathology remain enigmatic. Our study unveils responses of
signi cantly from MDSCs. This may re ect contribution of the MDSCs to virulent mycobacterial infection and proposes rofes o
PI3K through GSK3-AP-152) or via activation of ERK%3 54)  MDSCs in granuloma progression. Granulomas in TB function
for IL-10 production aftetMitb infection. to contain Mth, but may also facilitate bacterial replication
Inhibitors of p38 and MEK1/2 applied atriM concentrations  within and drive disease progression upon caseatign (Ve
reducedMtb growth speci cally in MDSCs-IVGLSs co-cultures hypothesized that MDSCs alter granuloma stability. Usingnan
(Figure 7), thereby indicating that these signaling pathwaysvitro model for human granulomas we observed that MDSCs,
likely control the IL-10 release and the subsequétth growth.  in contrast to MDMs, promoted expansion of such multicellular
Taken together, our data indicate that MDSCs employ bottstructures andMitb replication. The sera employed for MDSC
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FIGURE 5 | Mth preferentially activates MAPK and N&B in MDSCs. Protein levels of p38, ERK1/2, JNK, and NkB and their phosphorylated counterparts at
various time points postMtb infection (MOI 20)A,B) or LPS stimulation (25 ng/ml)C). Densitometry of the western blots was performed using Imag& values are
plotted and normalized using actin. Data are representatévof 2 independent experimentsif D 3-5 individuals) &, B, Mtb D), 3 independent experimentsif D 3—7
individuals) C, LPS D). Each symbol corresponds to a single donor, shown are media IQR, paired Student'st-test, *p  0.05, **p  0.01.

Frontiers in Immunology | www.frontiersin.org 11 October 2018 | Volume 9 | Article 2417


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Agrawal et al. M-MDSC Support M. tuberculosis Replication in Granulomas

FIGURE 6 | Abundant IL-6 and IL-10 release by MDSCs uporMtb infection are regulated by NFkB and MAPK pathways. IL-6 and IL-10 were measured in cell-free
culture supernatants fromMtb-infected cells (MOI 10) by ELISAA-C). Cells were treated with indicated inhibitors and supernaints were collected at 24 h post
infection. Each symbol corresponds to a single donor, showrare median IQR. Data are pooled from 3 independent experimentsn(D 6-8 individuals); one-way
ANOVA with Dunn's multiple correction or Wilcoxon test (ifrdy 2 conditions were available), 0.05 and **p 0.01, ***p  0.001.
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FIGURE 7 | Interference with MAPK restricts bacterial replication in BISCs co-cultured IVGLSs. Selected concentrations of inhitirs were added to co-cultures of
IVGLSs and MDSCs/MDMs at the time of addition of the myeloid clsl, that is day 5 post IVGLSs generation. CFUs were estimatedfr 48 h of co-culturing. Each
symbol corresponds to a single donor, shown are median IQR. Data are pooled from 2 independent experimenn(D 6 individuals); one-way ANOVA with Dunn's
multiple correction [for conditions of (i) IVGLSs, (ii) MDS&-cultures, and (iii) MDM co-cultures], *ff  0.001, ***p  0.0001. Paired Student'st-test was performed
only for untreated conditions.

generation may however modulate their capacity to altesupport intrinsicMtb replication yet may contribute to bacillary
granuloma size as expansion of granuloma-like structuresiupopersistence.

hsMDSCs addition was inconclusive. Whi&éb preferentially IFN-g and TNFa are associated with protective immunity,
replicates in MDMs, MDSCs a ect growth of bacteria within both in mice and humans and su cient TNFR is required for
granulomas via IL-10. Interestinglyin vitro granuloma-like maintenance of granuloma structure and limits reactivatif
structures generated from latent TB individuals developefias latent TB. Both cytokines are secreted by Ehd CDE T-cells
are larger and better in controlling mycobacterial replioati as well as by additional lymphocyte subsets, however decgien
(42). This appears counterintuitive in view of our ndings as of the CD4 lymphocytes cannot be compensated for in TB
LTBI individuals present, albeit at very low frequencies, MI3S (2). The ability of naive andtb-infected MDSCs to suppress
in their blood (29). In LTBI patients potent antigen specic T- CD4% and CD& lymphocyte proliferation, as observed upon
cell responses may overcome the e ects of scantly detectalgelyclonal stimulation and co-culture, suggested that tbeyld
MDSCs. Alternatively, granuloma-like structures lack MDSCslter frequencies and products of these lymphocyte populations
under the experimental conditions applied by Guirado et alUsing IVGLSs, we could not detect any impact of the MDSCs
(42). Considering our study design and the fact that bloodon the overall abundances of IF§l-and TNFa. This may
donors included in analyses wekétb naive, based on regional indicate that the MDSCs do not alter antigen speci ¢ cytokine
epidemiological data, it is dicult to conclude on how scant release, or alternatively that sources of these cytokirsdeaim
MDSCs in LTBI individuals would aect IVGLSs size and vitro generated granuloma-like structures were unresponsive to
bacillary containment. The current experimental setup niked MDSCs. While we measured soluble TdRiming to ascertain
recruitment of MDSCs to developing granulomas, as it coulda possible role in IVGLS stability, a role for transmembrane
occur in active TB. Our observations highlight that MDSCs (i))TNF in human MDSCs, including suppression of lymphocytes,
could be regulators of granuloma biology, (ii) employ so&ubl as demonstrated in mice2p), cannot be excluded. Irrespective
factors and direct cell-to-cell contact to enabgb growth, (iii)  of their suppressive mechanisms, human MDSCs did not
speci cally activate MAPK and NKkB pathways in response modify abundances of TNE-in IVGLSs. Suppression of T-cell
to mycobacteria to regulate cytokine release, and (iv) poorlproliferation through MDSC-derived reactive oxygen radicals
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FIGURE 8 | Numbers of CDZ cells but not Mtb growth are regulated via PD-L1 in IVGLSs-MDSCs co-culturegA) Bacterial loads in IVGLSs at 48 h following
addition of MDSCs/MDMs with or without direct contact (usingrans wells), that is at day 7 post IVGLSs generatior(B) PDL1 expression in monocultures of MDSCs
and MDMs at 4 h post Mtb infection (MOI 20)(C) CFSE-tracked MDSCs or MDMs were co-cultured with IVGLS and PID1 surface expression was monitored in
CFSE and CFSEF fractions of cells from each culture condition, where CFSE cells represent myeloid cells of IVGLSs present before imition of the co-cultures.
(D) Frequency of CD¥ T-cells at day 7 IVGLSs, that is after 48 h IVGLS post co-culturi with MDMs/MDSCs, with or without simultaneous PD-L1 neuslization
(10mg/ml aPD-L1 or isotype control).(E) Day 7 bacterial loads in IVGLSs wells and applying for the ladB h PD-L1 neutralization and MDSC co-culturing. Data are
pooled from 2 independent experimentif D 5 individuals)(B) and (n D 6 individuals)(A,C—E), shown are median IQR; two-way ANOVA with Bonferroni correction
(B) and paired Student'st-test (A,C-E),*p  0.05, **p 0.01, ***p 0.0001.

may occur during mycobacterial infection. In mice, nitric cells secrete IL-10, however the source of this cytokine in
oxide (NO) released by monocytic Ly-6Gr-1€ cells and TB granulomas has not been clearly established. We showed
IL-1R-dependent NO production by CD1%hy-6C"Ly-6G that human MDSCs, including cellsx vivopuri ed from TB
cells control lymphocyte proliferation1@ 19). NO is hardly patients, abundantly produced this cytokine upon mycobaateri
measurable in mycobacteria-infected human macrophages stimulation. Usingin vitro generated MDSCs we demonstrated
normoxic environment $9), however propensity of human thatIL-10 production is primarily controlled by selected MAPKs
MDSCs to produce NO and ROS and their functional relevancand NFkB. Whether sera source used for MDSC di erentiation
should be considered. impacts on the IL-10 release and the upstream pathways
Addition of MDSCs to IVGLSs increased abundances of theemains to be veried. A role for IFN-I in regulation of IL-
immunosuppressive cytokine IL-10. This cytokine is present irl0 in MDSCs cannot be excluded. We detected more abundant
lungs of TB patients46), inhibits phagosome maturation ibitb-  transcripts of CXCL10 a bona- de gene regulated by IFN-I, in
infected macrophages$(), suppresses CI4T-cell proliferation  MDSCs. By releasing IL-10, MDSCs partly reguldi growth
(61 and initiates type | interferon response8).(Depletion of  within IVGLSs. An autocrine regulation is unlikely because
IL-10 promotes resistance to TB in mice by inducing moreMtb replication within MDSC monocultures was reduced.
in ltrating CD4 € T-cells in infected lungs6(). Many immune  Replication rates were much lower in MDSCs than those
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observed in MDMs despite the former showing a high capacitgumulatively drive secretion of IL6 and IL-10 aftdib infection.
to phagocytizeMtb. Although MDSCs show less phagocytosisWe observed that MDSCs are more sensitive tokiFmediated
of and consecutively favor survival of other microbes, bbta IL-6 inhibition and coordinated inhibition of p38 and MEK1/3i
Klebsiella penumoniag3), more investigations are necessaryrequired to inhibit secretion of IL-6 and IL-10 in MDSCs. PI3K
to identify survival mechanisms &fltb inside MDSCs. MDSCs inhibition di erentially upregulated IL-6 secretion by MDMs
may a ect responsiveness of other myeloid cells within IVGLSgut not by MDSCs, whereas IL-10 secretion by MDSCs was
for example macrophages containing mycobacteria. Contraleduced signi cantly. This suggests that the two cell types
of microbicidal activity of myeloid cells via MDSC-derived exhibit preferential signaling for targeted cytokine releaipon
IL-10 has been reported recentlpd). Alternatively, MDSCs mycobacterial sensing. Further studies, including ideation
can also decrease MHC-II expression of macrophage®. ( of subcellular localization oMtb in MDSCs, are required to
Macrophages are also reported to enhance secretion of IL-H&lineate precise mechanisms of MDSC activation in TB.
by MDSCs and in return MDSCs down-regulate in a contact- Therapies targeting the PD-1/PD-L1 pathway, or checkpoint
dependent manner IL-12 production by macrophages in tumoiblockade inhibitors, represent a breakthrough in immunatyey
models 65). Whether such mechanisms are operative in IVGLS&nd improve clinical outcomes in certain cancers substéptia
awaits clari cation. Mtb is able to replicate extracellularly (79). This strategy has been extended to chronic infectious
(66, 67) and thus inhibition of phagocytosis, as noted fir  diseases. Checkpoint inhibitors improve HIV-1 specic
pneumoniag63), would again favor bacterial growth in presenceimmunity in a subset of patients and promote clearance of
of MDSCs. Of note, within IVGLSs MDSC undergo ratherhepatitis B virus in murine models of persistent infection
necrosis. Although we do not have evidence regarding iiviéet (80, 81). MDSCs express PD-L1 and its blockade restores T-cell
of the necrotic MDSCs, cytolysis could preconditidftb for  activation mediated by tumor in ltrating MDSCs with down
accelerated replicatior{, 69). regulation of IL-6 and IL-10 §2). However, other studies have
Human MDSC, like their murine counterparts.(), released failed to validate PD-L1-mediated suppression by MDSCs
abundant IL-6, albeit without signi cant impact on overall (58 83 84). We found thatPDL1is upregulated irMtb-infected
concentration in IVGLSs. This cytokine is elevated in acdeth MDSCs and when IVGLSs are co-cultured with MDSCs, more
pulmonary TB patientsg9), it positively correlates with MDSC PD-L1 positive cells are present in the system. Checkpoint
frequencies in malignant cancer patient§0( and drives blockade therapy of IVGLSs co-cultured with MDSCs resulted in
mobilization or expansion of MDSCs7{, 72). Therefore, more abundant CDS T-cells, suggesting increased lymphocyte
high secretion of IL-6 by mycobacteria-infected MDSCs couldiiability and/or proliferation in absence of the PD-1/PD-L1
represent a positive feedback for maintenance and recruitmerco-inhibitory axis. Yet, PD-L1 neutralization left mycatterial
of MDSCs at the site of infection. Antitumor T-cell responselan growth unchanged, despite higher lymphocyte frequencies.
IFN-g secretion are both restored by administration of anti-IL-6 The relevance of PD-1 for T-cell control of TB has been
receptor antibody with subsequent down-regulation of MDSCslemonstrated in murine modeBE) and recent studies in active
(73. Such a strategy to limit MDSC generation may be advisablEB patients suggested that the antagonists to PD-1 rescue
in TB, since IL-6 inhibits detrimental IFN-I in TB714) and suppressive activity of MDSCs, primarily by interfering witteth
induces IFNg during early mycobacterial infection/f). IL-6  PD-1/PD-L2 cross-talk§6). These investigations also show that
speci ¢ contributions to TB granulomas, notably lesion sty IFN-g restricts suppressive capacities of human MDSCs if the
and outcome remain unde ned. cytokine is available during generation of MDSCs. Although i
Activation of MDSCs in various cancer models involvesour system MDSCs exhibited potent lymphocyte suppression
multiple signaling pathways, including RAF/MAPK, PI3K/AKT, post-generation, it cannot be excluded that the presence of
JAK/STAT, and NFB (76). In sepsis, TLR4 independent and IFN-g in IVGLSs may limit suppression via PD-1. Possibly other
myeloid di erentiation primary response protein 88 (MyD88) cell-cell contact mechanisms, independent of PD-1 impact the
dependent activation controls MDSC functions/7. We bacillary growth in presence of MDSCs. The cytolytic capacities
observed faster, and more pronounced activation of severaf lymphocytes deserve further investigations. Moreover,
MAPKs and NFkB pathways irMtb-infected MDSCs compared MDSCs expand regulatory T-cell87) and these may also a ect
to MDMs. Dierences in signaling kinetic have not been anti-mycobacterial defense.
detected for LPS, despite upregulation of CD14 on MDSCs Our results oer novel views on cellular diversity and
in an in ammatory environment 8. While MDSCs indeed functions of myeloid cell subsets in granulomas. The grama
present more abundant signaling molecules at steady statmjcroenvironment in TB patients contains factors which could
further studies should clarify the precise upstream receptorseprogram recruited monocytes into MDSCs, notably cytokines
which sense mycobacterial cues and promptly switch on siggalirsuch as GM-CSF and IL-68{), as well as lipid mediators,
in MDSCs. In mice MyD88-dependent recruitment of MDSCsincluding PGE (88, 89). In a pro-in ammatory environment,
and IL-1R-dependent iINOS activation a ects T-cell immunity MDSC di erentiation may also encompass licensing by GM-CSF
following BCG vaccination 1(8. Moreover, murine MDSCs and IFN-g leading to stable expression of suppressive factors, as
produce IL-1 ((7) and could in autocrine or paracrine way reported for CD1% monocytes 90). These soluble mediators
aect signaling activity. Expression and involvement of theare present in TB lesions and may contribute to local MDSC
MyD88/IL-1R in human MDSC responses to mycobacteriegenesis. Alternatively, MDSCs may be generated in the bone
awaits clari cation. In our study, MAPKs and NKB pathways marrow in active TB, as demonstrated in murine models)(
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and populate granulomas following their release into bloodThe study involving TB patient samples was approved by
stream.In situ genesis and di erentiation in bone marrow are Human Research Ethics Committee of Stellenbosch University;
also not mutually exclusive processes. Whether the presénceapproval number S16/10/212. All sensitive patient information
MDSCs in TB granulomas drives pathology or if these cellsvas kept condential to clinical research personnel only.
are a consequence of unresolved in ammation, subsequentljhe study was performed in accordance with the Helsinki
exacerbating tissue damage remains to be established. Ceclaration.

data reveal thatin vitro generated human MDSCs readily

phagocytosed mycobacteria, yet they do not o er a niche o AUTHOR CONTRIBUTIONS

fast replication, as macrophages do. E ects of sera used for

generation of MDSCs oMtb permissiveness was not addressed’he study was conceived by AD. NA and IS designed,
in the current study. Moreover, these ndings need validatio conducted, and analyzed experiments with support from AD,
with MDSCs isolated from the site of infection in TB patients.NdP, GW, Ml and SK. GP, LL and LK provided support with
It is tempting to speculate that MDSCs have dual detrimentainvestigations of the signaling pathways, Fluidigm analgsid
roles in TB, supporting bacterial persistence inside granalem patient data respectively. SB provided support with selected BSL3
via intrinsic mechanisms, which await clari cation and bagal  experiments. JW supported statistical analysis. NA and AD wrote
replication; via paracrine mechanisms including releaseLef | the manuscript with valuable comments from IS, GP, LL, NdP,
10 and cell to cell contact. Such scenarios may arise in othéfl, JW, and SK.

chronic infectious diseases as well. While we largely fmtus

on monocytic suppressor cells, involvements of granulocytiEFUNDING

MDSCs in TB may as well be critical for the disease outcome,

including granuloma features. In murine TB both types ofThe authors thank Max Planck Society for the
MDSCs exert suppressive activity and in humans particularlyjntramural support.

granulocytic MDSCs expand during active TB4). Clarifying

roles and outcomes of direct interactions between graniioc  ACKNOWLEDGMENTS

MDSCs andVitb warrant future investigation.

By promoting Mtb replication within IVGLSs, monocytic This work was supported by European Cooperation in Science
MDSCs qualify as potential targets for host directed therapiesnd Technology (COST) and the COST Action BM1404
(HDT). Identi cation of the signaling pathways driving Mye-EUNITER (www.mye-euniter.eu). COST is part of the
generation of regulatory cytokines further positions MDSCsEuropean Union Framework Programme Horizon 2020. IS was
as druggable candidate. Such therapies in TB are spearheadegported by an EFIS/IL short-term fellowship. We acknowledge
by ongoing work focused on MDSCs in cancérl), Various nancial support by the European and Developing Countries
drug classes could be tested in fast-tracked clinicalstréaald  Clinical Trials Partnership (EDCTP2)-funded ScreenTB study
eventually be repurposed for HDT in TB. (DRIA2014-311-ScreenTB) and the South African Research

Chair Initiative (SARChI) in TB Biomarkers (SARChI-86535)
ETHICS STATEMENT
SUPPLEMENTARY MATERIAL

The study performed by utilizing samples from healthy

donors was approved by the Ethics Committee of Charitéfhe Supplementary Material for this article can be found
University Hospital (Charite Universitatsmedizin) Berlin; online at: https://www.frontiersin.org/articles/10.388nmu.
approval number EA2/083/14. Donors were kept anonymous2018.02417/full#supplementary-material

REFERENCES 5. Flynn JL, Chan J, Lin PL. Macrophages and control of granulomatous
inammation in tuberculosis. Mucosal Immunol. (2011) 4:271-8.

1. WHO.Global Tuberculosis Report 20GEneva: World Health Organization doi: 10.1038/mi.2011.14
(2017). Available online at: http://apps.who.int/iris/bitstredd665/259366/ 6. Mayer-Barber KD, Sher A. Cytokine and lipid mediator networiks
1/9789241565516-eng.pdf?ua=1. tuberculosisimmunol Rev(2015) 264:264—75. doi: 10.1111/imr.12249

2. O'Garra A, Redford PS, McNab FW, Bloom CI, Wilkinson RJ, Berry M2 T 7. Lenaerts A, Barry CE lll, Dartois V. Heterogeneity in tubercidosi
immune response in tuberculosinnu Rev Immunol(2013) 31:475-527. pathology, microenvironments and therapeutic respondesnunol Rev.
doi: 10.1146/annurev-immunol-032712-095939 (2015) 264:288-307. doi: 10.1111/imr.12252

3. Ohshimo S, Guzman J, Costabel U, Bonella F. Dierential didggnok 8. Dorhoi A, Kaufmann SH. Pathology and immune reactivity: undamsing
granulomatous lung disease: clues and pitfalls: number 4 in the series multidimensionality in pulmonary tuberculosiSemin Immunopatho{2016)

“Pathology for the clinician” edited by Peter Dorfmuller and Albe@avazza. 38:153-66. doi: 10.1007/s00281-015-0531-3

Eur Respir Rey2017) 26:170012. doi: 10.1183/16000617.0012-2017 9. Gideon HP, Phuah J, Myers AJ, Bryson BD, Rodgers MA, Colemarei\i,
4. Russell DG, Cardona PJ, Kim MJ, Allain S, Altare F. Foamy macrophagjes a  Variability in tuberculosis granuloma T cell responses exists, bulanoe

the progression of the human tuberculosis granulofdat Immunol.(2009) of pro- and anti-in ammatory cytokines is associated with steation. PLoS

10:943-8. doi: 10.1038/ni.1781 Pathog(2015) 11:e1004603. doi: 10.1371/journal.ppat.1004603

Frontiers in Immunology | www.frontiersin.org 16 October 2018 | Volume 9 | Article 2417



Agrawal et al. M-MDSC Support M. tuberculosis Replication in Granulomas
10. Tobin DM, Roca FJ, Oh SF, McFarland R, Vickery TW, Ray JP, latent tuberculosis infectionAm J Respir Cell Mol Bio{2017) 57:487-98.
et al. Host genotype-specic therapies can optimize the in ammatory doi: 10.1165/rcmb.2016-03210C
response to mycobacterial infectionsCell (2012) 148:434-46. 28. Heinemann DE, Peters JH, Gahr M. A hunmawitro granuloma model using
doi: 10.1016/j.cell.2011.12.023 heat killedCandida albicansells immobilized on plastic culture wellScand
11. Cadena AM, Fortune SM, Flynn JL. Heterogeneity in tubercsilbisit Rev J Immunol(1997) 45:596—-604. doi: 10.1046/j.1365-3083.1997 2R%-4
Immunol.(2017) 17:691-702. doi: 10.1038/nri.2017.69 29. Huang Z, Luo Q, Guo Y, Chen J, Xiong G, Peng Y, et al. Mycobawteri
12. Mattila JT, Beaino W, Maiello P, Coleman MT, White AG, Scanga CA tuberculosis-induced polarization of human macrophage orchesiréte

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

et al. Positron emission tomography imaging of macaques with tulbesiu
identi es temporal changes in granuloma glucose metabolism and rimeg

alphadbetal-expressing immune cells. Immunol. (2017) 199:806-15. 30.

doi: 10.4049/jimmunol.1700231
Du Plessis N, Jacobs R, Gutschmidt A, Fang Z, van Helden PD\IBjtet al.

Phenotypically resembling myeloid derived suppressor cells are increased 31.

children with HIV and exposed/infected witMycobacterium tuberculosis
Eur J Immunol(2017) 47:107-18. doi: 10.1002/€ji.201646658
El Daker S, Sacchi A, Tempestilli M, Carducci C, Goletti D, Makin

et al. Granulocytic myeloid derived suppressor cells expansion durimgeact 32.

pulmonary tuberculosis is associated with high nitric oxide plasmealIBX.0S
ONE(2015) 10:e0123772. doi: 10.1371/journal.pone.0123772

Yang B, Wang X, Jiang J, Zhai F, Cheng X. Identi cation of @B@xpressing  33.

myeloid-derived suppressor cells in patients with active tubercsilosmunol
Lett.(2014) 158:66—72. doi: 10.1016/j.imlet.2013.12.003

Bronte V, Brandau S, Chen SH, Colombo MP, Frey AB, Greten
TF, et al. Recommendations for myeloid-derived suppressor
nomenclature and characterization standafdat Commun(2016) 7:12150.
doi: 10.1038/ncomms12150

Knaul JK, Jorg S, Oberbeck-Mueller D, Heinemann E, Scheuerrbann

Brinkmann V, et al. Lung-residing myeloid-derived suppressors displaf d 35.

functionality in murine pulmonary tuberculosi®sm J Respir Crit Care Med.
(2014) 190:1053-66. doi: 10.1164/rccm.201405-08280C

Martino A, Badell E, Abadie V, Balloy V, Chignard M, Mistou MY,ad
Mycobacterium bovisacillus Calmette-Guerin vaccination mobilizes innate
myeloid-derived suppressor cells restrainiig vivo T cell priming via
IL-1R-dependent nitric oxide production] Immunol.(2010) 184:2038-47.
doi: 10.4049/jimmunol.0903348

Dietlin TA, Hofman FM, Lund BT, Gilmore W, Stohlman SA, van der Veen
RC. Mycobacteria-induced Gr€l subsets from distinct myeloid lineages
have opposite e ects on T cell expansiaghLeukoc Bio[2007) 81:1205-12.
doi: 10.1189/jlb.1006640

Tsiganov EN, Verbina EM, Radaeva TV, Sosunov VV, KosriiAdNikitina

1Y, etal. Gr-1dimCD118& immature myeloid-derived suppressor cells but not
neutrophils are markers of lethal tuberculosis infection in migémmunol.
(2014) 192:4718-27. doi: 10.4049/jimmunol.1301365

Gupta S, Cheung L, Pokkali S, Winglee K, Guo H, Murphy JR, et al.
Suppressor cell-depleting immunotherapy with denileukin diftitox is an
e ective host-directed therapy for tuberculosisinfect Dis(2017) 215:1883—
7. doi: 10.1093/infdis/jix208

Chavez-Galan L, Vesin D, Uysal H, Blaser G, Benkhoucha M,IRye
B, et al. transmembrane tumor necrosis factor controls myeloid-derived

suppressor cell activity via TNF receptor 2 and protects from exeessiv4l.

in ammation during BCG-induced pleurisyFront Immunol.(2017) 8:999.
doi: 10.3389/ mmu.2017.00999

du Plessis N, Loebenberg L, Kriel M, von Groote-Bidlingmaidiltechini
E, Loxton AG, et al. Increased frequency of myeloid-derived suppresso
cells during active tuberculosis and after recent mycobacteriuvertulosis
infection suppresses T-cell functiodm J Respir Crit Care Med2013)
188:724-32. doi: 10.1164/rccm.201302-02490C

Mattila JT, Ojo OO, Kepka-Lenhart D, Marino S, Kim JH, Eum SY,

et al. Microenvironments in tuberculous granulomas are delineated byl4.

distinct populations of macrophage subsets and expression of nitric
oxide synthase and arginase isofornds.Immunol. (2013) 191:773-84.
doi: 10.4049/jimmunol.1300113

Cooper AM. Mouse model of tuberculos@old Spring Harb Perspect Med.
(2014) 5:a018556. doi: 10.1101/cshperspect.a018556

Apt A, Kramnik I. Man and mouse TB: contradictions and solutions 46.

Tuberculosi§2009) 89:195-8. doi: 10.1016/j.tube.2009.02.002
Crouser ED, White P, Caceres EG, Julian MW, Papp AC, Locke LW,
et al. A novelin vitro human granuloma model of sarcoidosis and

celd4.

36.

37.

38.

39.

40.

42.

43.

45,

formation and development of tuberculous granulomasritro. PLoS ONE
(2015) 10:e0129744. doi: 10.1371/journal.pone.0129744

Kapoor N, Pawar S, Sirakova TD, Deb C, Warren WL, Kolattukudy PE
Human granulomain vitro model, for TB dormancy and resuscitatidALoS
ONE(2013) 8:53657. doi: 10.1371/journal.pone.0053657

Lay G, Poquet Y, Salek-Peyron P, Puissegur MP, Botanch €, Bo
H, et al. Langhans giant cells from M. tuberculosis-induced human
granulomas cannot mediate mycobacterial uptakeathol(2007) 211:76-85.
doi: 10.1002/path.2092

Seitzer U, Gerdes J. Generation and characterization of liutar
heterospheroids formed by human peripheral blood mononuclear cadis
Tissues Orgarf2003) 174:110-6. doi: 10.1159/000071151

Silva D, Silva MVD, Barros CCO, Alexandre PBD, Timoteo RP, Catd®)

et al. TNF-alpha blockade impaiis vitro tuberculous granuloma formation
and down modulate Thl, Th1l7 and Treg cytokindd_.oS ONE(2018)
13:€0194430. doi: 10.1371/journal.pone.0194430

Tain C, Miyara M, Nochy D, Valeyre D, Naccache JM, Altare F, let a
FoxPZ regulatory T cells suppress early stages of granuloma formation but
have little impact on sarcoidosis lesiosn J Pathol(2009) 174:497-508.
doi: 10.2353/ajpath.2009.080580

Agrawal N, Bhattacharyya C, Mukherjee A, Ullah U, Pandit B, Récet al.
Dissecting host factors that regulate the early stages of tulosis infection.
Tuberculosi§2016) 100:102-13. doi: 10.1016/j.tube.2016.07.009

Birkness KA, Guarner J, Sable SB, Tripp RA, Kellar KL, Bartletal,Ast in
vitro model of the leukocyte interactions associated with granuloma fooma

in Mycobacterium tuberculosis infectiobmmunol Cell Biol(2007) 85:160-8.
doi: 10.1038/sj.ich.7100019

Peyron P, Vaubourgeix J, Poquet Y, Levillain F, Botanch @loBaF, et al.
Foamy macrophages from tuberculous patients' granulomas constitute a
nutrient-rich reservoir for M. tuberculosis persistenéd.oS Pathod2008)
4:€1000204. doi: 10.1371/journal.ppat.1000204

Puissegur MP, Botanch C, Duteyrat JL, Delsol G, Caratero &eAft Anin
vitro dual model of mycobacterial granulomas to investigate the molecular
interactions between mycobacteria and human host célkl Microbiol.
(2004) 6:423-33. doi: 10.1111/j.1462-5822.2004.00371.x

Obermajer N, Muthuswamy R, Lesnock J, Edwards RP, Kalinsloditivie
feedback between PGE2 and COX2 redirects the di erentiationufidn
dendritic cells toward stable myeloid-derived suppressor dgltod(2011)
118:5498-505. doi: 10.1182/blood-2011-07-365825

Team RDCR: A Language and Environment for Statistical Computing
Vienna: R Foundation for Statistical Computing (2011). Avaigeonline at:
http://www.r-project.org/

Dorhoi A, Du Plessis N. Monocytic myeloid-derived suppressor
cells in chronic infections. Front Immunol. (2017) 8:1895.
doi: 10.3389/ mmu.2017.01895

Guirado E, Mbawuike U, Keiser TL, Arcos J, Azad AK, Wang SHl.e
Characterization of host and microbial determinants in indivitkiavith
latent tuberculosis infection using a human granuloma motéio (2015)
6:€02537-14. doi: 10.1128/mBi0.02537-14

Ramakrishnan L. Revisiting the role of the granuloma in tubesisiNat Rev
Immunol.(2012) 12:352—66. doi: 10.1038/nri3211

Redford PS, Murray PJ, O'Garra A. The role of IL-10 in immune reguiatio
during M. tuberculosis infection.Mucosal Immunol.(2011) 4:261-70.
doi: 10.1038/mi.2011.7

Barnes PF, Lu S, Abrams JS, Wang E, Yamamura M, Modlin RL. Cytokine
production at the site of disease in human tuberculdsiect Immun.(1993)
61:3482-9.

Marino S, Cilfone NA, Mattila JT, Linderman JJ, Flynn JL, Kinsch
DE. Macrophage polarization drives granuloma outcome during
Mycobacterium tuberculosigifection. Infect Immun. (2015) 83:324-38.
doi: 10.1128/1A1.02494-14

Frontiers in Immunology | www.frontiersin.org

17

October 2018 | Volume 9 | Article 2417



Agrawal et al.

M-MDSC Support M. tuberculosis Replication in Granulomas

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Othieno C, Hirsch CS, Hamilton BD, Wilkinson K, Ellner JJ, Tooss
Z. Interaction of Mycobacterium tuberculosisduced transforming
growth factor betal and interleukin-10Infect Immun. (1999) 67:5
730-5.

Ruhwald M, Aabye MG, Ravn P. IP-10 release assays in theodiagyf
tuberculosis infection: current status and future directioBgpert Rev Mol
Diagn.(2012) 12:175-87. doi: 10.1586/erm.11.97

Hossain MM, Norazmi MN. Pattern recognition receptors and cytek in
Mycobacterium tuberculosis infection—the double-edged s®@@&idmed Res
Int. (2013) 2013:179174. doi: 10.1155/2013/179174

Hoesel B, Schmid JA. The complexity of NF-kappaB signaling immation
and cancerMol Cancer(2013) 12:86. doi: 10.1186/1476-4598-12-86
Schulze-Ostho K, Ferrari D, Riehemann K, Wesselborg S. RegulatNF-
kappa B activation by MAP kinase cascadesnunobiology(1997) 198:35-
49. doi: 10.1016/S0171-2985(97)80025-3

Hu X, Paik PK, Chen J, Yarilina A, Kockeritz L, Lu TT, et al.
IFN-gamma suppresses IL-10 production and synergizes with TLR2 by
regulating GSK3 and CREB/AP-1 proteirlsamunity (2006) 24:563-74.
doi: 10.1016/j.immuni.2006.02.014

Martin M, Schi erle RE, Cuesta N, Vogel SN, Katz J, Michalek Bble of
the phosphatidylinositol 3 kinase-Akt pathway in the regulatidrilo10 and
IL-12 by Porphyromonas gingivalis lipopolysaccharidelmmunol.(2003)
171:717-25. doi: 10.4049/jimmunol.171.2.717

Barry OP, Mullan B, Sheehan D, Kazanietz MG, Shanahan F, CdKins 72.

et al. Constitutive ERK1/2 activation in esophagogastric rinebanarrow
micrometastatic cells is MEK-independedBiol Chem(2001) 276:15537-46.

doi: 10.1074/jbc.M010847200

Lu C, Redd PS, Lee JR, Savage N, Liu K. The expression proles

and regulation of PD-L1 in tumor-induced myeloid-derived suppressor73.

cells. Oncoimmunology(2016) 5:€1247135. doi: 10.1080/2162402X.2016.12
47135
Wang L, Chang EW, Wong SC, Ong SM, Chong DQ, Ling KL. Inectas

myeloid-derived suppressor cells in gastric cancer correlate with canc&4.

stage and plasma S100A8/A9 proin ammatory proteiismmunol.(2013)
190:794-804. doi: 10.4049/jimmunol.1202088

Blank C, Mackensen A. Contribution of the PD-L1/PD-1 pathw@
T-cell exhaustion: an update on implications for chronic infengo
and tumor evasion.Cancer Immunol Immunother(2007) 56:739-45.
doi: 10.1007/s00262-006-0272-1

Youn JI, Nagaraj S, Collazo M, Gabrilovich DI. Subsets of mydkived
suppressor cells in tumor-bearing micé.Immunol.(2008) 181:5791-802.
doi: 10.4049/jimmunol.181.8.5791

Nathan C. Role of iNOS in human host deferSeienc€2006) 312:1874-5;
author reply 1874-5. doi: 10.1126/science.312.5782.1874b

O'Leary S, O'Sullivan MP, Keane J. IL-10 blocks phagosome matuiat
mycobacterium tuberculosis-infected human macrophages.J Respir Cell
Mol Biol.(2011) 45:172-80. doi: 10.1165/rcmb.2010-03190C

de Waal Malefyt R, Yssel H, de Vries JE. Direct e ects of ILfi8ubsets
of human CD4L T cell clones and resting T cells. Speci ¢ inhibition of IL-2
production and proliferationd Immunol(1993) 150:4754—65.

Redford PS, Boonstra A, Read S, Pitt J, Graham C, Stavropoutdsak,
Enhanced protection toMycobacterium tuberculosisfection in IL-10-
de cient mice is accompanied by early and enhanced Th1l responsé®in t
lung. Eur J Immunol(2010) 40:2200-10. doi: 10.1002/€ji.201040433

Ahn D, Penaloza H, Wang Z, Wickersham M, Parker D, Patel P,
et al. Acquired resistance to innate immune clearance promktebsiella
pneumoniae ST258 pulmonary infectionJCI Insight (2016) 1:e89704.
doi: 10.1172/jci.insight.89704

Parker KH, Beury DW, Ostrand-Rosenberg S. Myeloid-derived
suppressor cells: critical cells driving immune suppression in the
tumor microenvironment. Adv Cancer Res.(2015) 128:95-139.
doi: 10.1016/bs.acr.2015.04.002

Sinha P, Clements VK, Bunt SK, Albelda SM, Ostrand-Rosenb&gpSs-
talk between myeloid-derived suppressor cells and macrophages subverts

tumor immunity toward a type 2 responsé.Immunol.(2007) 179:977-83. 84.

doi: 10.4049/jimmunol.179.2.977
Irwin SM, Driver E, Lyon E, Schrupp C, Ryan G, Gonzalez-Juarreset &,
Presence of multiple lesion types with vastly di erent microenvironments

67.

68.

69.

70.

71.

75.

76.

77.

78.

79.

80.

81.

82.

83.

C3HeB/FeJ mice following aerosol infection witfycobacterium tuberculosis.
Dis Model Mech(2015) 8:591-602. doi: 10.1242/dmm.019570

Mahamed D, Boulle M, Ganga Y, Mc Arthur C, Skroch S, Oom L,
et al. Intracellular growth oMycobacterium tuberculosadter macrophage
cell death leads to serial killing of host cellBlife (2017) 6:€22028.
doi: 10.7554/eL.ife.22028

Dallenga T, Repnik U, Corleis B, Eich J, Reimer R, Griths GW, et al.
M. tuberculosis-induced necrosis of infected neutrophils promdiasterial
growth following phagocytosis by macrophag€®ll Host Microbg2017)
22:519-30.e3. doi: 10.1016/j.chom.2017.09.003

Ogawa T, Uchida H, Kusumoto Y, Mori Y, Yamamura Y, Hamada S. Inereas
in tumor necrosis factor alpha- and interleukin-6-secreting cellgénpheral
blood mononuclear cells from subjects infected witlycobacterium
tuberculosidnfect Immun (1991) 59:3021-5.

Mundy-Bosse BL, Young GS, Bauer T, Binkley E, Bloomston MMBi,

et al. Distinct myeloid suppressor cell subsets correlate with plasma IL-6
and IL-10 and reduced interferon-alpha signaling in CD3(T cells from
patients with GI malignancyCancer Immunol Immunothe(2011) 60:1269—
79. doi: 10.1007/s00262-011-1029-z

Sander LE, Sackett SD, Dierssen U, Beraza N, Linke RP, Muyllet al.
Hepatic acute-phase proteins control innate immune responses during
infection by promoting myeloid-derived suppressor cell functidiExp Med.
(2010) 207:1453-64. doi: 10.1084/jem.20091474

Bunt SK, Yang L, Sinha P, Clements VK, Leips J, Ostrand-
Rosenberg S. Reduced inammation in the tumor microenvironment
delays the accumulation of myeloid-derived suppressor cells
and limits tumor progression. Cancer Res.(2007) 67:10019-26.
doi: 10.1158/0008-5472.CAN-07-2354

Sumida K, Wakita D, Narita Y, Masuko K, Terada S, Watanabet ld|. e
Anti-IL-6 receptor mAb eliminates myeloid-derived suppressor cells and
inhibits tumor growth by enhancing T-cell respons&sir J Immunol(2012)
42:2060-72. doi: 10.1002/€ji.201142335

Martinez AN, Mehra S, Kaushal D. Role of interleukin 6 in innatenunity

to Mycobacterium tuberculosisfection. J Infect Dis(2013) 207:1253-61.
doi: 10.1093/infdis/jit037

Saunders BM, Frank AA, Orme IM, Cooper AM. Interleukin-6 indsiearly
gamma interferon production in the infected lung but is not requireat f
generation of specic immunity toMycobacterium tuberculosisfection.
Infect Immun(2000) 68:3322—6. doi: 10.1128/1AI1.68.6.3322-3326.2000
Trikha P, Carson WE llII. Signaling pathways involved in MDS@utation.
Biochim Biophys Act@014) 1846:55—65. doi: 10.1016/j.bbcan.2014.04.003
Gabrilovich DI, Nagaraj S. Myeloid-derived suppressor cells asategaiof

the immune systenNat Rev Immunol(2009) 9:162-74. doi: 10.1038/nri2506
Bunt SK, Clements VK, Hanson EM, Sinha P, Ostrand-RosenBerg
In ammation enhances myeloid-derived suppressor cell cross-talk by
signaling through Toll-like receptor 41 Leukoc Biol(2009) 85:996—1004.
doi: 10.1189/jIb.0708446

Patel SP, Kurzrock R. PD-L1 expression as a predictive biomarker
in cancer immunotherapy. Mol Cancer Ther. (2015) 14:847-56.
doi: 10.1158/1535-7163.MCT-14-0983

Tzeng HT, Tsai HF, Liao HJ, Lin YJ, Chen L, Chen PJ, et al. PDekdte
reverses immune dysfunction and hepatitis B viral persistence rimoase
animal modelPLoS ONK2012) 7:e39179. doi: 10.1371/journal.pone.0039179
Gay CL, Bosch RJ, Ritz J, Hataye JM, Aga E, Tressler RL, dinmialC
trial of the anti-PD-L1 antibody BMS-936559 in HIV-1 infectpdrticipants

on suppressive antiretroviral therapy. Infect Dis.(2017) 215:1725-33.
doi: 10.1093/infdis/jix191

Noman MZ, Desantis G, Janji B, Hasmim M, Karray S, Dessen P,RDa

L1 is a novel direct target of HIF-1alpha, and its blockade undegrotia
enhanced MDSC-mediated T cell activatidnExp Med(2014) 211:781-90.
doi: 10.1084/jem.20131916

Liu Y, Zeng B, Zhang Z, Zhang Y, Yang R. B7-H1 on myeloid-derive
suppressor cells in immune suppression by a mouse model of ovarian cancer.
Clin Immunol.(2008) 129:471-81. doi: 10.1016/j.clim.2008.07.030

Lechner MG, Liebertz DJ, Epstein AL. Characterization obkiye-
induced myeloid-derived suppressor cells from normal human
peripheral blood mononuclear cells) Immunol. (2010) 185:2273-84.
doi: 10.4049/jimmunol.1000901

Frontiers in Immunology | www.frontiersin.org

18

October 2018 | Volume 9 | Article 2417



Agrawal et al. M-MDSC Support M. tuberculosis Replication in Granulomas

85.

86.

87.

88.

89.

Barber DL, Mayer-Barber KD, Feng CG, Sharpe AH, Sher A. CDell§ ¢ 90. Ribechini E, Hutchinson JA, Hergovits S, Heuer M, Lucas HleiSher
promote rather than control tuberculosis in the absence of PD-1-ated U, et al. Novel GM-CSF signals via IFN-gamma R/IRF-1 and AKT/mTOR
inhibition. J Immunol(2011) 186:1598-607. doi: 10.4049/jimmunol.1003304  license monocytes for suppressor functidlood Adv.(2017) 1:947-60.
Zhan X, Hu S, Wu Y, Li M, Liu T, Ming S, et al. IFN-gamma doi: 10.1182/bloodadvances.2017006858

decreased the suppressive function of CO3B{LA-DR(low) myeloid 91. Chesney JA, Mitchell RA, Yaddanapudi K. Myeloid-derived siggorecells-
cells through down-regulation of PD-1/PD-L2 signaling pathway. a new therapeutic target to overcome resistance to cancer immenely.J
Mol  Immunol. (2017) 94:107-20. doi: 10.1016/j.molimm.2017. Leukoc Biol(2017) 102:727-40. doi: 10.1189/jlb.5VMR1116-458RRR
10.009

Jitschin R, Braun M, Buttner M, Dettmer-Wilde K, Bricks J,dgerJ, et al. Conict of Interest Statement: The authors declare that the research was
CLL-cells induce IDOhi CD1@HLA-DRIo myeloid-derived suppressor cells conducted in the absence of any commercial or nancial relatigps that could
that inhibit T-cell responses and promote TReBood(2014) 124:750-60. be construed as a potential con ict of interest.

doi: 10.1182/blood-2013-12-546416

Marakalala MJ, Raju RM, Sharma K, Zhang YJ, Eugenin EA, Pridgaux Copyright © 2018 Agrawal, Streata, Pei, Weiner, Kotze, Banderinazza, Walzl,
et al. In ammatory signaling in human tuberculosis granulomas is sjfigtia du Plessis, loana, Kaufmann and Dorhoi. This is an opensaadége distributed
organizedNat Med.(2016) 22:531-8. doi: 10.1038/nm.4073 under the terms of the Creative Commons Attribution Licé@€eBY). The use,
Kim MJ, Wainwright HC, Locketz M, Bekker LG, Walther GB, tBh distribution or reproduction in other forums is permittedoyided the original
C, et al. Caseation of human tuberculosis granulomas correlates withuthor(s) and the copyright owner(s) are credited and tleabtiginal publication
elevated host lipid metabolismEMBO Mol Med. (2010) 2:258-74. in this journal is cited, in accordance with accepted acadpractice. No use,
doi: 10.1002/emmm.201000079 distribution or reproduction is permitted which does notply with these terms.

Frontiers in Immunology | www.frontiersin.org 19 October 2018 | Volume 9 | Article 2417



