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Abstract

Monocytic myeloid-derived suppressor cells (M-MDSCs) were increased during LP-BM5 

retroviral infection, and were capable of suppressing not only T-cell, but also B-cell responses. In 

addition to previously demonstrating iNOS- and VISTA-dependent M-MDSC mechanisms, in this 

paper, we detail how M-MDSCs utilized soluble mediators, including the reactive oxygen and 

nitrogen species superoxide, peroxynitrite, and nitric oxide, and TGF-β, to suppress B cells in a 

predominantly contact-independent manner. Suppression was independent of cysteine-depletion 

and hydrogen peroxide production. When two major mechanisms of suppression (iNOS and 

VISTA) were eliminated in double knockout mice, M-MDSCs from LP-BM5-infected mice were 

able to compensate using other, soluble mechanisms in order to maintain suppression of B cells. 

The IL-10 producing regulatory B-cell compartment was among the targets of M-MDSC-mediated 

suppression.
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Introduction

Myeloid-derived suppressor cells (MDSCs) are an immunosuppressive subset of cells that 

arise from myeloid progenitors that fail to terminally differentiate (reviewed in (1, 2)). 

Murine MDSCs are Gr-1+CD11b+ and generally lack expression of mature macrophage and 

dendritic cell markers (3, 4). In healthy mice, Gr-1+ CD11b+ cells are present in very small 

numbers in the spleen and in circulation and mainly reside in the bone marrow. Unlike 
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MDSCs, these immature myeloid cells are less suppressive (5). MDSCs quickly proliferate 

and migrate from the bone marrow in response to soluble mediators such as cytokines and 

chemokines that are produced at sites of inflammation and in the tumor milieu (6).

MDSCs are heterogeneous, but can be classified into two subsets based on extensive studies 

of suppression of T cells in tumor models. Granulocytic MDSCs (G-MDSCs) are 

polymorphonuclear and express high levels of Ly6G and low levels of Ly6C (6–8). G-

MDSCs often utilize reactive oxygen species (ROS) and arginase 1 for their 

immunosuppressive function, and require antigen-specific interactions with their target T 

cells, although there is system-to-system variability (8–10). Monocytic MDSCs (M-

MDSCs), are mononuclear and express low levels of Ly6G and high levels of Ly6C (7, 8, 

10). M-MDSCs tend to utilize inducible nitric-oxide synthase (iNOS) for suppression (9, 

10), and may also utilize arginase 1 (10), although this can vary in different systems. 

MDSCs are implicated in a wide range of both murine and human pathologies and have 

been heavily studied in cancer systems as inhibitors of anti-tumor immunity. Both G-

MDSCs and M-MDSCs have been reported to be expanded during oncogenesis, with G-

MDSCs often showing a larger expansion (10). Despite their higher numbers, G-MDSCs 

tend to be less potent suppressors in tumor models than M-MDSCs on a per cell basis (2). 

MDSC expansion has been correlated with reduced survival among cancer patients (11). In 

addition to their role in inhibiting anti-tumor immunity, MDSCs have also been suggested to 

inhibit anti-viral immunity during influenza infection (12), murine models of chronic 

hepatitis B (13), vesicular stomatitis virus (14), and certain strains of herpes simplex virus 

(15). Conversely, a protective role for MDSCs has been reported in several autoimmune 

models, including collagen-induced arthritis (CIA) (16), autoimmune hepatitis (17), 

inflammatory bowel disease (18), and experimental autoimmune encephalomyelitis (19, 20).

The role of MDSCs in murine AIDS (MAIDS) has recently been explored by our lab (21–

24). LP-BM5 retrovirus-induced MAIDS is a murine disease syndrome with many features 

similar to HIV/AIDS, including early activation parameters such as 

hypergammaglobulinemia, splenomegaly, and lymphadonopathy; dependence on CD4+ T 

cells for induction; immunodeficiency characterized by loss of CD4+ T-cell function, 

decreased T- and B-cell responses, and increased susceptibility to infection and death by 

opportunistic infections; and development of B-cell lymphomas in late stages (25–27). In 

susceptible hosts, MAIDS pathogenesis is dependent on binding of CD154 (CD40L) on 

pathogenic CD4+ T cells with CD40 on B cells (28–33).

LP-BM5 infection results in a suppressive M-MDSCs population characterized by our lab 

(21). These M-MDSCs suppress T cells ex vivo in an iNOS-dependent manner and also 

suppress B cells in a partially iNOS-dependent manner (21). Suppression of B cells was also 

partially dependent on the novel negative checkpoint regulator, V-domain Ig suppressor of 

activation (VISTA) (23). To our knowledge, our report was the first detailing MDSC 

(specifically monocytic)-mediated suppression of B cells, in particular in a retroviral system. 

Previous studies discussed natural suppressor cells from murine bone marrow or neonatal 

spleens, which were reported to be capable of suppressing B cell responses in an iNOS-

dependent manner (34–36). However, whether this population of cells included true MDSCs 

as now defined, is unknown, as the only phenotypic descriptions indicated that the cells are 
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non-adherent, low-density and Thy-and Ig-negative (34–36). Since then, to our knowledge, 

three groups have shown MDSC-mediated suppression of B cells in autoimmune models. 

One group found that MDSCs induced during CIA are also capable of suppressing B cells in 

an iNOS-dependent manner (16), and yet another reported that MDSCs could inhibit 

proliferation of B cells in experimental autoimmune myasthenia gravis (EAMG) via iNOS 

and arginase (37). A third group found that MDSC-injection into lupus mice induced 

suppression of effector B cell population, including germinal cells and plasma cells, via 

iNOS while simultaneously increasing the proportion of regulatory B cells (38). 

Additionally, MDSCs have been identified as inhibitors of B-cell lymphopoiesis in the bone 

marrow during obesity and aging (39). Although we are unaware of any studies evaluating 

suppression of B cells by HIV-derived MDSCs, MDSCs capable of suppressing both 

antigen-specific and non-specific CD8+ T-cell responses were increased in HIV patients, 

supporting our findings in the LP-BM5 retroviral system, with MDSC-frequencies 

correlating with clinical parameters such as decreased CD4+ T-cell frequency and increased 

viral load (40).

Inducible nitric oxide synthase (iNOS) catalyzes the production of nitric oxide (NO) from L-

arginine and O2 (41). In addition to its function as a proinflammatory mediator and its 

ability to inhibit viral replication (41), NO can also inhibit immune responses and promote 

chronic infection (42). While our previous work indicates that iNOS accounts for 

approximately half of the M-MDSC-mediated suppression of B cells, and that VISTA also 

plays a major role in this suppression (23), the existence and identity of other suppressive 

mechanism(s) active against B-cell targets are unknown (21). In this LP-BM5 retroviral 

system, suppression of B cells was independent of: arginase 1, another common suppressive 

mechanism utilized by MDSCs, as well as PD-1/PD-L1 interactions, IL-10, and indoleamine 

2,3-dioxygenase (IDO) activity (21, 43). Other mechanisms of suppression utilized by either 

MDSC subset in their inhibition of T-cell responses in different disease settings can include 

membrane-bound or soluble transforming growth factor β (TGF-β) (44–46), cysteine 

depletion (47), ROS production (48–51), prostaglandin-E2 (52–54), induction of regulatory 

T cells (55–57), and down-regulation of L-selectin expression (7). As MDSC-mediated 

suppression of B cells is understudied, it is not clear whether these and/or other potential 

suppressive pathways, such as adenosine production (58) and stimulation of the inhibitory 

receptors FcγRIIβ (CD32) (59–62) and CD22 (63–67), or CD72 (68), are involved in M-

MDSC suppression of B-cell targets.

Given the scarcity of studies examining MDSC-mediated suppression of B cells, we utilized 

the LP-BM5 retroviral system to characterize the mechanism(s) in addition to NO 

production and VISTA that are used by M-MDSCs to suppress B cells. The following work 

began with triaging experiments to determine if suppression was contact-dependent and if 

soluble mediators were involved. Antioxidants, inhibitors, antibodies, and other methods 

were utilized to block potential reactive nitrogen or oxygen species, soluble TGF-β, and 

downstream mediator-dependent mechanisms. The effects of genetic ablation of major 

suppressive mechanisms, as well as the effect of M-MDSCs on regulatory, IL-10-producing 

B cells, were also examined. These data, and in particular the concept of MDSC plasticity in 

molecular mechanisms of inhibition, may have a number of potential clinical implications 

relevant to MDSCs present in a variety of human disease settings.
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Materials and Methods

Mice

7-week-old male C57BL/6 (B6) mice were purchased from the National Cancer Institute 

(NCI, Bethesda, MD) or Charles River (Wilmington, MA). B6-background 10BiT (Thy1.1 

gene under the control of IL-10 promoter) (69) and VISTA knockout mice were generous 

gifts from the laboratories of Lloyd Kasper and Randolph Noelle, respectively (Geisel 

School of Medicine at Dartmouth, Lebanon, NH). B6-background iNOS knockout, 

purchased from Jackson Lab (Farmington, CT), and VISTA knockout mice were crossed to 

create F2-generation-derived VISTA/iNOS double knockout breeders with assistance by the 

Dartmouth Immunology COBRE (Geisel School of Medicine at Dartmouth, Lebanon, NH), 

which were confirmed using PCR and by their inability to produce nitric oxide and lack of 

VISTA expression (measured by flow cytometry). All mice were bred and/or housed in the 

Center for Comparative Medicine and Research (CMMR) at the Geisel School of Medicine 

at Dartmouth, and used at ~8–10 wks of age. All animal experiments were done with the 

approval of the Institutional Animal Care and Use Committee of Dartmouth College, in 

conjunction with the Dartmouth CCMR, an AALAC approved animal facility.

Cell Purification

For enrichment of suppressor cell populations, splenocytes from 3–6 LP-BM5-infected B6 

mice were pooled 5 wpi and labeled with anti-Ly6G-biotin-coupled beads, and subsequently 

with anti-biotin-coupled paramagnetic beads, as previously published (21). The negative 

flow-through was collected from a MACS column (Miltenyi Biotech, Auburn, CA). The 

flow-through was labeled with anti-CD11b-coupled paramagnetic beads and column 

purified, leading to the standard enriched M-MDSC preparation previously employed (21–

24). Responder cell populations consisted of pooled splenocytes from 3–4 uninfected B6 

mice.

LP-BM5 Virus Inoculation

LP-BM5 virus was prepared in the lab using G6 cells as provided and described by Janet 

Hartley and Herbert Morse (NIH) (70) and as we have adapted (30). Mice were infected 

intraperitoneally with 5*104 ecotropic PFU as determined by standard retroviral XC plaque 

assay (71).

[3H] Thymidine Incorporation Proliferation Assays

Responder cells (uninfected, wildtype B6 splenocytes) were plated at 5*105 cells/well (96-

well plates) or 3*106 cells/well (24-well transwell plates). Suppressor cells (obtained from 5 

w.p.i. LP-BM5-infected mice, and employed as Ly6G-depleted/CD11b-enriched 

splenocytes) were plated at various suppressor: responder (S:R) cell ratios as indicated in 3–

8 wells per condition in supplemented medium (containing 5% fetal calf serum, L-

glutamine, and antibiotics). Responder cells were stimulated with 10μg/mL 

lipopolysaccharide (LPS) (shown) or 50μg/mL anti-CD40 plus 10ng/mL IL-4 (data not 

shown) at 37*C, 5% CO2. For transwell studies, suppressors were plated either in the bottom 

well with responders (with contact) or in a 0.4μm Corning 24-well transwell inserts (without 
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contact). As a control, both responders and M-MDSCs were cultured in the bottom well in 

the presence of the insert. No change in suppression relative to normal co-culture conditions 

was detected, indicating that lack of cell contact, as opposed to the presence of the insert, 

affected levels of suppression. Beginning at hour 66, plates were terminally pulsed with 

1mCi (96-well plates) or 3.5mCi (24-well transwell plates) [3H] thymidine (PerkinElmer, 

Waltham, MA). At 72 hrs, plates were harvested and assessed for thymidine incorporation 

using a scintillation counter. Percent suppression was calculated from the control response, 

as previously described (21). In brief, percent residual responsiveness (R) was calculated as: 

R = (cpm of responder cells with suppressor cells)/(cpm of responder cells alone) * 100%. 

Residual responsiveness was subtracted from the % control responsiveness (defined as the 

cpm of responders alone, set at 100%) to determine the percent suppression, such that % 

suppression = 100% - R.

iNOS Blockade Assays

To test for iNOS-dependence, the iNOS/NOS2 inhibitor L-Nil (Enzo Life Sciences, 

Farmingdale, NY) was added to suppressor cells or control media before culture at 100μM. 

Blockade of suppression was calculated as 100% - (percent suppression with L-Nil 

treatment)/(control percent suppression without treatment). As a negative control, L-Nil did 

not affect the proliferation of responder cells cultured in the absence of M-MDSCs.

Griess’ Assays

Griess’ reagent was used, as previously described (24), to measure cumulative levels of 

nitrite (a downstream product of the iNOS-pathway) in suppressive cultures set up as 

described above. Briefly, 50μL supernate was removed from suppressive cultures at 66 

hours, and incubated with 50μL Griess’ reagent (Sigma-Aldrich, St. Louis, MO) for 10 min 

at room temperature. Absorbance at 540nm was compared to a standard curve generated 

using NaNO2 to calculate concentration of nitrite, as per the manufacturers protocol.

Supernate Transfer Assays

Responder cells alone (R) or responder cells co-cultured with suppressor cells (R+S) at an 

R:S ratio of 1:0.33, as described above for the [3H] thymidine assays, were polyclonally 

stimulated for 40 hrs (donor plates) as a source of cell-free supernate. Responder cells were 

cultured alone with stimulation in parallel for subsequent use as recipient cultures – such 

that the kinetics were identical to those for the donor plates at the time of transfer. At 40 hrs. 

(the earliest timepoint where cumulative NO production was consistently significantly above 

background), supernate from either R or R+S donor wells was transferred to the recipient 

cultures. Suppression was determined by [3H] thymidine incorporation, as described above.

Cysteine Add-Back Assays

To test for involvement of cysteine depletion, β-mercaptoethanol (2ME, Sigma Aldrich, St. 

Louis, MO) or N-acetyl cysteine (NAC, MP Biomedicals, Santa Ana, CA) was used to 

increase extracellular cysteine levels. Blockade of suppression was calculated as described 

above for L-Nil experiments. As positive controls, Ellman’s reagent (Sigma, St. Louis, MO) 

was used to spectrophotometrically ensure that 2ME and NAC increased cysteine 
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concentrations, and the AKR-H-2bSL1(72) murine leukemia cell line was used to ensure 

bioactivity of the 2ME. As a negative control, 2ME and NAC did not affect the proliferation 

of responder cells cultured in the absence of M-MDSCs at the doses tested.

Antioxidant Assays

To test for involvement of reactive oxygen species, supernates were treated with catalase 

(MP Biomedicals, Santa Ana, CA), superoxide dismutase (SOD, MP Biomedicals, Santa 

Ana, CA), carboxy-PTIO (Sigma-Aldrich, St. Louis, MO), uric acid (UA, Pointe Scientific, 

Canton, MI), or MnTBAP (Enzo Life Sciences, Farmingdale, NY) at indicated 

concentrations to neutralize/scavenge hydrogen peroxide, superoxide, nitric oxide, or 

peroxynitrite, respectively. Concentrations depicted represent the final concentration after 

transfer. Supernate assays were performed as described above (with wells receiving 

antioxidant-treated supernate from responder cells cultured alone used as a control to ensure 

lack of effect of antioxidants on baseline proliferation), and percent blockade of suppression 

was calculated by comparing supernates treated with the antioxidants to untreated supernate 

controls, as described above. As a positive control for catalase activity, the ability to break 

down hydrogen peroxide was measured spectrophotometrically.

XTT assay

To test for superoxide production, an XTT assay of the supernate was performed, as 

previously described (73). Briefly, suppression assays were set up as described above, but 

using media without phenol red. At 40 hrs, supernates were removed and plated with 

0.83μg/mL phenazine methosulfate (PMS, Sigma Aldrich, St. Louis, MO) and 1.3mg/mL 

2,3-Bis-(2-Methoxy-4-Nitro-5-Sulfophenyl)-2H-Tetrazolium-5-Carboxanilide (XTT, Sigma 

Aldrich, St. Louis, MO) and incubated, protected from light, overnight. Subsequently, 

absorbance was read at 30 min intervals at 470nm (adjusted for non-specific turbidity – i.e. 

660nm absorbance) to detect conversion of the XTT tetrazolium salt to formazen by 

superoxide. Superoxide dismutase was used to ensure superoxide-specific absorbance. The 

enzyme xanthinine oxidase (Sigma Aldrich, St. Louis, MO) was used as a positive control at 

concentrations indicated, with 0.2mM pterin (Sigma Aldrich, St. Louis, MO) added as its 

substrate.

Anti-TGF-β

To test for involvement of TGF-β, supernates were treated with mouse anti-TGF-β mAb 

(clone #1D11, R&D Systems, Minneapolis, MN) or mouse IgG1 isotype control (clone 

#11711, R&D Systems, Minneapolis, MN) at indicated concentrations to neutralize TGF-β. 

Supernate assays were performed as described above. As a negative control, anti-TGF-β did 

not affect the proliferation of responder cells cultured in the absence of M-MDSC-

conditioned supernate.

Arginase Blockade

To test for arginase-dependence, the specific inhibitor NorNOHA (Cayman Chemical 

Company, Ann Arbor, MI) was added to suppressor cells before culture in a standard 

suppression assay at 1mM. Blockade of suppression was calculated as in the iNOS blockade 
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experiments detailed above. As a positive control for inhibitor efficacy, reproducibly 

(including two head-to-head experiments), the same doses of NorNOHA substantially, and 

in some trials completely, blocked arginase-1-dependent T-cell suppression by ID8 tumor-

derived B6 MDSCs, as previously described (74). As a negative control, NorNOHA did not 

affect the proliferation of responder cells stimulated by LPS cultured in the absence of M-

MDSCs.

Flow Cytometry

For cell-surface staining, 5*105 spleen cells were incubated with fluorescein isothiocyanate 

(FITC-), phycoerythrin (PE−), or allophycocyanin (APC−) antibodies, followed by direct 

immunofluorescence quantified by log amplification (MACSQuant flow cytometer; Miltenyi 

Biotec) using mAbs for Thy1.1 (clone HIS51, Ebioscience) and CD19 (clone 6D5, 

Biolegend); the proliferation dye CFSE (Molecular Probes by Life Technologies); and the 

viability stain 7-AAD (Ebioscience). Fluorescence minus one (FMO) and isotype controls 

were used as gating controls.

Statistical Analysis

Standard deviations (SD) of the mean were determined and compared statistically using a 

Student t test, and the Holm-Bonferroni method was used to correct for multiple testing.

Results

iNOS-dependence of B-cell suppression by M-MDSCs

Despite many studies on the mechanisms utilized by MDSCs to suppress T cells, little is 

known about MDSC-mediated suppression of B cells, early exceptions being our lab’s study 

in the LP-BM5 retroviral system (21) and subsequent studies in a few other systems: e.g. in 

mice with collagen induced arthritis (16) and autoimmune myasthenia gravis (37). In LP-

BM5 retrovirus-infected mice, which develop MAIDS, we demonstrated that although T-cell 

responses were suppressed in a predominantly iNOS-dependent manner, M-MDSC 

suppression of B-cell responsiveness to LPS (shown) and anti-CD40 plus IL-10 (not shown) 

was only partially iNOS-dependent (21). To further clarify the role of NO, a Griess’ assay 

for NO production was performed in the context of M-MDSC-mediated suppression of B 

cells. LP-BM5 expanded, Miltenyi-bead enriched (see Materials and Methods), Ly6G±/low 

Ly6C+ CD11b+ M-MDSC produced NO in parallel with their suppression of B cells, and 

this NO production was fully blocked by the iNOS-specific inhibitor, L-Nil (Fig. 1a). 

Suppression assays reveal that L-Nil was able to inhibit some, but not all, of the M-MDSC-

mediated suppression of B-cell responses to polyclonal stimulation (Fig. 1b). iNOS-

inhibitors blocked an average of ~45% of M-MDSC suppression of B cells, with blockade 

up to 60% but never near 100%, even with L-Nil at concentrations well above that required 

to fully block NO production (Fig. 1a) and M-MDSC suppression of T-cell responsiveness 

(data not shown and ref. (21)).

Contact-dependence of B-cell suppression by M-MDSCs

To broadly characterize potential mechanisms used by M-MDSCs in addition to iNOS to 

suppress B cells, contact-dependence was tested using a transwell system in which the M-
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MDSCs were segregated from their target responder B cells. M-MDSCs (upper well) 

retained most, but not all, of their suppressive ability when physically separated from 

responding B cells (lower well) (Fig. 2a). In the absence of cell contact, M-MDSCs 

exhibited a mean (in more than 5 experiments) of 78±14% as much suppressive capacity as 

M-MDSCs in contact with responders in parallel assays. These data indicate that a majority 

of the suppression was independent of contact, yet a significant portion of suppression 

required contact between M-MDSCs and their target B cells.

As previously established (see Fig. 1a+1b and Green et al. (21)) iNOS contributed 

substantially (approximately 45% of the M-MDSC-mediated suppression of B-cell 

responses). A Griess’ assay was used in the context of the transwell system to determine if 

iNOS-mediated NO production by M-MDSCs required contact with responder cells. M-

MDSCs (in the upper well) produced NO (detected at an undiminished level in the lower 

well (responder cells only)) in the absence of cell contact, indicating sufficient availability to 

target the responder B cells (Fig. 2b). Given this context, the consistent findings that NO 

only accounts for approximately half of the M-MDSC-mediated suppression of B cells, yet 

75–80% of the suppression was contact independent, collectively suggest at least one other 

contact-independent mechanism of M-MDSC suppression.

Involvement of soluble mediators in B-cell suppression by M-MDSCs

Because the majority of M-MDSC-mediated suppression was contact-independent, 

supernate transfer assays were utilized to determine if suppression was the result of soluble 

mediators. Supernate taken from suppressive co-cultures of M-MDSCs with responder B 

cells (as set up as in Fig. 1) was directly used as a possible source of such cell-free factors to 

test for alterations in the response of B cells cultured alone with polyclonal activation (see 

Materials and Methods). In an attempt to define a timepoint such that the final effector 

soluble mediators were fully formed, yet the reaction time with responders was sufficient to 

allow full detection of suppressive effects of the transferred supernate, preliminary kinetic 

experiments were conducted that lead to choosing 40hrs as the time of transfer. Indeed, 

supernates were capable of inhibiting B-cell responses, with a mean of ~55% of the 

suppression observed in parallel, responder B-cell/M-MDSC co-culture assays (Fig. 3a, 

legend). Thus, soluble factors mediated, in significant part, the M-MDSC suppression of B-

cell responsiveness.

Given the role for iNOS in suppression by these M-MDSCs, a dependency on NO for 

suppression in the supernate transfer assays was investigated. Pretreatment of M-MDSCs 

(used as a source of supernate) with the iNOS inhibitor L-Nil showed substantial, but only 

partial, blockade of the suppressive capability of the supernate (despite complete inhibition 

by the same L-Nil concentration of NO production as measured by Griess’ assay (data not 

shown)) (Fig. 3b). Of note, the percentage blockade of suppression by L-Nil was roughly 

equivalent in these supernate transfer experiments when compared to the cell-based 

suppression assay (see Fig. 1b). Collectively, these data indicate that though iNOS-generated 

NO was an important component of the suppression of B cells by soluble mediators derived 

from M-MDSCs, there appear to be other additional soluble mediators utilized.
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Role of cysteine-depletion in B-cell suppression by M-MDSCs

Given (a) soluble mediator(s) were shown to be involved, potential final effector molecules 

were investigated. One soluble mechanism utilized by MDSCs to suppress T cells in tumor 

systems is cysteine depletion (47). To test whether increasing cysteine concentrations 

affected M-MDSC-mediated suppression of B cells, beta-mercaptoethanol (2ME), a 

reducing agent that converts extracellular cystine to cysteine, and N-acetylcysteine (NAC), a 

form of cysteine that is resistant to extracellular oxidation, were used to counter possible 

cysteine limitation. As controls for reagent bio-activity, both 2ME and NAC increased 

cysteine concentration in the cultures, as measured by Ellman’s reagent; and 2ME was able 

to support the growth of a 2ME-dependent cancer cell line (data not shown, see Materials 

and Methods). Even using concentrations of NAC up to 5-fold greater and 2ME 

concentrations up to 25-fold greater than previously published in other systems to counter 

MDSC inhibition of T cells (47), suppression of B cells was not blocked, indicating that LP-

BM5-expanded M-MDSCs did not utilize cysteine-depletion as a substantial mechanism to 

suppress B cells (data not shown).

Role of ROS production in B-cell suppression by M-MDSCs

Another class of soluble mediators used by MDSCs in many systems to suppress T-cell 

responses is reactive oxygen species (ROS), such as hydrogen peroxide (48). Thus, the 

involvement of hydrogen peroxide in M-MDSC-mediated suppression here was tested using 

catalase, which converts hydrogen peroxide to water and molecular oxygen. Even at 

concentrations up to 5-fold greater than published as effective in blocking MDSC function 

(48), suppression by the transferred supernates was not blocked, despite our independent 

confirmation of the ability of the catalase used to break down hydrogen peroxide (data not 

shown, see Materials and Methods).

Involvement of another ROS, superoxide, was tested using superoxide dismutase (SOD), 

which converts superoxide to hydrogen peroxide (75). SOD treatment partially blocked M-

MDSC-supernate-mediated suppression of B-cell responses, with 5 out of 6 experiments 

showing significance (p=0.01 to 1*10−7), and an average dose-dependent maximum 

blockade of approximately 30% (Fig. 4a). To confirm an involvement of superoxide as a 

final mediator of suppression, an XTT assay was performed on supernates in parallel with a 

supernate transfer suppression assay, based on the ability of XTT to be reduced by 

superoxide. Superoxide was indeed detectable in the supernate conditioned by M-MDSCs 

(but not in control supernate from stimulated responder cells alone), corroborating data from 

the SOD blocking experiments (Fig. 4b).

As superoxide readily reacts with NO resulting in the generation of peroxynitrite (ONOO−) 

(76), and we previously demonstrated the involvement of iNOS generated NO in M-MDSC-

mediated suppression of B cells (Figs. 1 and 3b and ref. (21)), peroxynitrite formation was 

considered as an additional final soluble mediator of suppression. Using uric acid (UA), a 

peroxynitrite scavenger, suppression in the supernate transfer system was reliably blocked, 

with an average dose-dependent maximum of blockade at approximately 20% (Fig 4c). This 

level of blockade was verified using a second peroxynitrite scavenger, MnTBAP (see Fig. 

4d). Taken together, these data indicate that M-MDSC-mediated suppression of B cells was 
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partially dependent on reactive oxygen species, specifically the end effectors superoxide and 

peroxynitrite, mechanisms more commonly associated with G-MDSCs (48, 49, 77), but not 

hydrogen peroxide.

Role of nitric oxide in the absence of peroxynitrite formation

The NO-specific scavenger, carboxy-PTIO, which neutralizes NO while not affecting 

peroxynitrite, was also used in supernate transfer experiments. Carboxy-PTIO reproducibly 

blocked in a dose-dependent manner ~20% of the suppressive capability of M-MDSC-

conditioned supernates (with significant blockade in 6 out of 7 experiments, p=0.04 to 

1*10−7) (Fig. 5), indicating that nitric oxide was suppressive on its own, in addition to 

forming suppressive peroxynitrite (Fig. 4c, d).

Together, these data indicate that M-MDSCs expanded after LP-BM5 retroviral infection 

utilized superoxide (Fig. 4a, b), peroxynitrite (Fig. 4c, d), and nitric oxide (Fig. 5) soluble 

mediators, when summed up, as responsible for a major portion of the total soluble M-

MDSC-mediated suppression of B cells.

Additive nature of superoxide and iNOS/NO blockade

As just shown (Figs. 4 and 5), superoxide and nitric oxide as end-products both individually 

and collectively (peroxynitrite formation) contribute to the suppressive capacity of M-

MDSC supernates. However, at the level of generation of these ROS/RNS species, either 

independent or overlapping pathways could be involved. To address these questions, 

including whether the contributions of NO and superoxide were additive, M-MDSCs were 

treated with L-Nil to block iNOS, and supernates from these treated M-MDSCs were also 

treated with SOD. The level of suppression from this dual inhibitor blocking schema was 

compared to that of each individual treatment performed in parallel. Suppression by the 

SOD and L-Nil combination treated M-MDSC-supernate was significantly less than 

suppression by supernates treated with either inhibitor independently in 3 of 4 experiments 

(representative experiment shown in Fig. 6a). Further, when the levels of blockade for all 4 

experiments were compiled, blockade of suppression by M-MDSC supernates following the 

combination treatment exceeded the blockade for either treatment applied individually (Fig. 

6b). The levels of combined blockade were roughly additive, indicating that the pathways 

generating superoxide and nitric oxide were sufficiently non-overlapping that substantial 

cross-competition and diminishment of the individual blocking effect was not observed.

Role of soluble TGF-β in B-cell suppression by M-MDSCs

Because the above results suggested that NO, superoxide, and peroxynitirite could together 

account for perhaps only 70% of the suppression by supernates (Figs. 4–5), TGF-β as a 

known inhibitor of B-cell proliferation was assessed next. Although membrane-bound TGF-

β may also be employed by MDSCs in other systems (see Discussion and ref.(44)), to 

determine if soluble TGF-β was involved, M-MDSC supernates were treated with mouse 

anti-TGF-β mAb. Anti-TGF-β, but not the mouse IgG1 isotype control, consistently blocked 

suppression, with average blockade at ~25% of the soluble suppression (with significant 

blockade in 5/6 experiments, p=0.026 to 0.007; and an average blockade of 26±4%). These 
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results indicated that most of the previously unaccounted for soluble suppression appeared to 

be dependent on soluble TGF-β (Fig. 7).

Suppressive ability of M-MDSCs after eliminating two of the major suppressive 
mechanisms

As iNOS and its downstream products account for approximately half of the M-MDSC 

suppression of B cells (see Fig. 1 and ref. (21)), and our lab has recently demonstrated that 

the new negative checkpoint regulator VISTA is required for an additional substantial 

portion of the M-MDSC mechanisms providing suppression of B cells (23), we next 

considered whether M-MDSCs from VISTA/iNOS double knockout mice (genotype 

confirmed, see Materials and Methods) were still able to suppress in the absence of these 

two dominant mechanisms. M-MDSCs from such double knockout mice were robustly 

suppressive of polyclonal B-cell responses, with similar levels of suppression (not 

statistically different) as seen with wild-type M-MDSC (Fig. 8a). Importantly, as a control 

and as expected, addition of L-Nil had no effect on the suppressive capability of VISTA/

iNOS double knockout M-MDSCs (data not shown). These data indicate that these M-

MDSCs are able to compensate with expanded roles by the more minor mechanisms, as 

described above, and/or with novel additional inhibitory mechanisms when the two major 

suppressive mechanisms are removed.

M-MDSC supernate transfer assays, including double knockout M-MDSCs, lead to 

substantial suppression of B-cell responsiveness (Fig. 8b). In fact, supernates conditioned by 

VISTA/iNOS double knockout M-MDSCs had statistically more suppressive capability than 

supernate conditioned by wild-type M-MDSCs in 3 (p=5.5*10−4 to 4*10−5) out of 4 

experiments. In parallel experiments, superoxide dismutase or the anti-TGF-β were used to 

demonstrate that, like wild-type M-MDSCs, suppression by double knockout M-MDSCs is 

partially superoxide-and TGF-β-dependent. Increased dependence on these mechanisms for 

suppression was not observed (Fig. 8b and data not shown). Additionally, the arginase 

inhibitor NorNOHA was unable to block suppression by the double knockout M-MDSCs, 

despite our independent confirmation of its ability to block suppression by an arginase-1-

dependent tumor-derived MDSC population (data not shown, see Materials and Methods), 

consistent with our previously published results of lack of an effect by NorNOHA on 

suppression by wild-type M-MDSCs (data not shown) (21).

Ability of M-MDSCs to suppress regulatory B cells

Previously, our lab showed that M-MDSCs expanded during LP-BM5 induced pathogenesis 

are capable of suppressing IL-10 production by CD4+ regulatory T cells (Treg), both in total 

percentage of cells and on a per-cell basis (22). Given that these M-MDSCs also suppress 

the B-cell compartment, IL-10-reporter mice (which express Thy1.1 under the IL-10 

promoter) were utilized here to determine if IL-10-production by regulatory B cells was also 

susceptible to M-MDSC regulation. The proportion of B cells producing IL-10 in response 

to LPS-stimulation was significantly decreased in the presence of M-MDSCs (Fig. 9a and 

9b). In contrast, co-culture with M-MDSCs did not affect the level of IL-10 produced on a 

per B cell basis (as determined by the Thy1.1 MFI of the remaining Breg cells) (Fig. 9c). 

CFSE-dilution data corroborated the thymidine incorporation data in general, and 
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additionally specifically demonstrated that proliferation of IL-10 producing B cells is 

decreased by their co-culture with M-MDSCs (Fig. 9d). This decrease in proliferation can be 

quantified using mean or median fluorescence intensities, and in either case suppression is 

significant (p = 0.02 and 9*10−7, respectively).

Discussion

Based on the results presented above (Figs. 1, 4, 5, and 7), we show that M-MDSCs from 

LP-BM5 retrovirus-infected mice suppressed B-cell responsiveness in a contact-independent 

manner that was partially dependent on soluble mediators (Figs. 2a and 3a), including 

superoxide, peroxynitrite, nitric oxide, and TGF-β (Figs. 4, 5, and 7). We previously 

demonstrated that the novel checkpoint regulator VISTA was importantly involved in M-

MDSC-mediated suppression of B-cell responsiveness and likely acts in both iNOS/NO-

dependent and independent manners, as indicated by studies herein and our previous use of 

VISTA-Ig in the absence of MDSCs (and therefore in the absence of M-MDSC produced 

iNOS/NO) (23). VISTA and ROS-production, as well as VISTA and TGF-β-production, are 

likely in predominantly different inhibitory pathways, as suppression by supernates from 

VISTA/iNOS double knockout M-MDSCs was still partially blocked by SOD and anti-TGF-

β mAb (Fig. 8b and data not shown). The presence of superoxide-mediated suppression by 

double knockout M-MDSCs indicates that superoxide is capable of suppressing in the 

absence of peroxynitrite formation. Further, treatment of M-MDSC-conditioned supernate 

with SOD and L-Nil resulted in essentially additive blockade (Fig. 6). Using β-

mercaptoethanol, N-acetyl cysteine, and catalase, no evidence was found to support a role 

for cysteine-depletion or hydrogen peroxide production. As shown in previous work from 

our lab utilizing wild-type versus knockout mouse strains in standard M-MDSC B-cell 

responder suppression assays, suppression was also independent of arginase 1, PD-1/PD-L1 

interactions, IL-10 production, and IDO activity (21, 43).

In addition to showing partial iNOS-dependence using inhibitors (L-Nil in this study (Fig. 

1b), and LNMMA, previously by our lab (21)), iNOS/NO dependence was shown to broadly 

effect the M-MDSC suppression of B-cell responses by use of two different polyclonal 

activators, LPS and anti-CD40 + IL-4. NO can readily pass through cell membranes (42), 

where it can have a variety of suppressive functions including inhibition of DNA synthesis 

(78, 79), deamination of DNA (80, 81), inhibition of MHC class II expression (82), 

nitrosylation and activation or deactivation of signaling proteins (especially those involved in 

IL-2 receptor signaling and downstream STAT5 signaling) (83–88), and other pro-apoptotic 

effects (89–91). Given the novelty of MDSC-mediated suppression of B cells, while many of 

these inhibitory effects have been discovered in the context of T-cell suppression, analogous 

and other experimental approaches are needed to determine if these or other inhibitory 

effects are responsible as the final effector mechanism for iNOS/NO-dependent B-cell 

suppression. This question is particularly relevant in the LP-BM5 retroviral system, as the 

VISTA-dependent portion of M-MDSC suppression appears to include both iNOS/NO-

dependent and independent mechanisms.

ROS generation is frequently associated with G-MDSC-mediated suppression of T cells. 

The Gabrilovich lab found that G-MDSCs in a murine fibrosarcoma model produced 
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hydrogen peroxide that suppressed T cells (48). In the same study, these authors found that 

ROS production blocked differentiation of immature myeloid cells resulting in increased 

MDSC numbers (48). Whether a similar feed-back loop is in play in the LP-BM5 retroviral 

system has not been determined. The fact that M-MDSCs from LP-BM5-infected mice 

utilize ROS-generation, which is more typically attributed to G-MDSCs, underscores the 

heterogeneity of MDSCs in different microenvironments or pathologies (16).

An important area where previous studies of G-MDSCs may inform the less well studied M-

MDSCs is the source of ROS production. Potential sites of ROS production include the 

mitochondria (through the intracellular electron-transport-chain) (92), the endoplasmic 

reticulum (through cytochrome P450) (93), the plasma membrane (through NADPH 

oxidases, NOXs) (94), and/or the cytosol (through xanthine oxidase) (95). In mature myeloid 

cells, the primary source of superoxide is through to be NADPH oxidase 1 (NOX1) (76), 

however, studies in tumor-bearing mice indicate that NOX2 is the primary source of G-

MDSC-produced ROS (49). Further, under low L-arginine conditions, iNOS can switch 

from primarily producing nitric oxide to superoxide (96, 97). However, data from M-MDSC 

supernates treated with both L-Nil and SOD indicate that here, iNOS is likely not 

responsible for superoxide generation (Fig. 6).

Superoxide and NO readily react to form peroxynitrite (76), which has been shown to cross 

cell membranes (98–100). Peroxynitrite is capable of nitrating and/or oxidizing a variety of 

targets leading to loss of function or structural integrity (101), including nucleotides (102–

105), proteins (106–108), and lipids (100, 109–111). Nitrated lipids and fatty acids can be 

anti-inflammatory (101, 112). Interestingly, peroxynitrite is able to inactivate Mn superoxide 

dismutase (MnSOD), resulting in increased sensitivity of target cells to superoxide-mediated 

suppression, indicating that these two mechanisms may work together in a cooperative 

manner (113–115). Peroxynitrite can also induce cell death, either through necrosis at high, 

or apoptosis at lower, peroxynitrite levels (116–118). Which of these effects also occur in B 

cells subject to M-MDSC suppression is currently unknown.

Suppression was also found to be partially dependent on soluble TGF-β (Fig. 7). Previous 

published work corroborates that MDSCs are capable of producing TGF-β. Several reports 

indicate that in breast cancer models, MDSCs produce soluble TGF-β that inhibits CD8+ T-

cell cytotoxic responses (45, 46). One report found that tumor-derived MDSC-membrane-

bound TGF-β induces anergy of NK cells (44). While involvement for membrane-bound 

TGF-β was not investigated in this study (which focused on soluble mechanisms), our 

current and previous (23) results using blocking anti-VISTA mAb and iNOS inhibitors 

indicate that these two pathways are both the most dominant employed by wildtype M-

MDSCs and together appear to be near fully responsible for the contact-dependent 

component of M-MDSC suppression. As such, it seems unlikely that membrane-bound 

TGF-β has a significant role. Although none of these MDSC studies looked at the effects of 

TGF-β on B cells, TGF-β produced by other cell types is known to induce apoptosis of 

resting B cells and to inhibit B-cell proliferation (119).

Relative to the potential importance of inhibition of both B- and T-cell responses in disease, 

mice deficient in CD4+ T cells or B cells are resistant to LP-BM5-induced pathology (120), 
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due in substantial part to the dependence of disease on binding of CD154 (CD40L) on T 

cells with CD40 on B cells (28–33). M-MDSCs may serve a protective role in MAIDS by 

limiting proliferation or function of these pathogenic CD4+ T cells, as we and others have 

described and/or by targeting CD40+ B cells, and thus preventing their interaction with 

CD154+ CD4+ T cells. Alternatively, M-MDSC-mediated suppression may limit protective, 

antiviral immunity, enhancing disease. Further, cytokines produced by these pathogenic B- 

and T-cells may be required for MDSC-induction and disease-associated 

immunosuppression. Additional studies are needed to determine if, in MAIDS, HIV/AIDS, 

and other disease contexts, MDSCs are protective, deleterious, or active in opposing ways.

Previous studies in our lab have revealed that LP-BM5-expanded M-MDSCs suppress IL-10 

production by regulatory CD4+ T cells (22). In this paper we demonstrate that these M-

MDSCs also suppress regulatory B cells (Fig. 9a, b, and d). To our knowledge, the only 

other studies examining relationships of MDSCs and Bregs were correlative studies from 

human samples (121), which showed that numbers of IL-10-producing Bregs correlated with 

MDSC numbers, and a study in a murine lupus model, in which injection of MDSCs 

increased the number of IL-10 producing Bregs (38), making the direct ex vivo suppression 

(rather than enhancement) of Breg cells by M-MDSCs observed here a novel finding, and 

indicating that the effect of MDSC on Bregs, whether it be enhancement or suppression, 

may be dependent on the system. LP-BM5-expanded M-MDSCs were capable of decreasing 

the frequency of both IL-10-producing Tregs (22) and Bregs (Fig. 9a and b), and were able 

to inhibit IL-10 production on a per cell basis for Tregs (22). However, IL-10-production by 

Bregs was unchanged on a per cell basis (as determined by MFI) (Fig 9c). CFSE-dilution 

data indicate that M-MDSCs inhibit IL-10-producing regulatory B-cell proliferation (Fig. 

9d).

Known mechanisms of LP-BM5-expanded wild-type B6 M-MDSC-mediated suppression of 

B cells are summarized in Fig. 10, which attempts to also provide a rough estimate of the 

relative contributions by the listed molecular mechanisms. M-MDSCs from LP-BM5-

infected mice suppressed B cells in a manner substantially dependent on VISTA, with some 

but not all of the suppression replicated by VISTA-Ig, strongly suggesting direct VISTA-

initiated target cell signaling (23). M-MDSC mediated suppression is also effected in 

significant part by soluble mediators including nitric oxide, superoxide, peroxynitrite, and 

TGF-β (Figs. 1, 4, 5, and 7). Importantly, by adding the percentages of blocking by the 

individual inhibitors, the combined contributions of ROS, RNS, and TGF-β can be viewed 

as accounting for approximately 95% of all of the suppression by M-MDSC-conditioned 

supernates. It is well understood that for both the supernate components of suppression, as 

well as the overall suppression including contact-dependent mechanism(s), there may be 

nuances of overlap that complicate this simple adding up. The data from the combination 

treatments in Figure 6, which show rough additivity, underscore the feasibility of the 

summation of mechanisms in Figure 10, and are useful to frame additional questions for 

future experimentation. That said, other, unknown soluble mediators, or contact-mediated 

receptor/ligand events, may also be involved especially if one or more mechanisms are not 

available by M-MDSC of a particular setting or subpopulation (24), or if a certain B-cell 

subset is resistant to that suppressive mechanism. Alternatively, there is recognition that it is 

also difficult to accurately sum up the proportionality of effector suppressive mechanisms 
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due to the likelihood for plasticity of mechanisms and compensation. For example, there is 

evidence that VISTA has both iNOS/NO-dependent and independent mechanisms of 

suppression, perhaps with NO as a downstream mediator of VISTA ligation to its receptor 

on B cells, as suggested by CFSE-tracking of suppression by wild-type vs. iNOS−/− M-

MDSCs (Fig. 10, ref. (23), and K. Green unpublished data).

MDSCs have been implicated in human diseases such as inflammatory bowel disease, HIV/

AIDS, and various cancers (18, 40, 122–125) indicating that they represent a potential 

therapeutic target. Adoptive MDSC-therapy, or induction or activation of MDSCs, may be 

able to suppress immune responses in the context of transplantation, autoimmunity, and 

other cases of immunopathology (1, 126). Our findings regarding the mechanisms of M-

MDSC-mediated suppression of B cells could be especially relevant, as B cells are key 

players in a number of autoimmune disorders (127–129). The evidence here suggests that 

M-MDSCs use a variety of mechanisms to suppress B cells, and that when one or more of 

these mechanism(s) is removed, other mechanisms compensate and the cells remain 

suppressive. Indeed, genetic ablation of the VISTA and iNOS-dependent suppressive 

mechanisms resulted in compensation, such that for these double knockout M-MDSCs 

suppression of B-cell responsiveness there was no evidence for overall quantitative or 

qualitative differences compared to that seen in wild-type M-MDSCs (Fig. 9a), other than 

increased reliance on soluble mediators (Fig. 9b). Results using superoxide dismutase (Fig. 

9b) and anti-TGF-β mAb (data not shown) indicated that (an)other, yet to be defined, 

mechanism(s) appears to compensate for the lack of VISTA and iNOS (and therefore nitric 

oxide and peroxynitrite), in the face of stable contributions of superoxide and TGF-β. This 

finding indicates that rather than blocking individual mechanisms of suppression, inhibition 

of MDSC induction or activation may prove to be a more successful therapeutic strategy. 

Pharmacological inhibition of MDSCs by neutralizing some of the pro-inflammatory signals 

that promote induction or activation of MDSCs, such as IFN-γ (9, 10, 17), IL-6(130–132)b, 

IL-1β (133, 134), complement component C5a (135), SA100A8/A9 (136), granulocyte-

macrophage colony-stimulating factor (GM-CSF) (5), or vascular endothelial growth factor 

(VEGF) (4, 137, 138), could be helpful when MDSC suppression is directly or indirectly 

pathological, such as during cancer or chronic viral infection. Inducing differentiation of 

MDSCs to mature M1 macrophages could also stimulate protective immunity in these 

settings. On the other hand, in cases of immunopathology due to overzealous immune 

responses associated with inflammation or infection, adoptive transfer of MDSCs, or 

stimulation of endogenous MDSC responses, could be beneficial.
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Highlights

• M-MDSCs from LP-BM5-infected mice utilized soluble mediators 

including nitric oxide, superoxide, peroxynitrite, and TGF-β to 

suppress B cells

• When two major mechanisms of suppression were eliminated in double 

knockout mice, M-MDSCs maintained equivalent overall levels of 

suppression

• M-MDSCs from LP-BM5-infected mice decreased proliferation of 

IL-10 producing regulatory B cells
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Fig. 1. iNOS-dependence of B-cell suppression by M-MDSCs
(A) The Griess’ assay was used to measure levels of NO production in cultures of stimulated 

B-cells alone, or co-cultured with enriched M-MDSCs in the presence or absence of 100μM 

L-Nil. A similar pattern of results was observed in 3 experiments. (B) A [3H] thymidine 

incorporation assay was used to assess M-MDSC suppression of B-cell proliferation in 

response to LPS stimulation in the presence or absence of 100μM L-Nil. Higher doses of L-

Nil did not show increased blockade. Data shown are from representative experiments, with 

similar pattern of results was observed in 3 experiments. Significance levels: **, p<0.01; 

***, p<0.001; NS, not significant.
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Fig. 2. Contact-dependence of B-cell suppression by M-MDSCs
Assays were performed as in Figure 1, specifically for the co-cultures (with contact). In 

addition: (A) M-MDSCs (upper well) were physically separated from responder cells (lower 

well) using a transwell system (see Materials and Methods). (B) A Griess’ assay was 

performed with stimulated B-cells (lower well) co-cultured with M-MDSCs (upper well) in 

the absence of cell contact. Data shown are from representative experiments, with a similar 

pattern of results (as shown for both A and B) observed in at least 5 experiments each. 

Significance levels: *, p<0.05; **, p<0.01; NS, not significant.
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Fig. 3. Involvement of soluble mediators in B-cell suppression by M-MDSCs
(A) Supernates from suppressive cultures of MDSCs and B cells were tested for suppressive 

capability and showed a mean of 56±15% of the suppression observed in parallel, cell-based 

assays. A similar pattern of results was observed in 5 experiments. (B) Supernates from 

suppressive cultures of MDSCs and B cells in the presence or absence of 100μM L-Nil were 

tested for suppressive capability. Data shown are from representative experiments, with a 

similar pattern of results was observed in 4 experiments. Significance levels: *, p<0.05; **, 

p<0.01.
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Fig. 4. Role of ROS production in B-cell suppression by M-MDSCs
Suppression of B-cell proliferation was assessed using supernates from suppressive cultures 

of MDSCs and B cells as in Figure 3. Supernates were treated with increasing doses of: (A) 

superoxide dismutase (SOD), (C) uric acid (UA), and (D) MnTBAP. Higher doses than those 

shown were tested, but did not show additional blockade and began to induce toxicity. (B) 

Superoxide levels in supernates were tested using the XTT assay; XO represents the positive 

control. Data shown are from representative experiments, these patterns of results were 

representative of at least 3 experiments for each panel. Significance levels:*, p<0.05; ***, 

p<0.001. p-values are versus untreated.
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Fig. 5. Role of nitric oxide in the absence of peroxynitrite formation
Suppression of B-cell proliferation by supernate from suppressive cultures of MDSCs and B 

cells was assessed as in Fig. 3. Supernates were treated with increasing doses of carboxy-

PTIO (PTIO). Higher doses were tested, but did not show additional blockade and began to 

induce toxicity. Data shown are from a representative experiment. This pattern of results is 

representative of 7 experiments. Significance levels:*, p<0.05; **, p<0.01. p-values are 

versus untreated.
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Fig. 6. Additive nature of superoxide and iNOS/NO blockade
Suppression of B-cell proliferation by supernates from suppressive cultures of MDSCs 

treated with L-Nil and SOD either alone, or in combination, was assessed as in Fig. 3 and 

Fig. 4. (A) Data shown are from a representative experiment. This pattern of results was 

observed in 3 of 4 experiments. (B) Compiled blockade values from all 4 experiments. 

Significance levels:*, p<0.05; **, p<0.01; ***, p<0.001.
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Fig. 7. Role of soluble TGF-β in B-cell suppression by M-MDSCs
Suppression of B-cell proliferation by supernate from suppressive cultures of MDSCs and B 

cells was assessed as in Fig. 3. Supernates were treated with increasing doses of anti-TGF-β 
or IgG1 control. Higher doses were tested, but did not show additional blockade and began 

to induce toxicity. Data shown are from a representative experiments. This pattern of results 

is representative of four experiments. Significance levels: **, p<0.01. p-values are versus 

untreated.
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Fig. 8. Suppressive ability of M-MDSCs after eliminating two of the major suppressive 
mechanism
(A) Suppression of B-cell proliferation by MDSCs from LP-BM5-infected wild-type or 

VISTA/iNOS double knockout MDSCs. (B) Supernate transfer suppression assays (as in 

Fig. 3) left untreated or treated with superoxide dismutase (SOD) showed that soluble 

suppression by double knockout MDSCs accounted for about 2/3rds of total suppression, as 

opposed to with WT M-MDSCs, where soluble mediators account for approximately 55% 

the suppression (see Fig. 3a). Data shown are from a representative experiments. A similar 

pattern of results was observed in at least 3 experiments for each panel. Significance levels: 

**, p<0.01; NS, not significant.

Rastad and Green Page 34

Virology. Author manuscript; available in PMC 2017 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Rastad and Green Page 35

Virology. Author manuscript; available in PMC 2017 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 9. Ability of M-MDSCs to suppress regulatory B cells
Suppression assays were set up as above with w.t. MDSCs but using 10BiT reporter mice as 

a source of responder B cells. Splenocytes were gated on the 7-AAD− live population and 

were stained for CD19 and the IL-10 reporter, Thy1.1. (A) Representative flow plots 

showing the percent of B cells producing IL-10. (B) Quantification of results shown in panel 

A with means and standard deviations from replicate samples. (C) Mean Thy1.1 

fluorescence intensities. (D) Proliferation of IL-10-producing B cells stained with CFSE 

gated on 7-AAD−, CD19+, IL-10+. A representative flow plot is shown on the left, with 

mean and standard deviations from replicate samples shown on the right. Data shown are 

from a representative experiments. These patterns of results (in panels A-D) are 

representative of at least 3 experiments. Significance levels: ***, p<0.001. Error bars are 

from replicate samples.
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Fig. 10. M-MDSC mechanisms of B-cell suppression
Based on the studies presented in this paper and in ref. (21), mechanisms utilized by M-

MDSCs from LP-BM5-infected wild-type mice are summarized with estimates of their 

relative contributions to their suppression of B-cell responses.
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