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Abstract

During visceral leishmaniasis (VL), T helper 1 (Th1)-based inflammation is induced to control 

intracellular parasites. Inflammation-based pathology has been shown to be dampened by 

interleukin 10 and eventual Programmed Death1 (PD1)-mediated T cell exhaustion. Cell type(s) 

responsible for the initiation of T cell-produced IL-10 during VL are unknown. CD19+, CD5−, 

CD1d−, IgDhi regulatory B cells from healthy controls produced IL-10 in absence of infection or 

stimulation in contrast to IgDlo/neg B cells. IgDhi B cells may have a de novo vs. induced 

regulatory program. IgDhi B cells increased three-fold in population size as VL progressed. B cells 

from VL dogs were necessary and sufficient to suppress T helper 1 (Th1) cell effector function. 

IgDhi B cells induced T cell and IgDlo B cell IL-10 production. Blockage of B cell-specific PD-L1 

restored Th1 responses. IgDhi regulatory B cells represent a novel regulatory B cell which may 

precipitate T cell exhaustion during VL.

Introduction

Zoonotic visceral leishmaniasis (VL) without treatment is a fatal systemic disease. VL 

results in 500,000 annual new human cases and greater than 20,000 deaths per year. 
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Leishmania infantum, the causative agent of VL in the New World and Mediterranean basin, 

has natural hosts that include dogs and humans (1). As VL patients or the animal model, 

dogs, progressed to clinical VL, there was impaired CD4+ T cell proliferation, IFN-γ 

production; T cell exhaustion (2–5). The canine model of VL, nearly identical in pathology 

to human disease, has proven to be valuable to understand immunologic causes of 

progressive clinical VL (2, 3, 6–9).

Immature-like B cells are a recently described regulatory B cell which produces substantial 

amounts of IL-10 in patients with autoimmune diseases (10). Other murine regulatory B 

cells had a CD5+, CD19hi, CD24hi surface phenotype; however naïve-like B cells do not 

share this distinction and expressed a non-activated, resting B cell phenotype of human B10 

cells is not clearly defined (11, 12). Generally these regulatory B cells are predominantly 

characterized by their production of IL-10, do not express classical activation markers and 

have dual surface expression of IgM and IgD. Role(s) of regulatory surface receptors in the 

function(s) of these naïve-like B cells are not well established. CD19+, CD27−, IgM+, IgD+ 

B cells increase in frequency within whole blood during clinical Chagas’ disease (13) and P. 
falciparum cerebral malaria (14), suggesting a causal link between IgM+/IgD+ naïve-like B 

cells and persistence of intracellular protozoal infection. Despite these correlative findings, 

very little is known regarding the specific role of IgD+ IL-10 producing B cells in natural 

infection settings, or regulatory function(s) of IgDhi expressing cells. Insight into potential 

suppressive functions of this B cell subset will expand our understanding of immune 

regulatory roles of IgD+ B cells during chronic infection.

Studies of multiple autoimmune diseases, including lupus (15), rheumatoid arthritis (16), 

and chronic granulomatous disease (17), demonstrated that IL-10-producing B cells were 

critical for dampening inflammatory disease Induction or presence of functional IL-10 

producing regulatory B cells had novel therapeutic capacity in these autoimmune diseases 

(18). Comparatively little is known about these regulatory B cells specifically alter 

progression of infectious diseases (19–22).

Infection with Leishmania (L.) infantum initially induces a robust Th1 immune response. 

This Th1 response is dampened by regulatory immune responses when infection was not 

controlled by the initial IFN-γ-based response (2, 3, 23, 24). It was demonstrated that during 

VL, T cell responses were characterized by IL-10 production and increased inhibitory 

receptor/ligand Programmed Death (PD)1/PDL1-expression leading to cellular exhaustion 

(2). Studies to date focused on CD4+ or CD8+ T cell regulation during VL. Whether 

regulatory T cell responses were initiated directly by the inflammatory environment during 

VL or if additional regulatory immune cells precipitate regulatory responses is unknown. 

Other studies characterized marginal zone B cell activation and IL-10 production of B cells 

in experimental L. donovani or L. major murine-infection to drive T cell development 

toward Th2-baised responses (25, 26). During natural, progressive infection, the presence of 

activated B cells within the spleen of L. infantum infected dogs correlated with abnormal 

germinal center formation (27). The phenotype and role of regulatory B cells as a source of 

IL-10 during VL and how PD1/PDL1 interactions may alter the function of regulatory B 

cells is not known.
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Recent advances in our understanding of regulatory B cells suggested that these cells have a 

broad role in immune regulation (12). Regulatory B cells directly influence inflammatory T 

cell function (20). We hypothesized that these cells might therefore predicate activation of 

regulatory T cells during progressive VL. CD19+ IgDhi B cells expanded three-fold during 

progressive VL and were the predominant population of IL-10 producing B cells during 

clinical VL. IgDhi B cells consistently produced IL-10 in all collected control, subclinical, 

and clinical groups, indicating IL-10 production was a core function of these cells. IgDhi 

B10 B cells did not display typical surface markers of murine B regulatory cells (CD5+, 

CD19hi, CD24hi, CD1dhi). Instead these IL-10 producing B cells had a phenotype more 

similar to that observed in immature B cells of human patients during hepatitis B virus 

infection (19). IgDhi B cells induced IL-10 production in co-cultured T and IgDint/lo B cells. 

When magnetically-enriched B cells from L. infantum-infected dogs were co-cultured with 

enriched T cells, B cells were sufficient to suppress T cell function through IL-10 and PD1; 

conversely removal of IgDhi B cells preserved CD4+ T cell function despite presence of 

other APCs. Blockade of IL-10 and PD1 interactions on B cells produced significant 

recovery of T cell function (p<0.01). These novel regulatory B cells represent an important 

component of immune regulation during chronic L. infantum infection and greatly expand 

our understanding of non-experimentally induced regulatory B cells.

Materials and Methods

Animals

This study utilizes a cohort of US hunting dogs described in Boggiatto et al., 2010 and dogs 

collected for euthanasia for Leishmania-prevention efforts in Natal, Brazil (Figure 1). 

Supplemental table 1 provides the sex and repeated diagnostic information for all U.S. dogs 

used in this study. The average age of these dogs was 4.1 years, symptomatic animals range 

from 2–10 years of age, asymptomatic and endemic control animals trended slightly younger 

but not significantly so. Symptomatic dogs tend to have a history of tick-borne disease, 

roughly 15% of the overall cohort of dogs is seropositive for tick-borne disease, including 

Ehrlichia, Babesia and Borrelia. All dogs are routinely dewormed, although helminth 

infection is still possible. U.S. born, uninfected kennelmate dogs serve as endemic control 

animals to the infected animals in figures 2–6. Asymptomatic-infected dogs were 

Leishmania PCR-positive, had no to low serological response to specific Leishmania 
antigens and no clinical signs of disease; symptomatic animals were PCR-positive, had high 

serological levels and 3 or more specific signs of Leishmaniasis (Supplemental Table 1). The 

average age of the study population was 4.1 years old. For more information about the 

natural history of VL from birth in a subset of these dogs, see Vida et al, 2016 (54).

Ethics Statement

All animal use for this submission was reviewed and approved by IACUC at Iowa State 

University protocol #10-06-6242-K and University of Iowa protocol #1307131, both 

AAALAC accredited Universities. This work adhered to the National Institutes of Health 

animal use policies for USDA animals (dogs).
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Leishmania DNA Isolation

Isolation and qPCR was performed as previously described Esch et al. 2013. DNA from 

canine a blood samples was isolated using blood DNA isolation kit (QIAGEN, Valencia, 

CA) according to the manufacturer’s instructions. DNA concentration and purity was 

measured by a NanoDrop ND1000 spectrophotometer (Thermo Scientific, Wilmington, DE).

Diagnostic qPCR

PCR was performed as previously described in Esch et al. 2013. Briefly, L. infantum 
kinetoplast DNA (kDNA) was detected using specific primers and probes F 5′-

CCGCCCGCCTCAAGAC, R 5′-TGCTGAATATTGGTGGTTTTGG, (Integrated DNA 

Technologies, Coralville, IA) and, Probe 5′-6FAM-AGCCGCGAGGACC-MGBNFQ 

(Applied Biosystems, Foster City, CA) (FAM: laser-activated reporter dye; MGBNFQ: 3′-

minor-groove binder non-fluorescent quencher). BLAST analysis indicated that these 

primers and probe were specific for L. infantum, and qPCR analysis using L. major and L. 
amazonensis as the DNA target were negative for amplification with this primer and probe 

set. Leishmania SSU rRNA was identified using specific fluorogenic probe LEIS.P1 (5′-6-

carboxyfluorescein [6-FAM]-CGGTTCGGTGTGTGGCGCC-3′) and flanking primers 

LEIS.U1 (5′-AAGTGCTTTCCCATCGCAACT-3′); and LEIS.L1 (5′-

GACGCACTAAACCCCTCCAA-3′) (Applied Biosystems) as previously designed (28). 

Blood DNA samples were analyzed by qPCR in duplicate using a 96-well format of two 

concentrations, whole blood and a dilution 1:10. Amplification was performed using an ABI 

7000 qPCR system (Applied Biosystems), Perfecta qPCR super Mix (Quanta Biosciences, 

Gaithersburg, MD), and Low ROX master mix (Quanta Biosciences). Primers were used at 

775 nM and probe at 150 nM with thermocycling at 95 °C for three min, followed by 50 

cycles at 95 °C for fifteen sec, and 60 °C for one min. Results were analyzed by ABI 7000 

System SDS Software v1.2.3 (Applied Biosystems).

PBMC Isolation

Whole blood samples were separated into PBMC, as previously described in Boggiatto et 
al., 2010. Briefly, whole blood samples collected in EDTA-containing tubes were diluted 1:1 

with PBS (Cellgro, Manassas, VA). Diluted whole blood was centrifuged at 1000 × g 
(Eppendorf, Hauppauge, NY) for 30 min at room temperature through Ficoll/Histopaque 

1077 (Sigma-Aldrich, St. Louis, MO). PBMCs were counted by using a hemocytometer. 

PBMCs were washed twice in PBS and suspended in complete RPMI 1640 (RPMI 1640 

supplemented with 10% fetal bovine serum, 100 U/ml penicillin, 100 μg/ml streptomycin, 2 

mM l-glutamine, 25 mM HEPES buffer, and 50 μM 2-mercaptoethanol). PMBCs were 

counted and adjusted to 5 × 105 cells per well on a 96 well plate.

Lymphocyte Isolation

To isolate T cells and B cells, negative magnetic selection was used under manufacturer’s 

instructions. Briefly, Human Pan T cell Isolation Kit (Miltenyi Biotec, Auburn, CA), or 

Human B cell Isolation Kit II (Miltenyi Biotec) was used to isolated untouched cell 

populations from peripheral canine blood. Blood was incubated with antibody cocktail 

containing biotinylated antibodies bound to a streptavidin-magnetic beads. Unwanted cells 

Schaut et al. Page 4

J Immunol. Author manuscript; available in PMC 2017 May 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



were labeled and removed using DEPLETE program on an Automax machine (Miltenyi 

Biotec). Antibody labeling of CD3 or CD19 was performed to determine purity and confirm 

isolation. For B cell depletion, LD columns were used for magnetic depletion using 

manufacturer’s instructions. Murine anti-CD19 microbeads (Miltenyi Biotec) were used to 

label B cells for removal and CD19+ cells were kept for IgD labeling. For IgD selection, 

CD19+ selected cells were labeled with anti-IgD [Clone IA6-2] (eBiosciences, San Diego, 

CA) and anti-mouse IgG magnetic beads (Miltenyi Biotec) were used per manufacturers 

instruction to select for high or low expressing cells as previously described in van der Vlugt 
et al. 2014. Anti-CD19, and Anti-IgD was used to confirm enrichment.

Flow Cytometry

To exclude the possibility of an increase in surface expression of IgD, doublets, dead cells 

(Live/Dead Fixable Violet, Life Technologies, Carlsbad, CA) and debris were excluded from 

all flow cytometry assays (Supplemental Fig. 1A–D). Cell labeling was performed as 

previously described in Esch et al. Florescence minus one (FMO) with isotype controls were 

used as previous for gating (Supplemental Fig. 1E). Briefly, Twenty-four hours prior to cell 

harvest, 5-ethynyl-2′-deoxyuridine (EdU; Life Technologies, Grand Island, NY) was added 

at 10 μM, and 10 μg/ml brefeldin A (Sigma-Aldrich) was added 6 h before harvest. Cells 

were harvested and washed prior to surface and intracellular labeling. Cells were labeled for 

flow cytometry at 4°C for 30 min in FACS buffer (PBS, 1% BSA) plus appropriate abs and 

fixed in BD Stabilizing Fixative (BD Biosciences, Franklin Lakes, NJ). Intracellular labeling 

followed permeabilization in 1% saponin solution (Life Technologies). Antibodies used 

were as follows: 1 μg/mL anti canine-CD4 [Clone YKIX302.9] (AbD Serotec, Raleigh, NC), 

1 μg/mL anti-canine CD8 [Clone YCATE55.9 ] (AbD Serotec), 1 μg/mL anti-canine CD3 

[Clone CA17.2A12] (AbD Serotec), 5 μg/mL anti-human IgD [Clone IA6-2], 1 μg/mL anti-

canine IgM (AbD Serotec), 1 μg/mL anti-canine CD5 (AbD serotec), 0.5 μg/mL anti mouse-

CD19 [Clone MB19-1] (eBioscience, San Diego, CA), 5 μg/mL anti-canine IFNγ, 5 μg/mL 

anti-human CD1d, 1 μg/mL anti-human PD-L1, 5 μg/mL anti-canine IL-4 (R&D Systems, 

Minneapolis, MN), 5 μg/mL anti-canine IL-10 (R&D Systems). Proliferation was measured 

using Pacific-Blue Click-IT EdU kit following manufacturer’s instruction (Life 

Technologies). Flow cytometry was performed on a BD LSR II and analyzed using FlowJo 

vX software.

Antigen and Mitogen Stimulation

Stimulation for ConA, L. infantum freeze-thawed (f-t) antigen and distemper antigen were 

performed as in Esch et al. 2013. Briefly, cells were stimulated with Con A (5 μg/ml) for 4 

d, f-t L.i. (10 μg/ml) for 7 d, and distemper virus vaccine (Pfizer, Kalamazoo, MI), a non-

Leishmania, positive control for 7 d.

Antibody Blocking

Antibody blockade was performed similar to previously described in Esch et al. 2013. 

Briefly, isolated B cells were treated with 10 μg/ml anti-human B7.H1 Ab (clone MIH-1; 

eBioscience), 10 μg/ml anti-canine IL-10 Ab (R&D Systems), both 5 μg/ml anti-human 

B7.H1 and 5 μg/ml anti-canine IL-10 Ab, or isotype for 4 h and washed, and returned to 

culture for Ag stimulation. Isogenic, enriched, T cells were added for co-culture.
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Fluorescence Based Cell Sorting

Cells were labeled with anti-mouse-CD19, anti-human-IgD and anti-canine-IgM as 

described in the previous section. Cells were analyzed via FACS Diva II cell sorter (BD 

Biosciences) and gated for CD19+, IgDhi or CD19+, IgDneg/low cells. A total of 100,000 

events was selected and segmented into appropriate tubes. The cells were either placed into 

culture or immediately lysed for RNA isolation with SDS-based lysis buffer component of 

Atrium™ Total RNA Isolation Kit (Bio-Rad, Hercules, CA) and stored at −80 °C.

RNA isolation, cDNA Synthesis and SYBR Green qPCR

RNA was isolated via RNeasy Mini Kit (Qiagen) or Atrium™ Total RNA Isolation Kit (Bio-

Rad) and followed manufacturer’s instructions. RNase Out™ (Life Technologies, Carlsbad, 

CA) was added to avoid RNase-mediated RNA degradation. Samples were quantified via 

ND-1000 (Thermo Scientific) to standardize all samples to 200 ng of total RNA per reverse 

transcription reaction. iScript cDNA synthesis kit (Bio-Rad) was used per manufacturer 

protocol. Reverse transcription was performed in a Vapoprotect™ thermocycler 

(Eppendorf); 5 min at 25 °C, 6 min at 42 °C, 5 min at 72 °C and held at 4 °C. Primers were 

designed using the Primer-BLAST Tool (NCBI) with the Canis lupus familiaris genome for 

reference. iTaq Universal SYBR Green Supermix (Bio-Rad) was used for the qPCR reaction 

with master mix of primer sets created. Primers were used at a final concentration of 500 nM 

per well reaction. An ABI 7000 qPCR machine (Applied Biosystems) was used. 

Amplification conditions for all genes were the same: 5 min at 95 °C, 40 cycles of 15 s 

95 °C and 1 min 60 °C (measure florescence step) and a dissociation step of 15 s 95 °C, 1 

min 60 °C, 15 s 95 °C, 15 s 60 °C. CT values were generated using ABI PRISM SDS 

Software v1.2.3 (Applied Biosystems, Carlsbad, CA). CT values were calculated and 

normalized to endogenous control (GAPDH) and expressed relative to endemic control dogs 

using 2−ΔΔCT method as described by Livak and Schmittgen, 2001.

IL-10 ELISA

Canine specific IL-10 from cell supernatants were assayed per manufacturer’s instruction 

(R&D Systems) and as previously described in Esch et al., 2013. Plates were read with a 

Versa Max plate spectrophotometer (Sunnyvale, CA, USA) at 450 nm. The lower limit of 

detection was 2 pg/mL and upper limit was 1000 pg/mL.

IgD ELISA

Canine IgD serum quantification was performed according to manufacturer specifications. 

Briefly, the IgD coating antibody (Goat Anti-human IgD affinity purified, Bethyl 

Laboratories, Montgomery, TX) was diluted 1:5,000 in carbonate-bicarbonate buffer 

(Sigma-Aldrich). Dog serum samples were assayed undiluted. Human reference serum 

(Bethyl Laboratories) was used as a standard for quantification. Blocking was done with 1% 

bovine serum albumin (BSA) in phosphate buffered saline (PBS), and washes were done 

with PBS+0.01% Tween-20. The detection antibody (Goat Anti-human IgD HRP 

conjugated, Bethyl Laboratories) was diluted 1:20,000. The 1-Step Ultra TMB ELISA 

(Thermo Scientific) was warmed to room temp, added to each well, and incubated for 15 

minutes. Two molar HCl was used as a stopping reagent. The plate was read on a Versa Max 
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plate reader (Sunnyvale, CA, USA) at 450 nm. Quantification was done using Microsoft 

Excel. The limit of detection for IgD was 1 ng/mL-100 ng/mL.

Statistical analysis

Data were analyzed with GraphPad Prism6 software. Except where noted in the figure 

legend, statistical analysis performed utilizing one way-ANOVA with multiple comparison 

of means. *p<0.05, **p<0.01, ***p<0.001.

Results

Naïve-like regulatory B cells are present in progressive VL dogs from Brazil

Based on previous research that suggested a role for regulatory B cells during chronic 

infectious disease, we evaluated the presence of naïve-like regulatory B cells in the 

periphery of an endemic population of the L. infantum reservoir host, dogs. We selected 

dogs from Natal, Rio Grande do Norte, Brazil where L. infantum is endemic in both human 

and canine populations. Importantly, we observed a distinct circulating CD19+ IgDhi B cell 

within symptomatic, L. infantum-infected dogs (Fig. 1A). This population of B cells was 

significantly greater in proportion of total CD19+ cells compared to the population in 

uninfected control dogs (Fig. 1B). These B cells were present during chronic L. infantum 
infection and as they are also found during other chronic infections (11, 12), could be an 

important naïve-like regulatory cell.

Increased IgD on the surface of B cells during clinical VL

Regulatory, naïve-like, B cells have been recently described as important for immune 

regulation during chronic autoimmune disease and have suggested roles during chronic 

infection (12). As regulatory B cells represent an important target for immune regulation and 

have unknown roles in progressive fatal, visceral leishmaniasis (VL), we assessed presence 

of regulatory IgD+ B cells during both asymptomatic (AS) L. infantum infection and 

symptomatic (SY) VL in the zoonotic reservoir host; dogs. Most IgD+ B cells co-express 

IgM (29). CD19+ B cells from three clinical states were analyzed for IgM and IgD surface 

expression (Fig. 2). These cells were IgDhi as detected by mean fluorescent intensity (Fig. 

2A). Populations of IgDhi B cells were significantly increased roughly four-fold in the 

periphery of symptomatic, chronically infected dogs as compared to either uninfected-

endemic controls or asymptomatic animals (Fig. 2B) (p<0.001). There were no significant 

differences between clinical groups for percentage of cells expressing surface CD19 or 

CD21 (data not shown). Normal canine circulating B cells have an IgM/IgD surface 

expression similar to that of healthy humans controls (Fig. 2C) (30). Ratios of percentages of 

IgM/IgD B cell populations shifted as L. infantum disease progressed, with significantly 

increased IgM−/IgD+ (p<0.05) or IgM+/IgD+ (p<0.01) expressing CD19+ cells; conversely, 

populations of percentages of IgM+/IgD− (p<0.01) cells decreased significantly in frequency. 

As the population size of the IgDhi cells increased with disease progression, we wanted to 

determine whether this occurred in parallel to increased secreted IgD. Serum IgD was 

secretion was limited, but significantly increased in clinical VL subjects compared to 

uninfected controls (p<0.05) (Supplemental Fig. 2).
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To ensure that an increase in surface IgD was not due to activation of B cells, we compared 

ex vivo collected IgDhi B cells to CD19+ cells activated with TLR7/8 agonists. A significant 

shift in size, associated with activation, was observed only in the TLR7/8 agonist stimulated 

B cells (p<0.001) (Supplemental Fig. 2). There was no increase in surface expression of B 

cell activation markers CD24 or CD25 detected on IgDhi B cells compared to control (data 

not shown). Based on the increase in IgDhi B cell population with clinical progression this B 

cell subset may be important in contributing to cytokine-driven immunomodulation (31).

IgDhi B cells exhibited increased IL-10 production

Patients infected with HIV, Hepatitis B and Schistosoma haematobium had IgD+ B10 B cells 

which produced IL-10, correlated with immune suppression and/or pathogen survival (19, 

21, 22). IL-10 has been shown to be an important factor in T cell suppression during chronic 

L. infantum infection (2, 23). A variety of immune cells are responsible for IL-10 secretion 

during chronic infection (32–34). To determine the contribution of IgDhi B cells to IL-10 

production, IgDhi B cells were gated (Fig. 3A, left) and analyzed for intracellular IL-10 

protein expression across peripheral blood from clinical groups (Fig. 3A). All IgDhi B cells 

had detectable intracellular IL-10, with no significant difference in the IL-10 producing 

IgDhi B cell population size from that of uninfected endemic control animals (Fig. 3B). Total 

CD19+ B cells were gated (Fig. 3C, left) for IL-10 expression across clinical groups (Fig. 

3C) for comparison to IgDhi B cells (Fig. 3A). The percentage of the population of B cells 

positive for intracellular IL-10 increased four-fold over control and two-fold over 

asymptomatic dogs compared to cells from symptomatic animals (Fig. 3D). This increase 

was observed as the overall percentage of IgDhi B cells increased (Fig. 2B) suggesting that 

IgDhi B cells may be a predominant IL-10 producing B cell during symptomatic VL. 

Splenocytes isolated from symptomatic dogs also had a considerable population of IgDhi, 

IL-10 producing B cells indicating these cells were present in multiple reticuloendothelial 

sites (Fig. 3G, H). IgDint/lo or IgM+/IgD− cells marginally expressed intracellular IL-10 in 

control animals, but had four to tenfold increased production of IL-10 in symptomatic 

infection (Fig. 3I).

IL-4 production is a hallmark of both cutaneous and visceral leishmaniasis implicated in 

supporting logarithmic parasite growth and disease progression (35, 36). Murine regulatory 

B cells were shown to produce IL-4 in conjunction with IL-10 after stimulation with 

immune regulatory receptor TIM-1 (37). Given the importance of IL-4 in driving non-

healing immune responses to Leishmania, we investigated its expression in IgDhi B cells. As 

disease progressed, a small but significant (p<0.05) population IgDhi B cells expressed IL-4 

(Fig. 3E, F).

Based on finding that these cells produced IL-10 in all three clinical settings, we wanted to 

establish whether IgDhi B cells had a different gene expression profile than that of IgDlo B 

cells. Human (and canine) immature regulatory B cell gene expression has not been well 

explored. We targeted known transcription factor or regulatory effector molecule transcripts 

to determine expression in peripheral blood from endemic control, asymptomatic and 

symptomatic L. infantum-infected dogs. We selected genes associated with regulatory B 

cells (38, 39), immune exhaustion (2, 40, 41), B cell associated/regulatory transcription 
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factors (17, 23, 42). Regulatory B cell marker stim2 was decreased compared to IgDlo B cell 

controls (Supplemental Fig. 3). Transcription factor baff was decreased in asymptomatic dog 

IgDhi B cells compared to IgDlo B cells but was almost equivalently expressed in 

symptomatic dog IgDhi B cells compared to IgDlo B cells (Supplemental Fig. 3). B cell 

specific transcripts did not amplify in control T cell mRNA from matched canine blood 

samples (data not shown). The complete underlying transcriptional phenotype of IgDhi B 

cells requires more comprehensive study, these data demonstrate a unique transcriptional 

profile in IgDhi B cells compared to the remaining B cell population. IgDhi B cells support a 

cytokine environment propagated by yet unknown transcriptional control which may 

regulate pro-inflammatory T cell responses toward non-productivity.

B cells from VL symptomatic dogs suppressed CD4+ T cell Th1 function

IL-10 producing B cells acted to suppress T cell inflammatory functions in patients with 

lupus erythematosus and rheumatoid arthritis, (16, 18, 21). We hypothesized that this is true 

during progressive canine VL. To determine whether IL-10 producing B cells suppress T 

cell function during progressive VL, we co-cultured magnetic bead-enriched B cells from 

animals with symptomatic VL with isogenic T cells in the presence of antigen. L. infantum 
antigen-stimulated CD4+ T cells co-cultured with B cells from symptomatic dogs (Fig. 4A – 

left panel, black) had significant, four-fold smaller population of proliferative (Fig. 4B) and 

IFN-γ-producing CD4+ T cells (Fig. 4C) compared to CD4+ T cells cultured with B cells 

from immune-responsive, asymptomatic animals (Fig. 4A – left, grey). Conversly, IL-10 

production was decreased in CD4+ T cells cultured with B cells from from asymptomatic 

(3.9%) compared to symptomatic dogs (15.9%). Symptomatic dog CD3+ T cells had a 

similar response (data not shown).

To determine the requirement for B cells in this suppressive response, B cells were depleted 

via magnetic labeling, and antigen-recall responses measured. In the absence of B cells, but 

presence of myeloid cells in PBMC co-culture, CD4+ T cells isolated from both 

asymptomatic and symptomatic animals robustly and significantly responded to L. infantum 
antigen (p<0.05) (Fig. 4A – right), particularly when compared to responses in the presence 

of CD19+ B cells. Symptomatic dog CD4+ T cells recovered a significant three-fold larger 

population of proliferative cells as compared to the proliferative population in the presence 

of regulatory B cells (p<0.0001) (Fig. 4B, black vs. grey). CD4+ T cells from symptomatic 

animals also regained a two-fold larger population of IFN-γ producing cells when B cells 

were depleted from culture (Fig. 4C) to similar levels as T cells isolated from asymptomatic 

dogs. IL-10 production from T cells trended down after co-culture with depleted B cells 

compared to culture without B cells in PBMC co-culture. Removal of B cells, a large portion 

of which produced IL-10, from co-cultured T cell functional assays recovered proliferative 

and IFN-γ responses in CD4+ T cells in both VL asymptomatic and symptomatic dogs.

IgDhi B cells induced IgDlo B cells to produce IL-10

The overall percentage of B cells producing IL-10 increased as VL progressed. We wanted 

to determine whether this increase could occur because IgDhi B cells induced IgDlo B cell 

IL-10 production. A similar phenomenon was described in IL-10-producing T regulatory 

cells (43, 44). IgDhi B cells were isolated from the blood of asymptomatic dogs through 
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magnetic selection as described in van der Vlugt et al. (Fig. 5A) (22). Throughout the course 

of the experiment, IgDhi B cells maintained a mean population size of ~40% IL-10 

producing cells (red), whereas the population of IgDlo B cells producing IL-10 (black) 

increased three-fold in size from 10 to ~30% by day 5, similar to production by IgDhi B cells 

(Fig. 5B). Conversly when IgDlo B cells were co-cultured with APCs depleted of IgDhi B 

cells, there was no increase in the mean population size producing intracellular IL-10 (black-

dotted line). To determine if the amount of secreted IL-10 was increased in IgDhi and day 7 

IgDlo/hi co-cultured cells as compared to between IgDlo B cells, supernatants collected at 

day 7 were assayed via ELISA for IL-10. IL-10 was secreted in significantly greater 

amounts by day 7 IgDhi or IgDlo/hi co-cultured B cells than from IgDlo B cells (Fig. 5C). 

Sorted IgDhi B cells influenced IgDlo/neg B cells to induce IL-10 demonstrating that IgDhi B 

cells may induce other B cell populations into IL-10 production as inflammation and VL 

progresses.

We wanted to evaluate if previously described, induced, CD1dhi regulatory B cells 

producing IL-10 were increased in the periphery of symptomatic, chronically L. infantum-

infected dogs, which could represent a population of IgDlo B cells driven into IL-10 

production. There was no increase in CD5+ expressing B cells across progressive VL groups 

(data not shown). The number of CD1dhi expressing B cells also did not increase population 

size in the periphery across VL progressive groups, however, IL-10 production of CD1dhi 

expressing B cells did increase as VL progressed (Fig 5D, right panel). It is possible that 

CD1dhi B cells were induced into IL-10 production by IgDhi B cells during progressive VL.

B cell PDL1 or IL-10 suppressed T cell function ex vivo from VL

We have demonstrated that B cells co-cultured with T cells suppressed L. infantum antigen-

specific CD4+ T cell responses. Previous studies identified a role for B cell-produced IL-10 

in T cell suppression during autoimmune disease (18, 19). Antigen-presenting cell (APC) 

expression of PDL1- has been demonstrated in multiple systems, including by our group in 

the canine VL model, to suppress T cell function (2). We examined the hypothesis that PD1/

PDL-1 signaling may also be a mechanism of T cell suppression by B cells during VL. To 

ensure that pdl1 expression was present in canine B cells, we performed quantitative PCR to 

evaluate pdl1 mRNA expression from B cells isolated across the three clinical groups. 

mRNA expression of pdl1 increased five-fold from endemic control expression as L. 
infantum infection progressed to clinical disease (Fig. 6A, left panel). We also found 

significantly increased PDL1 surface expression on B cells by an increase in mean 

fluorescence intensity normalized to isotype (Fig. 6A, right panel). Based on this significant 

expression of PDL1 on the surface of B cells during clinical VL and the possibility that these 

interactions may mediate regulatory interactions as previously shown for T cells during VL 

(2), we wished to further examine whether abrogating B cell/T cell PDL1/PD1 interactions 

would recover T helper cell functions. We blocked IL-10, B cell PDL1, or both, during 

sorted culture with just magnetically-isolated B cells prior to T cell co-culture. After co-

culture with B cells incubated with αPDL1 antibody blockade, CD3+, CD4+ and CD8+ T 

cells isolated from symptomatic dogs recovered both proliferative responses and IFNγ 

production in response to antigen stimulation compared to isotype control treatment of 

isolated B cells prior to co-culture (Fig. 6B, top). αIL-10 and αPDL1 independent blockade 
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similarly recovered T cell function whereas dual blockade did not demonstrate an additive 

effect (Fig. 6B, D). As we previously demonstrated that T cells are a predominant source of 

IL-10 in VL in dogs (2), we wanted to determine if B cells would promote production of 

IL-10 in co-cultured T cells. B cell co-cultured T cells from symptomatic dogs had 

significant intracellular IL-10 production (p<0.01) (Fig. 6C) compared to isogenic T cells 

without B cell co-culture. Blocking B cell IL-10, PDL1 or both, abolished T cell IL-10 

production (Fig. 6C). T cell proliferation and IFN-γ production were dramatically increased 

after antibody blockade of B cell specific PDL1 and IL-10. These results indicate the 

potential importance of PD1/PDL1 inhibitory receptor ligand interactions and IL-10 IgDhi B 

cells in dampening T cell proliferative and IFN-γ responses during chronic VL.

Discussion

Previous studies of regulatory B cells during Hepatitis B virus, HIV or Schistosoma 
infection demonstrated that IL-10 production from B cells was concurrent with immune 

suppression and/or pathogen persistence (19, 21, 22). Cells from VL patient splenic aspirates 

had higher IL-10 mRNA expression during progressive VL (23). Exact cellular sources of 

IL-10 were unknown. Mouse model studies of cutaneous leishmaniasis suggested CD4+, 

CD25+, FoxP3-expressing regulatory T cells (Tregs) as major contributors to the IL-10 

cytokine pool during L. major infection (44). Treg cells were not significant contributors to 

IL-10 expression in human disease; depletion of CD25+ cells did not recover IFN-γ 

production (23). It is likely that other cells contribute to IL-10-mediated immune regulation 

during progressive human VL. Follicular dendritic cells (DCs) (45), natural killer cells (NK) 

(46), or T follicular helper cells (45, 47) were shown to be immune regulators of VL. IgDhi 

regulatory B cells may be an early inducer of additional regulatory cell populations. In 

agreement with data from others (23, 48), CD4+, IL-10+ T cells produced IL-10 after 

interaction with B cells from animals with progressive VL. A specific phenotype of these 

cells, or their specific role in regulation of T cell responses, has not previously been 

described in VL.

B regulatory cells are a recently described regulatory cell t shown to have a vital role in 

autoimmune disease regulation (11, 12). The role of IgD+ regulatory B cells during chronic 

infectious diseases had not been well-described, here regulatory IgDhi B10 B cells drove 

production of IL-10 during progressive VL and induced IL-10 production from both 

IgDlo/neg B cells and T cells. IgDhi B cells produced IL-10 in all settings, suggesting that 

these cells may constitutively express IL-10 and are not dependent on inflammatory 

induction, in sharp contrast to regulatory B cells from mice (20). IgDhi B cells were the only 

significant B cell type producing IL-10 during symptomatic VL. B cells from VL infected 

animals were both necessary and sufficient for suppression of T cell responses to antigenic 

stimulation. Suppression of T cell IFN-γ by B cells was mediated through PDL1 and IL-10 

pathways as we observed marked improvement of IFN-γ production of CD3+, CD4+, and 

CD8+ T cells in response to L. infantum antigen after B cell PDL1/IL-10 antibody blockade. 

IgDhi B cells compared to IgDlo B cells demonstrated a differential transcriptional profile.

Previous reports of regulatory B cells underscored a role for inducible CD5+, IL-10 

producing, B regulatory cells (20). IgDhi B cells found in VL expanded during prolonged 
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inflammation similar to induced regulatory T cells (49), or murine regulatory B cells(50).

5150 IgDhi B cells also produced IL-10 in healthy animals without inflammation, perhaps 

suggesting a regulatory B cell lineage which produces IL-10 under homeostatic conditions 

and expands under inflammation (Fig. 3). IgDhi B cells induced IgDlo/neg B cells to produce 

IL-10 (Fig. 5) underscoring their role in formation of inducible regulatory B cells similar to 

previously described CD5+ or CD1dhi B cell subsets, which were not IgDhi in our 

experimental setting (Fig. 5). Further studies are needed to explore ontogeny and roles for 

additional, induced, regulatory, B cell subsets during VL.

B cells have been shown to produce IL-10 after activation to promote homeostasis and 

immune regulation (51). L. infantum proteins were previously shown to activate B cells to 

produce IL-10 (52). IgDhi B cells had no differential increase in cell size ex vivo compared 

to TLR activated B cells and are likely to be immature and not classically activated. Instead 

these cells may have a non-antigen specific constitutive role. The targeted transcriptional 

profile of IgDhi B cells was substantially different than that of IgDlo B cells. Immune 

modulatory receptor TIM1, found on regulatory plasma cells (50), had only limited 

differenced in expression between IgDlo vs. IgDhi B cells or clinical groups indicating that 

IgDhi B cells do not share this trait with regulatory plasma cells. IgDhi B cell transcript 

expression of B cell transcription factors or importantly, regulatory markers, did not 

significantly change over disease progression and perhaps further highlights that IgDhi B 

cells are not an induced regulatory cell.

Our results support previous studies which demonstrated the role of PDL1 in B-cell function 

and antibody responses under experimentally-induced chronic inflammatory conditions in 

mice (41). PDL1 has been described as an important ligand in controlling immune function 

during experimental (53) and natural VL (2). PD1/PDL1 interactions drove CD4+ T cell 

exhaustion characterized by reduced proliferation and IFN-γ production mediated by 

adherent antigen presenting cells (2). We posit that B cells also provided PDL1 driven T cell 

IL-10 production. PDL1 represents a potential target of B cell directed immune therapy 

during progressive VL. Antibodies targeted against PDL1 and PD1 inhibitory pathways of 

lupus and cancer improved T cell responses and are being evaluated by clinical trials (33). 

Targeting these cells through immune therapy may also provide clinically relevant 

applications in immunotherapy during additional persistent infectious diseases.

We have demonstrated increased presence of a novel and critical regulatory B10 B cell 

which highly expressed IgD during progressive VL. These cells produced IL-10, induced 

both other B cells and T cells to produce IL-10 and suppressed IFN-γ through PDL1/PD1. 

IgDhi B10 B cells represent a novel, unexplored, B cell immune regulatory cell and signify a 

potential new target in chronic infectious disease therapy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
L. infantum infected dogs from Brazil display high levels of immunoglobulin D on the 

surface of their B cells suggesting the occurrence of a naïve-like B cell during chronic VL. 
(A) Representative flow cytometry plot of IgD expression on CD19+ B cells isolated from 

clinically symptomatic, L. infantum infected Brazilian dogs. (B) Quantification of CD19+, 

IgDhi populations in individuals. Endemic controls (EC), or Brazilian symptomatic (BR-SY) 

dogs. N=5, 1 experiment. Significance determined via one-way ANOVA ±SEM **p<0.01,

Schaut et al. Page 17

J Immunol. Author manuscript; available in PMC 2017 May 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Immunoglobulin IgD significantly increased on the surface of B cells during visceral 

leishmaniasis. (A) Histogram of isotype (dashed), endemic control (open-solid), 

asymptomatic (grey) or symptomatic (black) magnetically selected B cells. Percentages of 

CD19 (left), IgM (center) or IgDhi (right). Histograms representative of n=7 per group and 3 

experiments. (B) Quantification of CD19+, IgDhi populations in individuals. Endemic 

controls (EC), asymptomatic (AS), symptomatic (SY) dogs. N=13 per group from 5 

experiments, except SY-BR where N=5, 1 experiment. Significance determined via one-way 

ANOVA ±SEM **p<0.01, ***p<0.001. (C) Relative expression of IgD and IgM in healthy 

endemic control dog. Representative of n=7 and 3 experiments. (D) Relative surface 

expression of IgM and IgD positive peripheral blood B cell populations. N=12 per group 

from 3 experiments. Statistical significance determined via one-way ANOVA with multiple 

comparisons was used for statistical analysis. Bars represent ±SEM *p<0.05, **p<0.01.
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Figure 3. 
All IgDhi B cells have significantly increased IL-10 production. (A) CD19+ B cells gated for 

IgDhi and IL-10 via flow cytometry. Left panel (a) represents IgDhi gating scheme of CD19+ 

cells. Following panels are representative of IgDhi intracellular IL-10 from progressive 

clinical groups. Representative of n=7 per group and 5 experiments. (B) Percentage of 

CD19+, IgDhi, IL-10 positive cells per clinical group as represented in A. EC= endemic 

controls, AS= asymptomatic, SY= symptomatic. (C) Total CD19+ B cells gated for 

intracellular IL-10 via flow cytometry. Left represents CD19+ gate and following panels 

show representative IL-10 production in CD19+ cells from progressive clinical groups. (D) 
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Quantification of CD19+, IL-10 percent positive cells per clinical group. Representative of 

n=7 per group and 5 experiments. (E) CD19+ cells analyzed for IgD and intracellular IL-4 

via flow cytometry. Representative of n=7 per group and 2 experiments. (F) Quantification 

of CD19+, IgDhi, IL-4 percent positive cells per clinical group. Graph is representative of 

n=7 per group and 2 experiments. (G) Representative plot of IgD, IL-10 expression of 

splenic B cells from VL symptomatic dogs. (H) Graphical representation of percentage of 

IgDhi B cells within the spleen of L. infantum-infected symptomatic dogs. (I) IgD 

distribution across all CD19+ cells in the three clinical groups (top) and intracellular IL-10 

production in IgD and B cell groups. All bars (B,D,F) represent ± SEM. One-way ANOVA 

with multiple comparisons was used for all statistical analysis. *p<0.05, ***p<0.001.
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Figure 4. 
B cells isolated from VL symptomatic dogs sufficient and necessary to suppress CD4+ T cell 

TH1 function. (A) CD4+ T cell proliferation, IFN-γ production or IL-10 production in 

response to freeze-thawed (FT) L. infantum antigen when co-cultured with B cells (left) or 

co-cultured with B cell negative- PBMCs (right panel set). Histogram of responses by 

endemic control (open-solid line), asymptomatic (grey) or symptomatic (black) VL ex vivo 
CD4+ T cells. Representative of n=7 per group. (B,C,D) Percent CD4+ T cell population 

containing (B) EdU (proliferation), (C) IFNγ, and (D) IL-10 after co-culture with B cells (+) 

[5×105 cells/well] or co-cultured with B cell negative PBMCs [5×105 cells/well]. Graphs 

representative of n=7 per group. Percentages are normalized to isotype control and values 

subtracted from endemic control baseline. Statistical analysis performed utilizing one way-

ANOVA with multiple comparison of the means. *p<0.05, **p<0.01, ****p<0.0001. EC = 

endemic controls, AS = asymptomatic and SY = symptomatic groups. All B cell co-culture 

was performed at 1:1 B/T cell ratios. Error bars represent ±SEM.
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Figure 5. 
IgDhi B cells induced IgDlo B cells to produce IL-10. (A) Schema of magnetic IgDhi/IgDlo B 

cell separation. (B) IL-10 production in IgDhi (red line), IgDlo (black dots) and IgDlo-

MHCII, with IgDhi B cell depleted co-culture (grey dots with dotted line). B cells were 

selected using CD19+ positive selection magnetic beads followed by labeling with anti-

human-IgD magnetic beads. MHCII cells were isolated via adherence from total CD19−, 

cells. Dots represent results from individual dogs. (C) IL-10 secretion as measured by 

ELISA in IgDhi and co-cultured IgDhi/lo cells compared to only IgDlo cells after 7 days of 

culture. Dots represent results from individual asymptomatic VL dogs. Bars are ±SEM. 

N=18 per group. (D) CD5 vs. IgD expression, CD1d+ cells significantly increased IL-10 

expression during progressive VL. ** p<0.01, *** p<0.001, **** p<0.0001 One-way 

ANOVA with multiple comparisons was used to for statistical analysis. Cells were incubated 

in a ratio of 10:1 (IgDlo:IgDhi) or (IgDlo:MHCII).
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Figure 6. 
Inhibitory receptor PD-L1 and IL-10 drove B cell suppression of T cell function in ex vivo 
cells from VL symptomatic dogs. (A) mRNA expression of PDL1 via qPCR in B cells (left). 

MFI surface expression of PD-L1 on CD19+, IgDhi B cells (right) (B) Representative 

contour plots of IFN-γ vs. proliferation in non-stimulated, positive-control ConA or L. 
infantum antigen stimulated T cells after B cell co-culture. B cells treated with isotype IgG, 

anti-PD-L1 (αPD-L1), or anti-IL-10 (αIL-10) specific antibodies prior to incubation with 

indicated T cell populations. (C) Intracellular IL-10 expression in non-stimulated CD3+ T 

cells isolated from symptomatic VL group. Histograms represent intracellular IL-10 percent 

positive cells. (D) CD3+T cell responses to co-culture with anti-PDL1 or IL-10 antibody-

treated B cells from symptomatic animals. Percentages normalized to isotype control. N=7 

per group. (E) Population data of CD3+ T cells producing IL-10 from symptomatic dogs co-

cultured with B cells. Percentages normalized to isotype control subtracted from endemic 
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control. N=7 per group. One-way ANOVA with multiple comparisons ± SEM. p<0.05, 

**p<0.01, ***p<0.001.
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