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Abstract

The humoral immune response following acute HIV-1 infection is delayed and ineffective. The 

HIV-1 envelope protein gp120 binds to and signals through α4β7 on T cells. We show that gp120 

also binds and signals through α4β7 on naïve B cells, resulting in an abortive proliferative 

response. In primary B cells gp120 signaling through α4β7 resulted in increased expression of the 

immunosuppressive cytokine TGF-β1 and the B cell inhibitory receptor FcRL4. Co-culture of B 

cells with HIV-1-infected autologous CD4+ T cells also increased B cell FcRL4 expression. These 

findings indicate that, in addition to mediating chronic immune activation, viral proteins can 
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contribute directly to HIV-1-associated B cell dysfunction. Our studies provide a mechanism 

whereby the virus may subvert the early HIV-1-specific humoral immune response.

During the course of HIV-1 infection persistent viral replication leads to a gradual and 

progressive loss of CD4+ T cells together with an aberrant, generalized and chronic 

activation of the immune system. This aberrant immune activation affects the viability, 

subset distribution, phenotype, and function of virtually all the major hematopoietic cell 

lineages 1. Among the affected cell subsets are B cells, which exhibit numerous 

abnormalities that can be attributed to HIV-1-mediated chronic immune activation 2, 3. B 

cells isolated from viremic HIV-1-infected individuals spontaneously secrete high amounts 

of immunoglobulins (Igs), respond poorly to B cell stimuli, and exhibit impaired co-

stimulatory functions 4–6. These functional defects have also been associated with a 

perturbation in the distribution and relative proportions of B cell subpopulations in vivo 7. In 

viremic patients with advanced HIV disease, peripheral blood contains an expanded 

population of immature/transitional B cells, a population generally associated with 

lymphopenia 8, 9. In addition, such patients manifest an expanded population of tissue-like 

CD21lo memory B cells in their blood that have atypically high expression of the inhibitory 

IgA receptor Fc Receptor-Like protein 4 (FcRL4) along with other inhibitory receptors10, 11. 

Of note, HIV-1-specific B cells are enriched within this abnormal B cell subpopulation. 

Consistent with high expression of FcRL412 these cells proliferate poorly in response to B 

cell stimuli. Their presence in the blood is closely linked to ongoing viral replication 

because their frequency declines following the initiation of anti-retroviral therapy13.

Several recent studies report that defects in the humoral immune response are already 

present during acute HIV-1 infection. For example, gut-associated lymphoid tissue (GALT) 

memory B cells from acutely infected individuals secrete autoreactive antibodies. 

Additionally GALT follicular damage and/or germinal center loss is seen in the terminal 

ileum and Peyer’s patches soon after infection14, 15. Most importantly, the initial HIV-

specific antibody response is delayed, and can only be detected in plasma 2–5 weeks post-

transmission16–20. In contrast to other viruses16, 21, 22 autologous neutralizing antibodies to 

HIV-1 do not become detectable until approximately 12 weeks after transmission and the 

appearance of broadly neutralizing antibodies (BnAbs) is greatly delayed and present in only 

approximately 20% of infected individuals17. The mechanisms underlying these delayed 

antibody responses are not known, but are likely critical to our understanding of the 

evolution of BnAbs to HIV-1 infection. Identifying these mechanisms is a central issue 

relevant to the design and development of vaccine immunogens capable of eliciting BnAbs. 

Here we identify a novel mechanism by which the HIV-1 envelope protein gp120, by 

engaging the integrin receptor α4β7, exerts a profoundly negative impact on B cell function.

RESULTS

B cells express α4β7 and bind gp120

We isolated human B cells from peripheral blood mononuclear cells (PBMCs) from several 

different donors and tested their baseline expression of α4β7 by flow cytometry employing 

anti-β7 (FIB504) and anti-α4β7 specific for the heterodimer (Act-1). Human peripheral blood 

Jelicic et al. Page 2

Nat Immunol. Author manuscript; available in PMC 2014 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



B cells, constitutively express α4β7 (Fig. 1a)23. We did note donor variability, as some 

individuals expressed more than others (Fig. 1b) both in terms of frequency and mean 

density. To verify that the α4β7 on peripheral blood B cells functions as an integrin receptor, 

we tested whether it could bind its natural ligand mucosal vascular addressin cell adhesion 

molecule 1 (MAdCAM-1). We found substantial binding of soluble MAdCAM-1 to α4β7 

expressing B cells, which decreased in the presence of mAb 2B4 that reacts with the α4 

chain of the heterodimeric α4β7 molecule and is known to compete with MAdCAM-1 

binding (Fig. 1c).

Having established that freshly isolated human blood B cells expressed functional α4β7, we 

tested whether recombinant HIV-1 gp120 could also bind α4β7 on freshly isolated primary B 

cells. Because divalent cations regulate the activation state of the integrin and thereby 

influence the binding of gp120 to α4β7, we included divalent cations in the binding buffer24. 

The gp120 employed for the binding assay was derived from an early viral isolate (R66M) 

subtype A/C. This gp120 bound to B cells and the binding was markedly reduced upon 

removal of the divalent cations from the buffer (Fig. 1c). The gp120 R66M bound 

significantly better to B cells from donors that expressed relatively higher amounts of α4β7 

(Fig. 1b). Two specific mAbs against the α4 integrin chain also inhibited gp120 binding to 

α4β7 on B cells although not always to baseline (Fig. 1b–d). These findings indicate that the 

majority of the gp120 binding to B cells is α4β7-mediated, although other interactions cannot 

be excluded. In separate experiments we tested several gp120 envelopes from HIV-1 

subtypes A, B and C: all exhibited reactivity for α4β7, but with varying degrees. Other 

studies have reported that HIV-1 gp120 binds to human B cells. A previous report found that 

HIV-1 gp120 binds to C-type lectins expressed on activated human B cells inducing Ig class 

switching and increased expression of activation-induced cytidine deaminase25. However, 

this is the first study demonstrating HIV-1 gp120 binding to freshly isolated B cells in the 

absence of activation. Together our results indicate that most peripheral blood B cells 

express α4β7 and that gp120s from each of the major subtypes bind to B cells via an 

interaction involving α4β7.

T-independent stimulation is suppressed by gp120

Naïve and effector lymphocytes use α4β7 to extravasate from the blood to gut mucosal 

tissues by interacting with endothelial MAdCAM-1 (ref. 26). In addition, α4β7 functions as a 

co-stimulatory receptor on GALT B cells where it engages MAdCAM-1 expressed on 

follicular dendritic cells in Peyer’s patches and mesenteric lymph nodes 27, 28. gp120 can 

transduce signals through α4β7 on primary CD4+ T cells 24. Having shown that gp120 can 

also bind α4β7 on primary B cells, we tested whether gp120 can induce signal transduction 

through α4β7 on B cells, resulting in altered function. Purified B cells were CFSE-labeled 

and then treated with anti-IgM along with the Toll-Like Receptor 9 (TLR9) ligand CpG, 

which together mimic T-independent (TI) B cell activation, in the presence of either a gp120 

that binds strongly to α4β7 (R66M) (Fig. 1b–d) or as a control a second gp120 that shows 

minimal binding to α4β7 (92Th14.12) (Fig. 1d). After 4 days, cells were stained with CD19 

and examined by flow cytometry for their dilution of CFSE. As expected, anti-IgM plus 

CpG induced a strong proliferative response, with only ~16% of the cells having not diluted 

their CFSE. Some cells exhibited an 8-fold CFSE dilution (Fig. 2a, left). The inclusion of 
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R66M gp120 (high reactivity for α4β7) along with anti-IgM plus CpG led to an abortive 

proliferative response (Fig. 2a, middle) while exposure to 92Th14.12 gp120 (minimal α4β7 

reactivity) had no effect (Fig. 2a, right). 45% of the R66M gp120-exposed cells did not 

dilute their CFSE and most of the cells that responded, diluted it only 2-fold (Fig. 2a, 

middle) while the CFSE dilution pattern of the 92Th14.12 gp120-treated cells resembled 

that of the activated control (Fig. 2a, right). α4β7-reactive gp120 significantly reduced 

proliferation as indicated by the change in division index p<0.001 (Fig. 2b). Additionally 

R880F gp120, another envelope with a high reactivity for α4β7 (Fig. 1c), inhibited B cell 

proliferation in a dose-dependent manner (Fig. 2c).

Despite the block in proliferation that occurred when cells were stimulated in the presence 

of α4β7-reactive gp120, light scatter revealed an increase in the size of B cells consistent 

with cellular activation (Fig. 2d), with only a minor increase (~10%) in cell mortality after 

72h. This indicates that gp120 was not blocking early stages of cell division. To address this 

issue treated B cells were stained with propidium iodide (PI) and subjected to analysis by 

flow cytometry. We found that a large fraction of cells entered G1/S but were blocked from 

entering G2/M (Fig. 2e). Thus gp120 treatment does not act on B cells at the early stages of 

cell cycle but inhibits proliferation at G1/S phase with a minor effect on survival.

gp120-mediated gene expression in B cells

To better understand the mechanisms by which the α4β7-gp120 interaction affects primary 

human B cells we performed an oligonucleotide microarray analysis using human B cells 

exposed to different gp120s or a mock protein preparation. In the first set of experiments, we 

employed two closely related gp120s isolated from a single patient29. Z205F 0M gp120, 

which binds strongly to α4β7, was derived from an HIV-1 subtype C-infected individual 

within the first month (0M) of infection. Z205F 38M gp120 was isolated from the same 

patient 38 months (38M) after infection and this gp120 showed low but detectable α4β7-

reactivity30. As expected these two envelopes differentially bound peripheral blood B cells 

in an α4β7-dependent manner (Fig. 3a). Freshly isolated unstimulated B cells from three 

different normal donors were treated with each of the two gp120s. The gp120-mediated 

transcriptional pattern was measured at three time points (0.5, 3 and 6 h) (Fig. 3b). The 

hierarchical clustering of sample groups shows that the affinity of the gp120 for α4β7 was a 

strong factor driving gene expression (Fig. 3b), as gene expression profiles generated in 

different donors by exposure to Z205F 0M (strong α4β7 reactivity) clustered together (Fig. 

3b). The sample groups were further subclustered based on time, as indicated by the 

dendrogram (Fig. 3b). Two major clusters were identified: cluster 1 includes upregulated 

genes and cluster 2 is comprised of down-modulated genes (Fig. 3b). Approximately 500 

genes in primary B cells were affected by treatment with gp120. The degree of modulation 

in the two major clusters appeared to be proportional to the α4β7-reactivity of the gp120 

employed. Most of the genes significantly modulated by gp120 treatment were those 

encoding proteins associated with chemotaxis, regulation of apoptosis, regulation of 

lymphocyte proliferation and immune/inflammatory responses (Table 1).

Among the various induced genes identified by this microarray analysis were those cytokine 

and chemokine genes that encode Tumor Necrosis Factor (TNF), Interleukin 1β (IL1B) and 
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Transforming Growth Factor-β1 (TGFB1). In addition to TGF-β1, gp120 modulated 

expression of several components of the TGF-β pathway including SMAD6 and SMAD7. 

HIV-1 gp120 also impacted a variety of genes involved in B cell activation and 

differentiation including CD86, CD27, CD38, CD83, B-Cell Lymphoma 6 protein (BCL6), 

Regulator of G-protein Signaling 1 (RGS1), and p21 gene Cyclin-Dependent Kinase 

inhibitor 1A (CDKN1A). Of note, we also detected an increase in the expression of Integrin 

Alpha 5 (ITGA5), which encodes the α integrin subunit that forms the heterodimer that binds 

fibronectin31. Another gene significantly up-regulated by gp120 treatment of B cells was 

FCRL4, which encodes an inhibitory receptor expressed on a subset of memory B cells that 

is up-regulated in the peripheral blood of HIV-1-infected individuals and in the peripheral 

blood of individuals with chronic malaria infection 10, 32–34. To verify the altered gene 

expression profile identified by microarray analysis we used real-time PCR (RT-PCR) to 

cross-check select genes of interest. These included the mRNAs for IL1B, TNFAIP6, 

TGFB1, SMAD6, SMAD7, ITGA5 and FCRL4 (Fig. 3c). Of note the degree of gene up-

regulation detected by PCR analysis was consistently higher than that observed in our 

microarray analysis, indicating that the latter method underestimated the actual changes in 

transcription. These data indicate that the exposure of peripheral blood B cells to HIV-1 

gp120 alters the transcriptional pattern of many genes involved in inflammation and B cell 

function. Furthermore, expression of these genes was altered more by gp120 with a 

relatively high affinity for α4β7 compared to a form that exhibits low α4β7-reactivity.

gp120-mediated gene expression in activated B cells

Next, we carried out a similar analysis; however, in this case we stimulated the B cells with 

a TI inductive signal in the presence or absence of gp120. We employed the same two 

envelope proteins we used in the initial binding assays, R66M (high affinity for α4β7) and 

92Th14.12 (negative/low affinity) (Fig. 4a). We treated B cells from three different normal 

donors with gp120 and analyzed gene expression 6h post gp120 treatment. We found >500 

mRNA transcripts modulated by treatment with gp120 (Fig. 4b). Proteins encoded by these 

mRNAs were grouped in the following categories: regulation of apoptosis, immune 

response, leukocyte proliferation, regulation of lymphocyte activation and differentiation 

(Table 2). gp120 treatment of the activated B cells altered the transcription pattern of many 

of the same genes that we had noted in the first microarray using unstimulated B cells. These 

included TGFB1, SMAD7 and CDKN1A (p21) as well as genes involved in the TGF-β 

pathway including Bone Morphogenetic Protein (BMP) receptor, Suppressor of cytokine 

signaling 1 (SOCS1), Latent TGF-β Binding Protein 3 (LTBP3). FCRL4 is another gene that 

appeared up-regulated in both the first and second analysis (Fig. 4c). Of note the activation 

alone induced a 4-fold increase in FCRL4 mRNA expression as compared to un-stimulated 

B cells. However, the inclusion of R66M gp120 increased FCRL4 mRNA abundance an 

additional 8-fold, while the treatment of cells with the 92Th14.12 envelope had no effect 

(Fig. 4c). These results along with the results generated using unstimulated B cells prompted 

further investigation of several genes involved in B cell activation, the TGF-β1 pathway and 

FcRL4, whose increased expression might be involved in gp120-mediated inhibition of 

proliferation shown in (Fig. 2)12.
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gp120-mediated modulation of CD80 and FcRL4 expression

An effective humoral response requires cognate B-T cell interactions. In this context one of 

the key co-stimulatory interactions involves CD80 and CD86 expressed on activated B cells 

and CD28 expressed on responder CD4+ T cells 35. In vitro-stimulated B cells from HIV-

infected viremic individuals up-regulate CD80 and CD86 poorly relative to healthy donors6, 

and germinal center B cells of HIV-infected individuals exhibit low expression of CD80, but 

relatively normal expression of CD86 36. As our microarray analysis revealed a reduction in 

CD86 mRNA expression by gp120 treatment (Tables 1 and 2), we used flow cytometry to 

assess the surface expression of the co-stimulatory markers CD80 and CD86 following TI 

stimulation in the presence or absence of gp120.

When we added an HIV-1 gp120 that efficiently binds α4β7 (R880F) the stimulated B cells 

poorly up-regulated their CD80 surface expression when compared to B cells stimulated in 

the absence of gp120 or in the presence of a weak binding variant (92Th14.12) (Fig. 5a). We 

tested in parallel over a time course two gp120s that bind α4β7 with high affinity (R880F) or 

intermediate affinity (AN1) and each reduced the induction of CD80 protein expression 

(Fig. 5b). This gp120-mediated effect on cell–surface expression was specific for CD80, 

surprisingly no change in CD86 cell-surface expression was detected (Fig. 5c) despite its 

reduced mRNA expression (Tables 1 and 2).

FcRL4 is an IgA receptor whose expression on B cells is associated with an inhibition of B 

cell receptor (BCR) signaling 11, 12, 37. In healthy individuals FcRL4+ B cells are primarily 

localized to mucosal tissues and mesenteric lymph nodes, and are rarely found in peripheral 

blood, peripheral lymph nodes, or spleen 32, 38. However, as noted above, in HIV-1 viremic 

individuals FcRL4+ B cells appear in peripheral blood10. Because gp120 increased FCRL4 

mRNA in B cells we tested whether the increased surface expression of FcRL4 associated 

with viremia might be due to interaction of B cells with the viral envelope. We activated 

peripheral B cells with TI stimulation with or without gp120 and measured surface 

expression of FcRL4 by flow cytometry. As expected no basal expression of FcRL4 was 

detected on freshly isolated (0h) peripheral blood B cells (Fig. 6a), the majority of which are 

circulating CD27− naïve B cells (Supplementary Fig. 1). Consistent with our microarray 

analysis, 24h after TI stimulation peripheral B cells exhibited measurable FcRL4 expression 

on the cell surface; expression then declined such that by 72h FcRL4 expression was similar 

to that of unstimulated cells (Fig. 6a). To our knowledge this is the first demonstration that 

FcRL4 is up-regulated by TI stimulation. The addition of an α4β7-reactive gp120 (R880F) 

together with TI stimulation increased early induction of FcRL4 even further (mean increase 

80%, range increase 27–221%, n = 7). Moreover, the inclusion of gp120 resulted in 

prolonged expression of FcRL4, such that elevated expression was maintained at 72–96h 

post-treatment (Fig. 6b). When B cells were stimulated in the presence of a HIV-1 gp120 

with intermediate affinity for α4β7 (AN1), FcRL4 expression was induced and sustained but 

to a lower degree (Fig. 6c). We then assessed FcRL4 expression in relation to the 

proliferative status of the B cells using CFSE-labeled cells. 96h after TI stimulation, a large 

majority of B cells showed the expected proliferation (Fig. 6d, left), but as described above 

(Fig. 6a,b) at 72–96h there was little detectable surface expression of FcRL4 (Fig. 6d, left). 

In contrast, after 96h the majority of B cells stimulated in the presence of highly α4β7-
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reactive gp120 did not proliferate, but did express FcRL4 (Fig. 6d, middle, 6e). When we 

employed a gp120 that exhibits intermediate α4β7-reactivity both the inhibition of 

proliferation and the up-regulation of FcRL4 were less pronounced (Fig. 6d, right). High 

FcRL4 expression on the surface of gp120-treated cells correlated with an inability of these 

cells to divide in response to TI stimulation. Together these data indicate that treatment of B 

cells with gp120 increases the expression of FcRL4 and limits the proliferative expansion of 

B cells in an α4β7-dependent manner.

Infected T cells induce B cell FcRL4

Finally, we examined whether HIV-1 replication in CD4+ T cells could induce FcRL4 

surface expression on bystander B cells. We stimulated and then infected, with a CCR5-

tropic virus, CD4+ T cells taken from an HIV-1-negative donor. After seven days freshly 

isolated autologous B cells were activated and added to the infected CD4+ T cell culture. We 

assessed FcRL4 expression by flow cytometry 48h later. The infection efficiency was 

determined by p24 ELISA and by mAb A32 surface staining (Fig. 6f). By 48h, ~40% of the 

CD19+ B cells from an infected T-B co-culture expressed high amounts of FcRL4 compared 

to only ~20% of the B cells in the control uninfected T-B cell co-culture (Fig. 6g). Of note, 

the T-B cell co-culture induction of FcRL4 expression was somewhat variable among 

different donors (Fig. 6h). Thus, both treatment with gp120 and co-culture with HIV-1-

infected CD4+ T cells induced expression of FcRL4 on peripheral blood B cells.

gp120-mediated TGF-β1 secretion and expression of FcRL4

By microarray analysis we found that gp120 treatment led to increased expression of TGFB1 

mRNA, which we confirmed by RT-PCR (Table 1 and 2, Fig. 3). TGF-β1 is produced by 

activated lymphocytes and can inhibit B cell proliferation39. Because gp120 suppresses 

proliferation induced by a TI inductive signal, we asked whether this effect was mediated by 

TGF-β1. We first tested whether gp120 induces the secretion of active TGF-β1 from 

activated B cells. We found that stimulated B cells from 3 separate normal donors cultured 

with an α4β7-reactive gp120 produced significantly more TGF-β1 in culture supernatants 

than did activated cells alone (Fig. 7a). This observation along with the known role of TGF-

β1 as an IgA switch factor 40, 41 and FcRL4 as an IgA Fc receptor 11, prompted us to test 

whether TGF-β1 might substitute for gp120 as an inductive signal for FcRL4 expression. 

We found that TGF-β1 was able to recapitulate the gp120-mediated induction of FcRL4 

surface expression (Fig. 7b), suggesting that gp120 induces FcRL4 via the induction of 

TGF-β1. To determine whether this was the case we treated TI-stimulated B cells with 

gp120 in the presence or absence of an antibody to TGF-β1 and found that inclusion of anti-

TGF-β1 reversed gp120-mediated induction of FcRL4 (Fig. 7b, left) and down-modulated 

CD80 surface expression (Fig. 7b, right). To understand if the gp120–mediated inhibition of 

a proliferative response was also linked to induction of TGF-β1 we included a TGF-β1-

specific mAb in a CFSE proliferation assay of activated B cells. The inclusion of a TGF-β1 

neutralizing antibody restored the proliferative capacity of stimulated B cells in the presence 

of gp120 (Fig. 7c). The addition of either an α4β7-reactive gp120 or TGF-β1 resulted in a 

significant inhibition of B cell proliferation as assessed by changes in the division index P < 

0.001 (Fig. 7d). We conclude that TGF-β1 plays a central role in both the gp120-mediated 

induction of FcRL4 and the gp120-mediated inhibition of B cell proliferation. These results 
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reveal a previously unknown relationship between TGF-β1 and surface expression of 

FcRL4.

T-dependent stimulation is suppressed by gp120

We next asked whether gp120 would impact T-dependent (TD) B cell proliferation. We 

modeled TD B cell proliferation by stimulating B cells with anti-IgM plus CpG and an anti-

CD40 mAb42. We first checked whether an α4β7-reactive gp120 would impact cell surface 

expression of CD80 and CD86. The TD stimulation strongly up-regulated both CD80 and 

CD86 surface expression (Fig. 8a,b) and, as observed with TI stimulation, the addition of 

gp120 suppressed the induction of CD80 but not CD86 (Fig. 8a,b). TD stimulation also up-

regulated surface expression of FcRL4 after 24h (Fig. 8c), which declined after 72h. 

Addition of an α4β7-reactive gp120 further induced, and sustained over time (96h), FcRL4 

expression (Fig. 8d, left) and suppressed CD80 expression (Fig. 8d, right), as we observed 

with TI stimulation (Figs. 5,6). A TGF-β1 neutralizing mAb reversed the effects of gp120 on 

FcRL4 and CD80 expression, while the inclusion of TGF-β1 alone recapitulated the gp120 

effect (Fig. 8d). When CFSE-labeled B cells were stimulated with a TD inductive signal in 

the presence of an α4β7-reactive gp120 (R66M), a large fraction (45%) of B cells had not 

proliferated by 96h (Fig. 8e,f). The inclusion of a TGF-β1 neutralizing mAb rescued 

proliferation (Fig. 8e), whereas the inclusion of TGF-β1 alone recapitulated the gp120 effect 

(Fig. 8e,f). We conclude that the impact of gp120 on TD stimulation of B cells was similar 

to that on TI stimulation, and that this effect was mediated by TGF-β1.

Finally, we asked whether gp120 treatment would impact TI and TD stimulation of memory 

B cells in a manner similar to its effect on naïve B cells. We obtained CD27+ B cells from 

fresh PBMCs preparations by bead selection. We observed donor to donor variability in β7 

expression (Supplementary Fig. 2a). An α4β7-reactive gp120 (R66M) modestly reduced 

CD80 surface expression when included in a TI stimulation of CD27+ memory B cells 

(Supplementary Fig. 2b). A similar modest effect was observed upon TD stimulation 

(Supplementary Fig. 2b). As in naïve B cells, CD86 surface expression was not reduced 

(Supplementary Fig. 2c). However, for both TI and TD stimulation, an α4β7-reactive gp120 

(R66M) did up-regulate FcRL4 surface expression (Supplementary Fig. 2d). When CFSE-

labeled B cells were stimulated with a TI inductive signal in the presence of an α4β7-reactive 

gp120 (R66M), ~20% of B cells did not proliferate by 96h (Supplementary Fig. 2e, f). When 

CFSE-labeled B cells were stimulated with a TD inductive signal in the presence of R66M 

gp120, only ~5% of the cells failed to proliferate by 96h (Supplementary Fig. 2g,h). 

Treatment of CD27+ memory B cells from 5 independent donors resulted in 5–20% 

inhibition of proliferation compared to a 45–65% inhibition of proliferation in similarly 

treated naïve B cells. We conclude that an α4β7-reactive gp120 affects memory B cell 

responses to TI and TD in a relatively modest way when compared to the suppressive effect 

we observed with naïve B cells.

DISCUSSION

In this report, we show that binding of HIV-1 gp120 to human B cells via integrin α4β7 

severely interferes with the activation and proliferation of B cells. Also, gp120 induces an 

Jelicic et al. Page 8

Nat Immunol. Author manuscript; available in PMC 2014 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



α4β7-dependent pattern of gene expression in B cells that suggests an inhibitory effect. 

These findings point to a potentially important mechanism by which HIV-1 infection can 

directly impair B cell function. Specifically, gp120 impairs B cell function by activating 

inhibitory pathways that result in production of TGF-β1, induction of FcRL4 and poor 

surface expression of the co-stimulatory molecule CD80.

It is well established that TGF-β1 inhibits B cell activation and proliferation, both of which 

are essential for an efficient B cell response 39, 43. Moreover, overproduction of TGF-β1 has 

been linked to lymph node fibrosis in HIV-infected individuals and SIV-infected 

monkeys 44–46. Thus, the induction of TGF-β1, by virions and/or free gp120 may interfere 

with Ig production, isotype switching, affinity maturation and the generation of both plasma 

and memory B cells, all of which are strictly dependent on B cell proliferation 39, 47, 48. Of 

note, a role for integrins in the regulation of TGF-β1 has recently been described49. 

Supporting the relevance of this potential mechanism of B cell dysfunction in vivo, it has 

been reported that plasma from viremic individuals exhibits marked increases in 

concentrations of TGF-β1 50, 51.

Exposure of B cells to gp120 induces a second protein associated with B cell dysfunction, 

FcRL4, an inhibitory IgA receptor that is normally found on B cells in the GALT 33, 52. 

Moreover, gp120 potentiates induction of FcRL4 on B cells stimulated by TI or TD 

inductive signals. In HIV-1 viremic individuals FcRL4 is over-expressed on circulating B 

cells10. Its expression is linked to an inhibition of B cell proliferation in a manner that is not 

fully understood. Although it is unclear how overexpression of FcRL4 impacts B cell 

function, the capacity of gp120 to induce its expression is consistent with FcRL4 over-

expression on B cells of chronically infected viremic individuals. Of note, we found that 

treatment of B cells with TGF-β1 induced FCRL4 expression. Importantly, gp120-mediated 

block of proliferation and induction of FcRL4 was abrogated by inclusion of a TGF-β1 

neutralizing mAb. Thus, induction of FCRL4 is a result of gp120-mediated induction of 

TGF-β1. In this regard, we also found that co-culture of B cells with autologous HIV-1-

infected CD4+ T cells induced B cells to up-regulate FcRL4, supporting the concept of a 

direct link between viremia, TGF-β1 induction and FcRL4 up-regulation. This finding is not 

only relevant for the HIV-1 field, but also for understanding the role of TGF-β1 and FcRL4 

in the activation and proliferation of B cells.

Binding of gp120 to B cells not only impairs the activation and proliferation of naïve B 

cells, but also affects their ability to function as antigen presenting cells by preventing the 

expression on the cell surface of the co-stimulatory molecule CD80. Aberrant expression of 

the co-stimulatory receptors CD80 and CD86 have previously been described in HIV-1 

viremic individuals6. These defects likely contribute to the lack of an efficient humoral 

response in HIV-1-infected subjects. When B cells isolated from healthy individuals are 

stimulated in vitro, both CD80 and CD86 expression are induced, but B cells derived from 

HIV-1 viremic individuals fail, upon stimulation, to up-regulate these co-stimulatory 

receptors6. In addition, the expression of CD80 in germinal center B cells is reduced in 

viremic individuals36. We found a similar response in B cells exposed to gp120 in vitro such 

that stimulated B cells up-regulated CD80 expression in the absence, but not in the presence 

of gp120. Treatment of B cells with gp120 in vitro modulates CD80 expression in a manner 
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similar to the way in which viremia impacts CD80 expression. Like gp120-mediated 

induction of FCRL4 expression, the reduced CD80 surface expression depends upon TGF-

β1 production.

In summary, we have demonstrated that HIV-1 gp120 binds directly to α4β7 on primary B 

cells and that this interaction recapitulates certain B cell phenotypic and functional 

abnormalities that are detected in HIV-1 viremic individuals. It is likely that some of these 

defects are linked to aberrant immune activation associated with HIV-1 viremia. Indeed 

polyclonal B cell activation and poor T cell help can be correlated with aberrant immune 

activation in viremic individuals2. However many of these defects are transient insofar as 

they are reversed by antiretroviral therapy7. Therefore, it is reasonable to postulate that 

certain aspects of the defective humoral response in HIV-infected individuals 7, 16 result 

from direct interactions between virions and/or free gp120 and B cells 25, 53. Coincident 

with B cell hyperactivation, patients exhibit defects in mucosal IgA responses and a delay in 

virus–specific Ab affinity maturation 20, 54. The data presented here reveal that virions 

and/or free gp120 can directly impair naïve B cell activation and proliferation by releasing 

TGF-β1 which in turn upregulates the inhibitory IgA receptor FcRL4. Of note, FcRL4 

overexpression induced by gp120 may account for the inadequate mucosal IgA responses 

demonstrated in acute HIV-1 and SIV infection 20, 55–58. Because viremia usually peaks 

during acute infection, it is at this stage of HIV-1 disease that the impact of gp120 on naïve 

B cell function is likely to be most pronounced. In particular, gp120 may blunt and delay the 

nascent humoral immune response to HIV-1, including the generation of high-affinity HIV-

specific neutralizing antibodies (nAbs)47. Thus, we propose that the B cell dysfunction 

occurring in the early stages of HIV-1 infection may be caused by a direct interaction of 

HIV-1 gp120 with B cells, explaining at least in part the perplexing inadequacy of the initial 

humoral immune response to HIV-1 infection.

Methods

Human blood and tissue samples

PBMCs were collected from healthy donors through a NIH Department of Transfusion 

Medicine protocol that was approved by the Institutional Review Board of the National 

Institute of Allergy and Infectious Diseases, National Institutes of Health. Informed consent 

was written and was provided by study participants and/or their legal guardians.

Primary cells and antibody reagents

Freshly isolated PBMCs were obtained from healthy donors and separated by Ficoll-

Hypaque. Purified CD4+ T cells, B cells or CD27+ B cells were obtained by negative or 

positive selection using magnetic beads (StemCell Technologies, Vancouver, Canada) to > 

95% purity, as determined by flow cytometry. Freshly isolated B cells were cultured in 

complete RPMI 1640 medium with 2% L-glutamine-penicillin-streptomycin (Gibco) and 

10% FBS, activated with F(ab′)2 fragments of goat anti–human IgM (10 μg/ml; Jackson 

ImmunoResearch Laboratories, Inc.) and CpG oligodeoxynucleotide 2006 (2.5 μg/ml; 

Sigma), anti-CD40 (0.5 μg/ml; clone CP-870,893) in the presence or absence of the gp120 

envelope (4 μg/ml). Recombinant human latent TGF-β1 (R&D) was added at a 
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concentration of 60 ng/ml and blocking antibody to TGF-β1 (TGF-β1/1.2 antibody) (R&D) 

or Normal Chicken IgY Control (R&D) were added at a concentration of 5 μg/ml. 

Measurement of TGF-β1 concentrations in B cell culture supernatants were done in RPMI 

1640 (no FBS added) in presence of anti-IgM + CpG for 24–48h. In B-T cell co-culture 

assays, cultured CD4+ T cells were activated with OKT3, IL-2 (20 IU/ml) and all trans 

retinoic acid (RA, 10 nM). RA was obtained from Sigma Chemical. Antibodies to integrins 

were purchased from R&D and Beckman Coulter.

Flow cytometry

The following antibodies were used for flow cytometry: anti-integrin β7 PE (clone FIB504), 

anti-CD10 APC (clone HI10a), anti-CD19 FITC or APC (clone HIB19), anti-CD20 APC 

(clone L27), anti-CD27 APC (clone M-T271), anti-CD38 APC (clone HB7), anti-CD80 PE 

(clone L307.4), anti-CD86 APC (clone 2331), were purchased from BD Biosciences; anti-

CD23 FITC (clone M-L233) and anti-CD69 PE (clone FN50), were purchased from BD 

Pharmingen; anti-CD21 FITC (clone BL13) was purchased from Beckman Coulter; anti-

hSiglec-2/CD22 PE (clone 219934), was purchased from R&D Systems; anti-CD307d 

(FcRL4) PE (clone 413D12) was purchased from Biolegend; the mAb anti-α4β7 heterodimer 

(clone Act-1) was provided by the NIH AIDS Research & Reference Reagent Program and 

was PE-labeled using the LYNX Rapid Conjugation Kit (AbD Serotec).

Data were collected on FACSCanto (BD Biosciences) and were analyzed with FlowJo 

software.

Recombinant envelope proteins

The following gp120s were employed in these studies: R66M, Z1792M (sequence received 

through direct communication with C. Derdeyn, R5-tropic), R880F (JX096639), Z185F 

(GQ485314), 92Th14.12 (U08801), AN1 gp120 (sequence available at http://

ubik.mullins.microbiol.washington.edu/HIV/Doria-Rose2005/, R5-tropic. All gp120 coding 

sequences were synthesized and codon-optimized for expression in mammalian cells 

(DNA2.0, Menlo Park, CA). All recombinant proteins were produced and purified in an 

identical manner unless noted otherwise24. The mature coding sequences of each envelope 

protein, from +1 to the gp120-gp41 junction were inserted into a mammalian expression 

vector downstream of a synthetic leader sequence. Vectors were transiently transfected into 

CHO-S cells (Invitrogen) using FreeStyleTM MAX Reagent (Invitrogen) per the 

manufacturer’s instructions. Protein containing supernatants were harvested 72 h post 

transfection and passed over a column of Galanthus nivalis lectin sepharose (Vector Labs), 

which was diluted 1:5 with unliganded sepharose 4B to minimize avid binding. gp120 was 

eluted with 20 mM Glycine-HCl, pH 3.0, 150 mM NaCl, 500 mM α-methyl-

mannopyranoside (Sigma), in 5 ml fractions directly into 1 M Tris-HCl, pH 8.0. Peak 

fractions were pooled, concentrated with a stirred cell concentrator (Millipore) and dialysed 

exhaustively against HEPES, pH 7.4, 150 mM NaCl. For gp120 preparations that included 

higher m.w oligomeric forms a size-exclusion chromatography step was included 

(Supplementary Fig. 3). To eliminate possible endotoxin contamination from purified 

proteins a triton X114 extraction was performed 24, 59 Proteins were quantitated by UV 
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adsorption at O.D. λ280 (extinction coefficient 1.1) and values were confirmed by a 

bicinchoninic acid protein assay (Thermo Scientific).

Recombinant gp120 protein labeling

Purified recombinant gp120s were biotinylated using amine-coupling chemistry. To 

eliminate possible endotoxin contamination from purified proteins, it is performed a triton 

X114 extraction 24, 59. Proteins were reacted with a 100-fold molar excess of EZ-Link NHS-

Biotin (Thermo Scientific) for 30 min, and reactions were quenched by rapid buffer-

exchange into HBS, pH 7.4. biotin incorporation was determined by reacting gp120s with 

4′-hydroxyazobenzene-2-carboxylic acid-avidin conjugates (HABA) per the manufacturers’ 

instructions (Thermo Scientific). Protein preparations exhibiting 1.0–1.2 moles biotin/gp120 

incorporation were used in comparative semi-quantitative flow-cytometric binding assays.

Flow cytometry binding assays

B cell staining with gp120 was carried out in a 10 mM HEPES, 150 mM NaCl (HBS Buffer) 

buffer containing 100 μM CaCl2, 1 mM MnCl2, and 5% BSA. Cells were pre-blocked with 

normal mouse IgG and human IgG (5 μg each, per 1 × 106 cells). 2 × 105 cells were stained 

in a volume of 100 μl on ice. Where indicated α4β7-gp120 interactions were masked with 5 

μg unlabeled α4 mAb 2B4 (R&D) and HP2/1 (Beckman Coulter). Masking antibodies were 

not washed away prior to gp120 staining. Biotinylated gp120 was added for 25 min on ice, 

after which cells were washed twice with staining buffer. In each stain CD19 FITC (Becton 

Dickinson) was included, as well as Neutravidin PE (Invitrogen) followed by an additional 

25 min incubation at room temperature. Cells were washed three times in staining buffer and 

then fixed in a 1% paraformaldehyde solution. Data were acquired using a BD FACSCanto 

and the PE mean fluorescence intensity measurements were obtained from the CD19+ gate. 

For gp120s that exhibited low or undetectable α4β7 reactivity we note the possibility that the 

lack of reactivity may reflect features associated with expression in CHO cells (e.g. 

glycosylation) and that the same protein expressed in primary CD4+ T cells might exhibit 

detectable α4β7 reactivity.

Proliferation assay

B cell proliferation was evaluated by dilution of the vital dye CFSE. CFSE labeling was 

performed by using the CellTrace CFSE Cell Proliferation Kit according to the 

manufacturer’s instructions (Invitrogen). B cells were washed twice in PBS, resuspended in 

PBS containing 5-(and-6-) carboxyfluorescein diacetate succinimidyl ester (CFSE) at a final 

concentration of 0.5 μM, and incubated at R.T. for 10 min. Labeled cells were washed three 

times with RPMI 10% FBS and cultured in complete medium for 4 days. Proliferating 

CD19-positive B cells were identified by diluted CFSE content by flow cytometry.

Cell cycle analysis

105 activated (anti-IgM+CpG for 48h) B cells were washed in PBS and were fixed in 70% 

ethanol for 10–15 min at 4°C. After two washes in PBS, was added RNase A for 15 min at 

37°C. After two washes in PBS, cells were stained with 10 μg/ml propidium iodide. They 

were then analyzed by flow cytometry.
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HIV-1 infection

An envelope (BG505.W6M.ENV.C2 Accession #DQ208458) was introduced into a full-

length proviral clone of NL4-3. Viruses were produced by transient transfection into 293T 

fibroblasts. Viral stocks were normalized by p24 antigen concentration with an enzyme-

linked immunoassay of p24 antigen (Perkin-Elmer), and then were used to infect CD4+ T 

cells cultured for at least 5 days in IL-2, OKT3 and retinoic acid (RA). Viral replication was 

measured by intracellular p24 staining (mAb RD1; Beckman Coulter), and by A32 mAb 

(anti-gp120) surface staining.

In vitro co-culture of B cells with HIV-1 infected autologous CD4+ T

Stimulated CD4+ T cells isolated from an HIV-negative donor with anti-CD3, IL2 and 

retinoic acid (RA) for five days at which point cells were infected with a CCR5-tropic virus 

(see above). After seven days freshly isolated autologous B cells were treated with anti-IgM 

+ CpG and added to the infected CD4+ T cell culture.

TGF-β1 ELISA

Freshly isolated primary B cells were isolated from PBMCs. Cells were cultured in 48-well 

plates at a concentration of 5 × 105 per well in medium supplemented with anti-IgM and 

CpG with or without recombinant gp120 for 24–48h. TGF-β1 production was measured in 

the culture supernatant employing a TGF-β1 ELISA kit (R&D) according to the 

manufacturer’s instructions.

Affymentrix sample fragment label and Human GeneArray

Fragmentation and labeling of single-stranded cDNA. The Affymetrix Whole Transcript 

(WT) Terminal Labeling Kit is used for this step. 5.5 μg of hydrolyzed cDNA from each 

sample was mixed with uracil-DNA glycosylase (UDG) and apurinic/apyrimidinic 

endonuclease 1 (APE1) and buffers in total of 50 μl volume for the fragmentation in thermal 

cycler at the following condition: 37°C, 60 min; 93°C, 2 min; 4°C, minimum 2 min. 1.0 μl 

of the fragmented samples is analyzed on an Agilent Bioanalyzer RNA 6000 Nano chip. 45 

μl of fragmented samples was mixed with terminal deoxynucleotidyl transferase (TdT) and 

other reagents, then incubated at 37°C, 60 min; 70°C, 10 min and then 4°C, hold. The final 

fragmented and terminal labeled products were hybridized on a human WT Exon array.

Array Hybridization, Washing, Staining, and Scanning

We employed an Affymetrix GeneChip® Hybridization, Wash and Stain Kit (P/N 900720). 

5.5 μg of fragmented and labeled samples were mixed with hybridization control and 

reagents in final volume of 220 μl. The hybridization cocktail was heated at 99°C for 5 min; 

cooled to 45°C for 5 min; and centrifuged at maximum speed for 1 min. The GeneChip 

Array was equilibrated to room temperature before use. 200 μl of hybridization cocktail was 

injected into the array for each sample and incubated in a 45°C hybridization oven, at 60 

rpm, for 17 h ± 1 h. A sample file was registered in Affymetrix GeneChip Command 

Console (AGCC) to wash, stain, and scan a probe array. Each array was washed and stained 

in Affymetrix fluidics 450. The probe array was scanned in an Affymetrix® GeneChip® 

Scanner 3000 7G.
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Microarray Data Analysis

Partek Genomics Software 2.3 (http://www.partek.com) was used for statistical analysis. 

Raw intensity data were normalized using RMA and an quantile normalization method. 

Differentially regulated gene candidates were selected with two criteria: at least one of the 

fold changes among the treatment pairs must have been greater than or equal to 0.6 (positive 

affinity vs. negative affinity) or 0.7 (treatment vs. mock). The direction (up or down) of the 

fold changes was determined to be consistent among the three repeat samples. The selected 

genes were further clustered by the K-mean method and displayed in the heat map 

visualization by Partek. Gene functional annotation analysis was performed using DAVID 

Bioinformatics Tool (http://david.abcc.ncifcrf.gov). The microarray raw data has been 

archived in NCBI GEO database with accession No. GSE49019

Real time PCR

500 ng of total B cell RNA from 3 donors either mock-treated, or gp120-treated (6 hours) 

were reverse transcribed using a Taqman Reverse Transcription Reagent Kit (ABI) in a 

thermal cycler at 25°C for 10 min, at 48°C for 30 min, at 95°C for 5 min and held at 4°C. 

Real time PCR primers and probes of genes of interest were obtained from ABI Assay-on-

Demand. The genes of interest and their Assay ID are listed in the below. Real time PCR 

was performed using a Taqman Gene Expression Master Mix (ABI) in a thermal cycler at 

50°C for 2 min, at 95°C for 10 min and 50 cycles at 95°C for 15 sec and at 60°C for 1 min. 

GAPDH in each sample was employed as a control. Each gene was assayed in duplicate. 

Assay IDs for each gene are: RGS1 (Hs00175260_m1), JUN (Hs99999141_s1), FCRL4 

(Hs00972783_m1), RGS16 (Hs00892674_m1), ITGA5 (Hs01547673_m1), SMAD6 

(Hs00178579_m1), SMAD7 (Hs00998193_m1), TGFB1 (Hs00998133_m1), TNFAIP6 

(Hs00200178_m1), CD86 (Hs01567025_m1), IL1B (Hs01555413_m1), IL8 

(Hs99999034_m1), INHBA (Hs01081598_m1), GAPDH (HS99999905_m1). Real time PCR 

gene expression values (PCR cycle numbers) were normalized by subtracting corresponding 

expression levels of the internal control gene, GAPDH. The normalized gene expression 

values were used to calculate average fold.

Statistical Analysis?

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
MAdCAM-1 and HIV-1 gp120 bind to α4β7 in a cation dependent manner. (a) α4β7 

expression detected by flow cytometry on freshly isolated primary B cells by an anti-β7 and 

anti-α4β7 (Act-1). (b) Variability of α4β7 expression on B cells from two separate donors. 

Flow cytometry shows that the binding of R66M gp120 (derived from a patient within the 

first month of infection) is proportional to β7 expression. β7 gating is based on an isotype 

control for each donor. (c) Binding of R66M gp120 to α4β7 on B cells. R66M gp120 binding 

to B cells in the presence of Ca2+/Mn2+ +/− anti-α4 (2B4), or in the absence of Ca2+/Mn2+ 

(EDTA buffer). MAdCAM-1 binding to B cells in the presence of Ca2+/Mn2+ +/− anti-α4 

(2B4). Values reported indicate % of binding normalized to R66M (or MAdCAM-1) binding 

(100%), and are derived from 3 independent donors, p<0.0001 (one way ANOVA) (R66M 

n=3) (MAdCAM-1 n=2). (d) Comparison of the α4β7-reactivity of a panel of five 

recombinant gp120 preparations. α4β7-reactivity is reported as mean fluorescence intensity 

(MFI) of gp120s. An unlabeled anti-α4 (2B4) was included as a specificity control. Results 

are representative of at least three independent experiments using B cells from different 

donors.
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Figure 2. 
An α4β7-reactive gp120 inhibits α-IgM + CpG induced B cell proliferation. (a) CFSE 

proliferation assay of α-IgM + CpG induced proliferation of B cells in the presence of 

gp120s. An α4β7-reactive gp120 (R66M) blocks proliferation, while a gp120 with minimal 

affinity for α4β7 (92Th14.12) fails to block proliferation. B cells were cultured with B cell 

stimuli (α-IgM + CpG) with or without gp120s for 96 h. (b) Division Index (FlowJo) 

indicating the average number of cell divisions in cells from the original population from 5 

independent donors. Treatment stimuli denoted below the x-axis, p<0.001 (two-way 

ANOVA) (n=5). (c) A dose response utilizing three increasing concentrations of a gp120 

with a high affinity for α4β7 (R880F) were employed. (d) Light scatter overlay of freshly 

isolated (red), α-IgM + CpG stimulated (blue), and α-IgM + CpG + gp120 stimulated 

(green) B cells. (e) Flow-cytometry based cell cycle analysis of α-IgM + CpG stimulated 

(blue), and α-IgM + CpG + gp120-stimulated (green) B cells stained with PI (x-axis). Data 

reported are representative of three independent experiments.

Jelicic et al. Page 19

Nat Immunol. Author manuscript; available in PMC 2014 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
HIV-1 gp120s with different affinity for α4β7 affect gene expression of freshly isolated 

human B cells. (a) Flow cytometry shows the binding to human primary B cells of two 

gp120s employed for microarray analysis: Z205F 0M with a high affinity for α4β7 and 

Z205F 38M with a low affinity for α4β7. (b) Heat map visualization by Partek of gene 

expression modulation in response to treatment with month-0 gp120 (Z205F 0M with a high 

(H) affinity for α4β7) and month-38 gp120 (Z205F 38M with a low (L) affinity for α4β7) 

isolated from a single patient. B cells from three normal donors were treated with the 

envelopes for 0.5, 3 and 6 h. Statistical significance is reported relative to mock-treated B 

cells. Categories of the genes modulated by gp120-α4β7 interaction are specified (DAVID 

Bioinformatics Tool). (c) PCR verification of gp120-induced genes in B cells. NT: mock, 

Low: gp120 with low α4β7 affinity, High: gp120 with high α4β7 affinity. Values are shown 

in fold increase over mock treated samples. Data reported are representative of three 

independent experiments.
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Figure 4. 
HIV-1 gp120s with different affinity for α4β7 affect gene expression of α-IgM + CpG 

stimulated B cells. (a) Flow cytometry shows the binding to human primary B cells of the 

two gp120s employed for microarray analysis: R880F 0M with a high affinity for α4β7 and 

92Th14.12 with a low affinity for α4β7. (b) Heat map visualization by Partek of gene 

expression modulation in response to treatment with month-0 gp120 (H) with a high affinity 

for α4β7 (R66M) and a gp120 with a low (L) affinity for α4β7 (92Th14.12). B cells were 

treated with the envelopes for 6h. Statistical significance is reported relative to mock-treated 

B cells. Categories of the genes modulated by gp120-α4β7 interaction are specified (DAVID 

Bioinformatics Tool). (c) FcRL4 mRNA induction at 6h in the first set and second set of 

microarray analysis shown in fold change (log2). Data reported are representative of three 

independent experiments.
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Figure 5. 
CD80 induction by α-IgM + CpG stimulation is reduced in presence of an α4β7-reactive 

gp120. (a) FACS analysis of CD80 surface expression induced by α-IgM + CpG stimulation 

for 72h, in the presence or absence of gp120s with high (R880F) versus low (92Th14.12) 

affinity for α4β7. Values reported are average % reactivity normalized to CD80 expression at 

72h upon B cell stimulation with α-IgM + CpG alone (100%), p<0.0001 (two way ANOVA) 

(s.e.m bars) (n=3). (b) FACS analysis of CD80 surface expression over time induced by 

stimulation with α-IgM + CpG (24, 48, 72 h) in the presence or absence of gp120 with high 

affinity for α4β7 (R880F) or intermediate affinity for α4β7 (AN1). (c) FACS analysis of 

CD86 surface expression on B cells activated by α-IgM + CpG for 24, 48, 72 h, in presence 

of gp120s (R880F, AN1, Z185F) with different affinities for α4β7 (72h). Data reported 

indicate MFI, and are representative of three independent experiments using different donor 

B cells.
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Figure 6. 
FcRL4 expression induced by α-IgM + CpG stimulation is increased and prolonged in 

presence of an α4β7-reactive gp120. (a) FACS analysis of FcRL4 expression over a time 

course of 0–72h on freshly isolated B cells stimulated with α-IgM + CpG. Isotype control in 

shown as a grey shade. (b) FACS analysis of FcRL4 expression over time (0–72h) on 

freshly isolated B cells stimulated with α-IgM + CpG +/− an α4β7-reactive gp120. (c) FACS 

analysis of FcRL4 expression at 72h on freshly isolated B cells stimulated with α-IgM + 

CpG in presence or absence of gp120 with a high (R880F) and an intermediate (AN1) 

affinity for α4β7. (d) In vitro proliferation assays (CFSE) were performed with B cells that 

were stimulated with α-IgM + CpG for 96h and analyzed by FACS after staining for FcRL4 

surface expression. CFSE staining by FcRL4 is presented and is representative of five 

independent experiments. (e) % FcRL4 expression on B cells stimulated with α-IgM + CpG 

+/− α4β7-reactive gp120 from 6 independent donors p=0.03 (Wilcoxon matched-pairs signed 

rank test) (n=6). (f) Histogram of a FACS analysis of an A32 (anti-gp120) staining of HIV-1 

infected or uninfected CD4+ T cells that were employed in the co-culture experiment. (g) 
FACS analysis of FcRL4 expression on B cells co-cultured with infected CD4+ T cells 

isolated from the same donor. Shown is a representative result from one of ten independent 

donors of the surface expression of FcRL4 by CD19 detected by FACS after 48h of co-

culture. (h) % FcRL4 expression on B cells from 10 donors stimulated with α-IgM + CpG 

and co-cultured with autologous uninfected or HIV-1 infected donor CD4+ T cells, p=0.002 

(Wilcoxon matched-pairs signed rank test) (n=10).
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Figure 7. 
gp120 induces FcRL4 via the induction of TGF-β1. (a) Average TGF-β1 ELISA of 

supernatants from cultured primary B cells from three separate healthy donors stimulated 

with α-IgM + CpG in presence of an α4β7-reactive gp120 (R66M), p<0.0001 (unpaired t-

test) (s.e.d. bars) (n=3). (b) FACS analysis of % FcRL4 and % CD80 expression on α-IgM + 

CpG stimulated B cells in presence of gp120 or TGF-β1. Anti-TGF-β1 was employed to 

block both gp120-mediated and TGF-β1-mediated effects. The average % of cells 

expressing FcRL4 and CD80, normalized to FcRL4 and CD80 expression at 96h upon B cell 

stimulation with α-IgM + CpG alone (100%), p<0.0001(one way ANOVA, Bonferroni 

Multiple Comparison Test) (s.e.m bars) (FcRL4 n=8) (CD80 n=5). (c) CFSE assay of α-IgM 

+ CpG induced B cell proliferation (1st panel), in the presence of: an α4β7-reactive gp120 

(2nd panel), an α4β7-reactive gp120 and an anti-TGF-β1 (3rd panel), soluble TGF-β1 (4th 

panel), and soluble TGF-β1 and an anti-TGF-β1 (5th panel) of a representative donor. Cells 

were cultured for 96h. (d) Division Index (FlowJo) indicating the average number of cell 

divisions in three independent donors, p<0.001 (two-way ANOVA) (n=3). Treatments are 

listed below the x-axis.
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Figure 8. 
A T-dependent stimulation of B cells is suppressed by an α4β7-reactive gp120. (a) FACS 

analysis over time of the average % CD80 surface expression in three donors, induced by α-

IgM + CpG + α-CD40 stimulation (24, 48, 72 h) in presence or absence of an α4β7-reactive 

gp120. Values reported are average % reactivity normalized to CD80 expression at 72h 

upon B cell stimulation with α-IgM + CpG + α-CD40 alone (100%), p<0.001 at 72h (two 

way ANOVA) (s.e.m bars) (n=4). (b) FACS analysis over time of the average % CD86 

surface expression in three donors, induced by α-IgM + CpG + αCD40 stimulation (24, 48, 

72 h) in presence or absence of an α4β7-reactive gp120. Values reported are average % 

reactivity normalized to CD86 expression at 72h upon B cell stimulation with α-IgM + CpG 

+ α-CD40 alone (100%) (two way ANOVA) (s.e.m bars) (n=4). (c) FACS analysis for 

FcRL4 expression over a time course of 0–72h on freshly isolated B cells stimulated with α-

IgM + CpG + α-CD40. Isotype control in shown as a grey shade. (d) FACS analysis of the 

average % FcRL4 and % CD80 expression induced on α-IgM + CpG + α-CD40 stimulated 

B cells in presence of R66M or TGF-β1. Anti-TGF-β1 was employed to block both gp120-

mediated and TGF-β1-mediated effects. The average % of cells expressing FcRL4 and 

CD80 is reported normalized to FcRL4 and CD80 expression at 96h upon B cell stimulation 

with α-IgM + CpG + α-CD40 (100%), p<0.001 and p<0.0001(one way ANOVA, 

Bonferroni Multiple Comparison Test) (s.e.m bars) (FcRL4 n=4) (CD80 n=5). Values are 

normalized to % FcRL4 expression on α-IgM + CpG + α-CD40 stimulated B cells (100%). 

(e) CFSE assay of α-IgM + CpG + αCD40 induced B cell proliferation (1st panel), in the 

presence of: an α4β7-reactive gp120 (2nd panel), an α4β7-reactive gp120 and an anti-TGF-β1 

(3rd panel), soluble TGF-β1 (4th panel), and soluble TGF-β1 and an anti-TGF-β1 (5th panel) 

of a representative donor. Cells were cultured for 96h. (f) Division Index (FlowJo) 

indicating the average number of cell divisions in three independent donors, p<0.001 (two-

way ANOVA) (n=3). Treatments are listed below the x-axis.
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Table 1

Genes upregulated by gp120-α4β7 interaction

Biological process Genes present

Regulation of apoptosis ABR, ACVR1, ADA, BARD1, BCL6, BIRC2, C14ORF153, CASP8AP2, CCL2, CD27, CD38, 
CDKN1A (p21), CDKN2A, DYRK2, FURIN, ID3, IDO1, IER3, IL1A, IL1B, IL2RA, INHBA, 
JUN, KLF10, KRAS, MYO18A, NOTCH1, PPP1R13B, PRKCI, PTGS2, RRM2B, RXRA, 
SEMA4D, SERPINB2, SMAD6, SMAD7, SPHK1, STK17A, TGFB1, TNF, TNFAIP8, TNFRSF9

Chemotaxis CCL2, CCL20, CCL4L1, CCR6, CCRL2, CXCL16, ENG, IL1B, IL8, NRP2, PLAUR

Immune/Inflammatory response ACVR1, CCL2, CCL20, CCL4L1, FCRL4, IDO1, IL1A, IL1B, IL1RN, IL2RA, IRAK2, TNFAIP6, 
KDM6B, RGS1, RXRA, TGFB1, TLR1, TNF

Defense response ACVR1, ANKRD1, CCL2, CCL20, CCL4L1, CCR6, CD83, CXCL16, HIST1H2BE, IDO1, IL1A, 
IL1B, IL1RN, IL2RA, INHBA, IRAK2, KDM6B, LSP1, RXRA, TGFB1, TLR1, TNF

Positive regulation of lymphocyte 
proliferation

ADA, BCL6, BLM, CDKN1A (p21), CD38, IL1B, IL2RA, RGS1

Genes down-modulated by gp120-α4β7 interaction

Biological process Genes present

Immune response BMP6, BTLA, CBLB, CD86, CR1, HLA-DOB, IGKC, IGKV1-5, IGKV4-1, LILRB1, LY9, 
NCR3, OAS1, SKAP1

Inflammatory response ALOX5, BMP6, CR1, CYSLTR1, NCR3, PLA2G7

Defense response ALOX5, BMP6, CR1, CYSLTR1, FGR, HCK, NCR3, PLA2G7, RNASE6

Positive regulation of immune system process CBLB, CD86, CR1, NCK2, SH2B2, FCER2, NCR3, SKAP1
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Table 2

Genes upregulated by gp120--α4β7 interaction

Biological process Genes present

Leukocyte activation and differentiation ADA, BCL3, CD79A, CSF2, CXCR4, ELF4, IL10, LCP2, MYH9, TGFB1, TLR1, TLR6

Regulation of apoptosis ABR, ADA, BCL3, BTG2, CDKN1 (P21), CSF2, CTSB, FOXL2, FURIN, ID3, IL10, IL2RB, IL6R, 
INPP5D, KLF10, PTGS2, RUNX3, SMAD7, SPHK1, TGFB1, TNFRSF9

Leukocyte proliferation CD79A, CXCR4, ELF4, IL10, TGFB1

Regulation of lymphocyte proliferation ADA, CDKN1A (P21), FCRL4, IL10, INPP5D, TGFB1, TNFRSF14

Immune system development ADA, BCL3, CD79A, CSF2, DNASE2, ID2, IL10, MYH9, TGFB1, TIPARP, TTC7A

Genes down-modulated by gp120--α4β7 interaction

Biological process Genes present

Immune response BNIP3, CD86, ENPP2, GBP1, IFI44L, IFI6, LILRB1, LOC652493, LY9, NCF2, OAS1, OAS3, PTPRC, TRIM22

Cell proliferation CD86, IL15RA, LAMP3, PTPRC, STAT4, TCF7L2
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