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Abstract

An established sex bias in HIV pathogenesis is linked to immune responses. Recently we reported 

a vaccine-induced sex bias: vaccinated female but not male rhesus macaques exhibited delayed 

SIV acquisition. This outcome was correlated with SIV Env-specific rectal IgA, rectal memory B 

cells, and total rectal plasma cells (PC). To uncover additional contributing factors, using samples 

from the same study we investigated memory B cell population dynamics in blood, bone marrow 

(BM) and rectal tissue during immunization and post-challenge; IgG subtypes and antibody 

avidity; and Breg cell frequency and function. Few sex differences were seen in Env-specific 

memory B cell, plasmablast or PC frequencies in the three compartments. Males had higher IgG 

antibody titers and avidity indices than females. However, females had elevated levels of Env-

specific IgG1, IgG2, and IgG3 antibodies compared to males. gp140-specific IgG3 antibodies of 

females but not males were correlated with ADCC activity against gp120 targets (p = 0.026) and 

with antibody-dependent phagocytic activity (p = 0.010). IgG3 antibody of females but not males 

also correlated with decreased peak viremia (p = 0.028). Peripheral blood CD19+CD25+ Breg cells 

suppressed T cell proliferation compared to CD19+CD25− cells (p=0.031), and exhibited increased 

IL-10 mRNA expression (p=0.031). Male macaques post-vaccination (p=0.018) and post-infection 

(p=0.0048) exhibited higher Breg frequencies than females. Moreover, male Breg frequencies 

correlated with peak viremia (p=0.0071). Our data suggest that vaccinated females developed 

better antibody quality, contributing to better functionality. The elevated Breg frequencies in males 

may have facilitated SIV acquisition.

INTRODUCTION

Human immunodeficiency virus (HIV), the causative agent of AIDS, has claimed an 

estimated 1.2 million lives and was responsible for 2 million new infections globally in 2014 

(www.unaids.org). Anti-retroviral therapy (ART) can control viral replication, thereby 

prolonging progression to AIDS, but the therapy cannot cure HIV infection. There is as yet 
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no highly effective vaccine against HIV infection. Until recently HIV vaccine development 

was focused on induction of cellular immunity. However, after the modest success of the 

RV-144 phase III clinical trial which confirmed the importance of humoral immunity for 

HIV protective efficacy (1), the focus has shifted to development of vaccines that can induce 

B cell maturation and elicit Env-specific antibodies, memory B cells and long lived plasma 

cells.

Multiple important roles are played by B cells during the induction of immune responses to 

vaccines. They can act as antigen presenting cells and also as effector cells, producing 

antibodies, cytokines, adhesion molecules and chemokines (2–4). They have been reported 

to exert immune suppressive effects (5, 6) and to regulate T cell immunity in chronic 

hepatitis B infection and to impair CTL activity during HIV infection (7, 8). Both HIV and 

SIV infections lead to severe B-cell dysregulation and dysfunction in their respective hosts 

(9, 10).

The B cell dysfunction caused by HIV cannot be completely reversed by ART treatment 

(11–13). Therefore, a prophylactic vaccine targeting B cells needs to induce potent, broad 

humoral immunity that confers sterilizing protection or alternatively a response sufficient to 

clear infectious viral foci prior to systemic dissemination of the virus in order to avoid B cell 

dysfunction and maintain effective humoral immunity. An in-depth understanding of B cell 

dynamics and sub-populations will facilitate the development of an efficacious HIV/SIV 

vaccine.

Many vaccines are tested pre-clinically in rhesus macaques, an established animal model for 

HIV and SIV vaccine development (14, 15). We have used this model extensively to evaluate 

candidate vaccines and assess induction of humoral immunity and B cell maturation and 

development. A sex bias is well known in viral diseases, including HIV/AIDS in which HIV 

infected women exhibit higher baseline CD4 T-cell counts and lower HIV RNA levels than 

men (16). However, until our recent pre-clinical macaque study, an HIV/SIV vaccine-related 

sex bias in protective efficacy had not been described. We reported vaccine-induced delayed 

SIVmac251 acquisition in female but not male rhesus macaques (17). The basis for this sex 

bias appeared to be vaccine-induced B cell immunity at mucosal sites, including SIV Env-

specific IgA antibodies in rectal secretions, rectal Env-specific memory B cells, and total 

rectal plasma cells (PC).

In the current study we sought to uncover additional parameters associated with the observed 

sex bias by studying the dynamics of memory B cell populations in three different tissues 

during immunization and following infection, the role of IgG subtypes in influencing 

functional immune responses, and antibody avidity. In view of a previous report showing 

that CD4+CD25high regulatory T cells contribute to a sex difference in the prevalence of 

autoimmune diseases (18), we investigated whether Breg cells might also contribute to a sex 

bias in vaccine outcome. We show that in addition to the importance of the previously 

identified mucosal B cell immunity, factors associated with the observed sex bias in vaccine-

induced delayed SIV acquisition include antigen specific IgG3 antibody in females and 

higher levels of suppressive CD19+CD25high Breg cells in males.
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MATERIALS AND METHODS

Animals, immunization and challenge protocols

The Indian rhesus macaques used in this study and the vaccine regimen and challenge 

protocol have been previously described (17). Briefly, macaques were primed at weeks 0 

(intranasally and orally) and 12 (intratracheally) with three replication-competent 

Adenovirus 5 host range mutant (Ad5hr) recombinants separately encoding 

SIVsmH4env(gp140)/rev, SIV239gag and SIV239nefΔ1–13. The boosting immunogens were 

administered intramuscularly at weeks 39 and 51 in MF59 adjuvant. The gp120 

immunization group (16 females and 8 males) received soluble monomeric SIV239 gp120, 

and the gp140 immunization group (16 females and 8 males) received oligomeric SIV239 

gp140, both made in CHO cells (Novartis). Control macaques (7 females and 5 males) 

received Ad5hrΔE3 vector and MF59 adjuvant. At week 59, intrarectal repeated weekly low 

dose challenges of SIVmac251 were initiated. Plasma viral loads were determined using the 

NASBA technique (19). Infection was determined by viral loads ≥50 SIV RNA copies/ml. 

One female in the gp140 group remained uninfected after 9 challenges. Results on this 

macaque are included except in analyses involving post-infection time points and viral load.

Sample collection

Blood and bone marrow samples were centrifuged over Ficoll gradients to obtain single cell 

suspensions (13). After washing and lysis of contaminating red blood cells, PBMCs and 

bone marrow cells were stored in FBS/10% DMSO in liquid nitrogen until used. Rectal 

biopsies were rinsed with pre-warmed RPMI1640 (Invitrogen) containing 2×antibiotic–

antimycotic solution, 2-mM L-glutamine (Invitrogen) and 2 mg/ml Collagenase (Sigma–

Aldrich). Prior to incubation (25 min at 37°C) the pinches were minced using a scalpel and a 

19G needle, transferred in 10 ml of the same media to a 50 ml tube and pulse vortexed every 

5 min. The digested tissue was passed 5 times through a blunt end cannula. The liberated 

cells and tissue debris were passed through a 70 μm cell strainer, and the cells were washed 

in R10 (RPMI1640 containing 2×antibiotic–antimycotic solution, L-glutamine and 10% 

FBS) prior to staining.

Flow Cytometry

Cells (1–2×106/tube) were stained with the antibodies listed in Table 1. After a 25 min 

surface staining and envelope protein staining (20), cells were washed with 2% FBS in PBS, 

fixed and permeabilized for 15 min at room temperature using a transcription buffer set for 

IRF-4 (BD Bioscience, San Jose, CA). After washing in Permwash solution, intracellular 

staining was conducted. Subsequently, cells were washed and resuspended in PBS and 

acquired within 2 hours on a custom 4-laser LSR II (BD Bioscience). Samples were diluted 

in sheath fluid and cells obtained from rectal pinches and bone marrow were passed through 

a 35 μm cell strainer. A minimum of 50000 live cells in the lymphocytic gate were acquired 

in DIVA. Analysis was performed in FlowJo, and data were exported into Excel and 

Graphpad Prism 6. Envelope specific memory B cells were defined as described previously 

(20), as were plasmablasts (PB) and PC in mucosal tissues (21). The suppressive Breg cells 

were identified as CD19+CD25high.
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Sorting of Breg cells and functional suppression in a T cell proliferation assay

To sort purified macaque CD19+CD25high Breg cells and CD3+CD4+ T cells, peripheral 

blood mononuclear cells (PBMCs) obtained from naïve macaques were surface stained with 

anti-CD25 (clone BC96, eBioscience), anti-CD3, anti-CD4 and anti-CD19 (Beckman 

Coulter). The dead cells were gated out using aqua blue dead cell dye (Invitrogen). Sorting 

was performed using a MoFlo Astrios EQ. Three populations were sorted: CD19+CD25high, 

CD19+CD25− and CD3+ CD4+. The CD3+CD4+ T cells were labeled with CFSE 

(Invitrogen) according to the manufacturer’s instructions. These labeled T cells were co-

cultured either with CD19+CD25high or CD19+CD25− cells at a 1:1 ratio in an anti-CD3 

(FN18, from the Nonhuman Primate Reagent Resource, 10 μg/ml) coated U-bottom 96-well 

plate in the presence of anti-CD28 (CD28.2, NIH Nonhuman Primate Reagent Resource, 1 

μg/ml) and IL-2 (100 units/ml; NIH Resource for Nonhuman Primate Immune Reagents). 

The cells were cultured at 37°C for 72 hours. As controls, unlabeled and CFSE-labeled 

CD4+ T cells were cultured with or without any of the stimuli. Analysis of the CFSE pattern 

of CD4+ T cells in the different conditions was performed using FlowJo analysis software 

(Tree Star, Ashland, OR, USA). The proliferating cells were expressed as the percentage of 

CFSE+ CD4+ T cells excluding generation 0.

IL-10 gene expression in CD19+CD25high Breg cells

Total RNA was isolated from CD19+CD25high and CD19+CD25− B cells using RNeasy 

Mini Kits (Qiagen) as described by the manufacturer’s protocol. For mRNA analysis, the 

total RNA was reverse transcribed using a QuantiTect Reverse Transcription Kit (Qiagen). 

Specific primers for IL-10 and 18S from Eurofins MWG Operon (Huntsville, AL, USA) 

were used to amplify cDNA. Samples were run in a 25 μl reaction using KAPA SYBR FAST 

premix with ROX Low (KAPA Biosystems) on an Applied Biosytems ABI7500 cycler (Life 

Technologies) under the following conditions: 10 min 95°C and 40 cycles of 30s 95°C, 15s 

59°C and 30s 72.5°C followed by standard melting curve analysis. The primers for QRT-

PCR were: IL-10 forward (F) 5′ AGAACCACGACCCAGACATC 3′, IL-10 reverse (R) 5′ 
GGCCTTGCTCTTGTTTTCAC 3′; 18S F 5′ GCCCGAAGCGTTTACTTTGA 3′, 18S R 

5′ TCCATTATTCCTAGCTGCGGTATC 3′ (22, 23). Gene expression levels were 

normalized against 18S RNA as reference gene. The comparative CT method (ΔΔCT 

method) was used to determine the quantity of the target sequences. Relative expression 

levels were presented as the relative fold change and calculated using the formula: 2 −ΔΔCT

IgG subclass antibody binding titer

Half area plates were coated either with 50 μl of 1μg/ml of SIVmac239 gp140 or gp120 in 

carbonate-bicarbonate buffer (pH 9.6) overnight at 4°C. The plates were blocked with 100 μl 

of 1% BSA in D-PBS for 1 h at 37°C. Serum samples were diluted 1:100 for IgG2, 1:200 for 

IgG3 and 1:2000 for IgG1 in D-PBS containing 1% BSA and 0.05% Tween20. 50 μl of 

serial two-fold dilutions of sera were incubated on the plate for 1 h at 37°C. Primary 

antibodies including unlabeled IgG2 at 1:1000, IgG3 at 1:2000 dilution, and HRP 

conjugated IgG1 at 1:5000 were obtained from the NIH Nonhuman Primate Reagent 

Resource. Jackson goat anti-mouse HRP was used as the detection antibody at a 1:10000 

dilution for IgG2 and IgG3. 3,3′,5,5′-tetramethylbenzidine (TMB) substrate development 
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was done for 20 min at room temperature before stopping the reaction with 1 M phosphoric 

acid. Plates were read at 450 nm. The antibody titer was defined as the serum dilution at 

which the absorbance of the test serum was twice the mean absorbance of 12 blank wells. 

Subclass antibody titers were subsequently expressed as the percentage of the pan IgG 

antibody titer. The latter titers were determined as reported previously (13, 17).

Serum binding antibody avidity

The avidities of Env-specific IgG and IgG3 antibodies were evaluated by parallel ELISA as 

previously described (24, 25). Briefly, half area plates were coated with 50 μl of 1μg/ml 

SIVmac239 gp140 or gp120 in carbonate-bicarbonate buffer (pH 9.6) overnight at 4°C. The 

plates were blocked with 100 μl of 1% BSA in D-PBS for 1 h at 37°C. Serum samples were 

diluted 1:100 for IgG3 and 1:1000 for IgG in D-PBS containing 1% BSA and 0.05% 

Tween20. 50 μl of serial two-fold dilutions of sera were incubated on the plate for 1 h at 

37°C. The plate was then washed and half the samples were treated with 100 μl of PBS 

while the paired samples were treated with 1.5 M sodium thiocyanate (NaSCN; Sigma-

Aldrich) for 10 min at room temperature. HRP-conjugated goat anti-monkey IgG 

(AlphaDiagnostic) and TMB substrate (KPL) were used in sequential steps, followed by 

reading the OD at 450 nm. For IgG3 a primary antibody obtained from the Nonhuman 

Primate Reagent Resource was used at a dilution of 1:2000 and Jackson goat anti-mouse 

HRP was used as the detection antibody at a 1:10000 dilution. Titers of the NaSCN- and 

PBS-treated sera were defined as the reciprocal of the serum dilution giving an OD twice the 

OD of a negative macaque serum. The avidity index was then calculated as the ratio of the 

NaSCN-treated serum titer to the PBS-treated serum titer multiplied by 100. Pre 

immunization sera served as negative controls.

Non-neutralizing antibody activities

Serum antibody-dependent cell-mediated cytotoxicity (ADCC) was evaluated using a rapid 

fluorometric assay as previously described (26). ADCC endpoint titers are defined as the 

reciprocal dilution at which the percent ADCC killing was greater than the mean percent 

killing of the negative controls plus three standard deviations.

Antibody-dependent cellular phagocytosis (ADCP) activity was measured as previously 

described (27), with minor modifications (17). The phagocytic score of each sample was 

calculated as follows: (% phagocytosis × MFI)/106. The values were standardized to 

background values (cells and beads only without serum) by dividing the phagocytic score of 

the test sample by the phagocytic score of the background sample.

Statistical analysis

Data were analyzed using Prism (v6.0, GraphPad Software). A p value ≤ 0.05 was 

considered statistically significant. The Wilcoxon signed rank test was used to analyze 

paired data, the Mann-Whitney test was used to analyze unpaired data, and the Spearman 

rank correlation test was used to assess immunological correlates. Adjustments for multiple 

comparisons were not made.
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RESULTS

SIVmac251 Envelope specific memory B cell induction in different tissues following 
immunization and analysis by sex

To assess the B cell response to the vaccine regimen we initially examined the dynamics of 

B cell memory development over the course of immunization and following infection by 

quantifying SIVmac251 Env-specific memory B cells in different tissues (20). The tissue 

samples examined included: PBMC, bone marrow and rectal biopsies. Env-specific memory 

B cells were induced significantly in PBMC during immunization, increasing steadily 

following the Ad5hr-recombinant priming immunizations and the two Env boosts (Fig. 1A), 

however the level dropped slightly post-infection (Fig. 1A). Env-specific memory B cells 

appeared in bone marrow after the Ad5hr-recombinant primes, but dropped slightly 

following Env boosting (Fig. 1B). The level significantly increased after infection, reflecting 

increased antigen exposure (Fig. 1B). Env- specific memory B cells in rectal biopsies were 

not quantified prior to immunization or following Ad5hr-recombinant priming due to lack of 

samples. However, comparisons with control unimmunized macaques tested at the same 

time points showed significant induction of Env-specific memory B cells following the 

second Env boost and again post-infection, reflecting the increased viral loads at the 

mucosal site of infection (Fig. 1C). By 8 weeks post-infection (wpi), the level of Env-

specific memory B cells in rectal tissue had begun to wane. Overall, the vaccination protocol 

induced significant SIV Env-specific memory B cells both systemically and mucosally.

In our previous study, delayed SIV acquisition was seen in female but not male vaccinated 

macaques (17). Therefore, we analyzed Env-specific memory B cells in the three tissues by 

sex. In PBMC, elevated Env-specific memory B cells were seen in males compared to 

females 2 wpi (Fig. 1D). No sex difference was observed in the bone marrow (Fig. 1E), 

whereas as previously reported (17) Env-specific memory B cells in rectal tissue were higher 

in females than males 2 wpi suggesting better anamnestic responses at the site of infection.

Because in the previous study delayed SIV acquisition in female macaques was more 

pronounced in those vaccinated with gp120 rather than gp140 (17) we also analyzed the 

memory B cell data by immunization group. Over the course of immunization and following 

infection, no differences in Env-specific memory B cell levels between gp120- and gp140-

immunized macaques were seen at any time point in any of the three tissues (Suppl Fig. 1 

A–C).

Total plasmablasts and plasma cells

PB and PC are the antibody secreting cells which ultimately provide long-lasting humoral 

immunity. We previously assayed these cell populations in bone marrow using the ELISPOT 

technique. Both IgG and IgA Env-specific PB/PC were elicited by the immunization 

regimen and displayed anamnestic responses 2 wpi, significantly elevated above pre-

challenge levels (17). PB/PC responses tended to be higher in the gp140 immunization 

group, however no sex differences in either IgG or IgA PB/PC levels were observed (17). As 

sufficient rectal cells were not available for Env-specific ELISPOT assays, we used flow 

cytometry to examine total PB and PC populations. Mucosal PB were identified as 
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CD19+CD20+/−HLA-DR+Ki-67+IRF4+CD138+/− and PC as 

CD19+CD20−HLA−DR−Ki-67−IRF4+CD138+ as previously described (21).

Total rectal PB levels in the interval between the second Env boost and 2 wpi significantly 

declined with a subsequent slight rebound 8 wpi (Fig. 2A). In contrast total PC remained 

relatively constant in the interval between immunization and 2 wpi, but increased 

dramatically 8 wpi (Fig. 2B) suggesting homing of PC to the mucosal tissue or perhaps 

maturation of PB in response to the increased viral load. We previously reported that 

mucosal PC of vaccinated females two wpi were significantly correlated with delayed viral 

acquisition (17). Here, no sex differences in PB or PC levels in rectal tissue were observed 

(Fig. 2C, D) although PC levels in females 2wpi tended to be elevated compared to the 

males. Further, no differences in PB/PC responses were observed in rectal tissue with 

respect to immunization group (Suppl. Fig 1 D, E.)

Overall, while systemic B cell responses did not elucidate any factors associated with the 

observed delayed acquisition, the rectal tissue data highlighted the potential role of mucosal 

B cells in the challenge outcome.

Immunological correlates of IgG subclasses in female macaques

Although as reported earlier vaccinated females exhibited delayed SIV acquisition, the 

vaccinated male macaques exhibited higher serum antibody binding titers (17). Therefore, 

we considered that the quality of the systemic antibody response may have differed between 

the sexes. IgG is one of the most abundant antibodies in human serum and is divided into 

four subclasses: IgG1, IgG2, IgG3, and IgG4 (28). IgG1 is primarily induced by soluble 

protein antigens and membrane proteins, but its induction is accompanied by lower levels of 

the other subclasses, mostly IgG3 (29). Vaccine induction of antigen specific IgG3 is of 

particular interest because IgG3 antibodies are potent pro-inflammatory antibodies and 

interact strongly with Fc receptors, thereby effectively mediating antibody-dependent 

effector functions. IgG3 also binds C1q in the classic pathway of complement activation 

with the highest affinity (30). Importantly in the RV144 clinical trial, HIV-specific IgG3 

antibodies were correlated with decreased risk of HIV infection (31).

Here we measured end point binding titers specific for SIVmac239 gp120 and gp140 for three 

subclasses of IgG, namely IgG1, IgG2, and IgG3 in sera 2 weeks after the 2nd Env boost. 

Reagents for evaluating IgG4 in macaques were not available. To take into account the 

greater abundance of IgG1 in the serum samples tested which might have competed with the 

other antibody subtypes, we report the results here as percent of pan IgG responses as 

outlined in Materials and Methods. Vaccinated female macaques exhibited significantly 

higher levels of IgG3 gp120-specific antibody compared to males, with IgG1 and IgG2 

levels approaching a significant difference (Fig. 3A). Similarly, females in the gp140-

immunization group exhibited higher levels of all three subclasses (IgG1, IgG2 and IgG3) 

compared to males (Fig. 3B). There was no difference between immunization groups in 

levels of Env specific IgG1, IgG2, or IgG3 (Suppl. Fig. 2).

To determine the relative contribution of the Env-specific antibodies of differing subclasses 

in males and females to non-neutralizing antibody activities, we conducted correlation 
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analyses. The % gp140-specific IgG3 of all immunized females but not males significantly 

correlated with the ADCC titer against gp120 targets (Fig. 4A, B). Moreover, the % gp140-

specific IgG3 values of females significantly correlated with antibody-dependent 

phagocytosis activity (Fig. 4 C) whereas those of males did not, perhaps due to the small 

sample size (Fig. 4D). To determine if these effector functions impacted viremia control, we 

conducted correlations with viral loads. The % gp140-specific IgG3 in females but not males 

exhibited a significant negative correlation with peak viral load (Fig. 4E, F). Taken together, 

these correlations suggested that in spite of overall higher antibody binding titers in 

immunized males, the immunized females generated higher quality antibodies able to better 

mediate effector functions.

Immunized males exhibit higher antibody avidity

To further characterize the vaccine-induced antibodies, we determined the serum binding 

avidity index of Env-specific IgG and IgG3 in sera 2 weeks post 2nd boost. Surprisingly, the 

gp120 specific IgG avidity index in immunized males was marginally significantly higher 

than the avidity index in immunized females (Fig. 5A). However, this slight elevation in 

males was not reproduced significantly in avidity values for gp140 specific IgG, or in the 

gp120 or gp140 specific IgG3 avidity indices (Fig. 5A, B). While no differences by 

immunization group were seen in the gp120-specific IgG3 avidity indices (Fig. 5C), as 

expected, the gp140 specific IgG and IgG3 avidity indices of animals immunized with 

oligomeric gp140 were significantly higher compared to animals immunized with 

monomeric gp120 (Fig. 5D). Overall, avidity differences did not explain the observed sex 

bias in vaccine outcome.

CD19+CD25high Breg cells in males

B-cells have a complex role in the immune response. A recently characterized Breg cell 

subset, expresses CD20 and CD25 and exhibits immunoregulatory properties (32). Some 

studies have reported that CD25+ B cells display a better antigen-presenting cell capacity 

and secrete significantly higher levels of the immunosuppressive cytokine, IL-10, than 

CD25− B cells (5, 32–34). In a human study CD19+ CD25high BRegs were shown to suppress 

CD4+ T cell proliferation (5). As regulatory T cells have been shown to mediate a sex 

difference in autoimmune diseases (18), we questioned whether the sex bias associated with 

B cell immunity that we reported previously (17) may have been related to differences in 

Breg cells. Therefore, we quantified cells with a CD19+CD25high phenotype in PBMCs 

obtained from all the immunized animals 3 days after the second Env boost by flow 

cytometry and analyzed the results by immunization group and sex. We did not find any 

significant difference in the proportion of Breg cells between immunization groups. 

However, we saw a significantly higher frequency of CD19+CD25high B cells in males, 

following the Env boost and 8 wpi (Fig. 6A). Moreover, the levels of CD19+CD25high B 

cells following immunization positively correlated with peak viral loads in males (p=0.0071, 

Fig. 6B) but not in females, suggesting that the presence of high levels of suppressive B cells 

in males could have had an adverse effect on the challenge outcome. The 3 day post-second 

boost PBMCs were the only samples available for Breg analysis, as samples collected at 

other time points had been used in other experiments. Whether this time point was optimal 

remains to be determined in future studies.
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In humans, Breg cells have been phenotyped using CD24, IL-10, and Fox-P3 markers (35) 

(6, 34). As we were not able to identify reliable antibody clones that recognized CD24 in 

macaques we identified Breg cells as CD19+CD25high as previously described (5, 6). To 

substantiate the suppressive function of these cells, we co-cultured CFSE labeled anti-CD3/

CD28 activated CD3+CD4+ T cells either with CD19+CD25high or CD19+CD25− B cells. T 

cell proliferation was suppressed when co-cultured with CD19+CD25high B cells but was not 

affected when co-cultured with CD19+CD25− B cells (p=0.031, Fig. 7A). Moreover, the 

CD19+CD25high B cells exhibited significantly higher levels of IL-10 gene expression 

compared to CD19+CD25− B cells (p=0.031, Fig. 7B).

DISCUSSION

We previously reported a vaccine-induced delay in SIV acquisition in female but not male 

macaques that correlated with local mucosal antibody responses and elevated memory B cell 

and PC frequencies at the site of exposure (17). To elucidate additional factors associated 

with this vaccine outcome, we investigated memory B cell subpopulations in both systemic 

and mucosal compartments: peripheral blood, bone marrow, and rectal tissue. We reasoned 

that observed frequencies of B cell memory subpopulations would suggest trafficking 

patterns associated with the vaccine regimen and subsequent rectal SIV challenge. Env-

specific memory B cells were induced significantly post-immunization and/or post-infection 

in all three tissues (Fig. 1A–C). In PBMC the cells increased steadily over the course of 

immunization, with a slight decrease occurring 2 wpi (Fig. 1A). In contrast, in BM, a similar 

increase in frequency did not result from the booster immunization. Notably, however, Env-

specific memory B cells exhibited a sharp increase in frequency 2 wpi in both BM and rectal 

tissue (Fig. 1B,C), the latter most likely resulting from exposure to the viral Env antigen. 

Examination of differences between males and females indicated that male macaques 

developed higher Env-specific memory B cell levels in peripheral blood post-infection. In 

contrast, females exhibited a higher frequency of Env-specific memory B cells in the rectal 

mucosa 2 wpi (Fig.1F) as previously reported (17). Other than our previous observations of 

Env-specific mucosal IgA, rectal Env-specific memory B cells, and rectal PC associated 

with delayed acquisition (17), our study here of B cell dynamics across the three tissues did 

not reveal any additional immune correlates. However, SIV infection can induce severe B 

cell dysfunction and dysregulation, with loss of both naïve and memory B cells occurring 

during acute infection (10). The dynamics of PB and PC throughout the vaccine regimen and 

post infection in bone marrow and rectal tissue were therefore of interest with regard to 

potential maintenance of B cell memory. We previously reported that PB/PC levels in BM 

evaluated by ELISPOT increased in the interval between the last immunization and 2 wpi 

(17). Here we observed that while Env-specific memory B cells decreased in PBMC 2 wpi, 

in rectal tissue the PB level decreased at the same time while the PC level was relatively 

constant during the same interval, and had increased significantly by 8 wpi (Fig. 2). It is not 

clear whether these B cell subpopulations trafficked to the rectal mucosa as a result of viral 

exposure. The increase in rectal PC suggests that the vaccine was able to prevent early B cell 

dysfunction by recruiting, maintaining, and/or inducing PC at the site of infection up to 8 

wpi. Studying B cell dynamics in samples from the chronic phase of infection should 

elucidate the duration of this vaccine effect. Until a method to quantify Env-specific PC 
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becomes available, it will be difficult to confirm this argument and track the movement of 

these B cells between various tissue compartments.

One of the conundrums in our previous study was that the male macaques exhibited higher 

Env-specific binding antibodies than the females, yet the females exhibited better protection, 

which was associated with humoral responses (17). To address this, we tested the hypothesis 

that the females generated better quality antibodies. We first analyzed levels of IgG 

subclasses and antibody avidities in sera obtained following the 2nd boost. Females exhibited 

significantly higher levels of gp120-specific IgG3 and gp140-specific IgG1, IgG2, and IgG3 

antibodies (Fig. 3). However, females did not exhibit higher antibody avidity compared to 

males (Fig. 5). Nevertheless, significant correlations of non-neutralizing antibody activities 

with levels of Env specific IgG3 antibody in females but not males strongly supported a 

difference in antibody quality between the sexes (Fig. 4 A–D). This was further supported 

by a significant negative correlation of the percentage of Env-specific IgG3 with peak 

viremia only in female macaques (Fig. 4 E, F). The fact that these significant correlations 

were obtained with gp140-specific IgG3 antibody levels is consistent with the higher avidity 

of gp140-specific IgG3 seen in the gp140 immunization group compared to the gp120-

immunization group (Fig. 5D). IgG subclasses have varying affinity for Fc receptors which 

in turn affects their ability to mediate effector functions (36). IgG3 is currently of special 

interest as V1–V2 antibodies of the IgG3 subclass were correlated with decreased risk of 

HIV infection in the RV144 trial (31). Further as pointed out by Yates et al., (31) the control 

of other pathogens has been associated with IgG3 antibodies. Therefore, the correlations 

seen here in females between Env-specific IgG3 and non-neutralizing effector functions 

suggest a mechanism underlying the better control of HIV/SIV acquisition. The basis of the 

better quality IgG3 providing enhanced function in females could include differences in Fc 

glycosylation, Fc polymorphisms, or recognition of different epitopes, all areas for further 

investigation.

B cells play many vital roles in vaccine-induced immune response. They also have 

regulatory functions. B cells that have been identified as regulatory have shown a diversity 

of phenotypes in mice and humans (37). Here, we characterized Breg cells as 

CD19+CD25high, a subpopulation which has not previously been characterized in rhesus 

macaques, but one which has been shown to have regulatory function in humans (5, 6). To 

confirm our identification of macaque Breg cells, we demonstrated that they suppressed T 

cell proliferation when co-cultured with autologous CD4+ T cells and that they exhibited 

high levels of IL-10 gene expression.

Quantification of CD19+CD25high B cells in circulation after the 2nd Env boost showed that 

immunized males had significantly higher frequencies of Bregs compared to immunized 

females; moreover, the levels of Bregs in immunized males significantly correlated with peak 

viral loads. The association of Breg cells with viremia was not unexpected in view of earlier 

reports that activated B cells can produce suppressive cytokines such as IL-10 in response to 

infectious microorganisms, leading to inhibition of immune functions (38). In fact induction 

of IL-10-producing B cells was reported to occur early in HIV infection, resulting in 

suppression of HIV-specific T cell responses (35). Our results showing a positive correlation 

of macaque CD19+CD25+ Bregs with peak viremia is consistent with that report which 
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showed a direct correlation of IL-10+ B cells with viral loads. Moreover, Siewe et al. (7) 

reported that in HIV-infected individuals, Bregs suppressed CD8+ T cell proliferation, 

providing a mechanism for lack of viremia control. These observations suggest that in the 

male macaques, Breg suppressive function resulted in a lesser ability to control early 

infectious foci, leading to disseminated SIV infection and no apparent delay in acquisition.

The difference in Breg frequencies between male and female macaques was, however, 

unexpected. To our knowledge, sex differences in Breg cell frequencies have not been 

reported. It is clear that Bregs play an important role in females by insuring tolerance to the 

fetus during pregnancy (39). Bregs have been shown to expand and produce IL-10 in 

response to estradiol, progesterone, and human chorionic gonadotropin (40). However, the 

basis for enhanced frequencies of Bregs in the male macaques seen here is not known. It is 

possible that the observation results from looking at a specific subpopulation of Bregs and 

that examining a more comprehensive group of IL-10-producing B cells would provide a 

different result. Nevertheless, the significant correlation of Bregs with peak viremia is 

consistent with results seen in HIV-infected individuals and together with a possible 

contribution to the vaccine-induced sex bias provides an important area for further research.

In addition to factors previously identified as correlated with vaccine-induced delayed SIV 

acquisition in female macaques, including mucosal IgA antibody and enhanced rectal 

memory B cell subpopulations (17), here we highlight the importance of the IgG3 antibody 

subclass and the potential impact of B regulatory cells. The vaccine-induced sex bias we 

have observed is complex and other contributing factors are likely involved. Overall it is a 

critical area of research that needs both confirmation and further exploration, not only with 

regard to HIV/SIV prophylactic vaccines, but also for vaccines in general.

Supplementary Material
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Figure 1. Evaluation of Env-specific memory B cells in vaccinated macaques over the course of 
immunization and post-SIVmac251 infection
PBMC (A), bone marrow (B), and rectal biopsies (C) were obtained from all vaccinated 

macaques prior to immunization (Pre), 2 weeks after the 2nd Ad immunization (Post-2nd 

prime), 2 weeks after the 2nd boost (Post-2nd boost) and 2 weeks post-infection (2wk PI) and 

assayed for Env-specific memory B cells as described in Materials and Methods. As rectal 

biopsies were not available at the Pre and Post 2nd prime time points, Env-specific memory 

B cells in vaccinated macaques were compared to levels observed in control macaques that 

received adjuvant only at the Post-2nd boost time point. Env-specific memory B cells are 
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shown by sex over the same time course for PBMC (D), bone marrow (E), and rectal 

biopsies (F). Data presented are means ± SEM. *Remains statistically significant after 

correction for multiple comparisons.
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Figure 2. Evaluation of total PB and PC in rectal biopsies in vaccinated and SIVmac251-infected 
animals
Total PB (A) and PC (B) in rectal biopsies obtained from all vaccinated macaques at the 

indicated time points (as defined in the legend to Fig. 1) were assayed as described in 

Materials and Methods. PB and PC analyzed by sex are shown in panels C and D, 

respectively. The percentages of PB and PC were calculated from the total B cell 

populations. Data presented are means ± SEM. *Remains statistically significant after 

correction for multiple comparisons.
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Figure 3. Analysis of Env-specific antibodies of different IgG subclasses, analyzed by sex
gp120- (A) and gp140-specific (B) IgG1, IgG2, and IgG3 antibodies in male and female 

macaques were assayed on sera obtained 2 weeks after the 2nd boost and expressed as 

percentages of pan IgG antibody. Data presented are means ± SEM. *Remains statistically 

significant after correction for multiple comparisons.
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Figure 4. Immunological correlates in females and males
Correlation analyses of data obtained 2 weeks post-2nd boost. Percent of SIV gp140-specific 

IgG3 with ADCC titer against gp120 targets for (A) all immunized females, and (B) all 

immunized males. Correlation analysis of percent SIV gp140-specific IgG3 with antibody-

mediated phagocytosis for (C) all immunized females, and (D) all immunized males. 

Correlation analysis of percent SIV gp140-specific IgG3 with peak viral load for all 

immunized females (E) and all immunized males (F).
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Figure 5. Env-specific IgG and IgG3 avidity indices
IgG and IgG3 antibody avidity indices to SIVmac239 gp120 and gp140 were determined on 

sera obtained 2 weeks post-2nd boost. (A) Male and female SIVmac239 gp120-specific 

avidity indices and SIVmac239 gp140-specific avidity indices (B). SIVmac239 gp120-specific 

avidity indices (C) and SIVmac239 gp140-specific avidity indices (D) by vaccinated groups. 

Data presented are means ± SEM.
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Figure 6. Evaluation and immunological correlates of CD19+CD25high B cells in vaccinated and 
SIVmac251 infected animals
(A) PBMC were obtained at the indicated time points for flow analysis. The post-2nd boost 

sampling was 3 days following the immunization. (B) Correlation analysis of 

CD19+CD25high B cells in all immunized males 3 days post-2nd boost with peak viral load. 

Data presented are means ± SEM.
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Figure 7. T cell proliferation and IL-10 gene expression
(A) Percentage of CFSE positive T cells excluding generation 0 co-cultured alone or with 

CD19+CD25high B cells or CD19+CD25− B cells. (B) IL-10 mRNA expression is presented 

as ΔCt value in CD19+CD25high B cells when compared with CD19+CD25− B cells. The 

numerical values represent the IL-10 fold increase in CD19+CD25high B cells calculated 

using the formula 2−ΔΔCt.
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