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FcRL4 Expression Identifies a Pro-inflammatory B Cell Subset in Viremic HIV-Infected Subjects
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In autoimmune diseases, toll-like receptor (TLR)-stimulated pro-inflammatory IL-6-secreting B cells exert pathogenic roles. Similarly, B cell Fc receptor-like 4 (FcRL4) expression amplifies TLR stimulation, and in rheumatoid arthritis patients, FcRL4 expression identifies a pro-inflammatory B cell subset. B cells from HIV-infected subjects also express heightened levels of FcRL4 and secrete high levels of IL-6: a critical mediator of HIV disease progression. In this study, we sought to determine if FcRL4 identifies a pro-inflammatory B cell subset in HIV-infected subjects and further elucidate the mechanisms underlying FcRL4 amplification of TLR stimulation. We determine that tissue-like memory B cells express the highest endogenous levels of FcRL4 positively correlating with IL-6 expression (p = 0.0022, r = 0.8667), but activated memory B cells exhibit the highest frequency of FcRL4hiIL-6hi cells. FcRL4hi B cells exhibit an activated TLR-signaling pathway identified by elevated phosphorylation levels of: pERK (p = 0.0373), p38 (p = 0.0337), p65 (p = 0.1097), and cJUN (p = 0.0239), concomitant with significantly elevated expression of the TLR-signaling modulator hematopoietic cell kinase (HcK, p = 0.0414). Compared to FcRL4neg B cells from healthy controls, TLR9-stimulated FcRL4pos B cells express significantly higher levels of lL-6 (p = 0.0179). Further, TLR9-stimulated B cells also upregulate the expression of FcRL4 (p = 0.0415) and HcK (p = 0.0386). In B-cell lines, siRNA-mediated HcK knockdown downmodulates TLR9-induced FcRL4-mediated activation quantified by CD23 upregulation (p = 0.0553). We present data suggesting that, in viremic HIV-infected individuals, FcRL4 expression identifies unique IL-6 producing pro-inflammatory B-cell subsets. Further, TLR stimulation likely modulates FcRL4 expression and FcRL4 expression is associated with Hck, potentially enhancing the activation of TLR-signaling associated transcription factors. Pathogenic B-cells have been identified in other disease settings, and this study represents a novel report describing a pro-inflammatory B cell subset in HIV-infected patients.
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INTRODUCTION

The elevated serum level of the pro-inflammatory cytokine IL-6 is an indicator of chronic immune activation and a driver of HIV disease progression (1, 2). During HIV infection, IL-6 overexpression drives B-cell proliferation, enhances secretion of antibodies, and leads to aberrant B cell terminal differentiation (3, 4). Further, in vitro, IL-6 has been shown to drive HIV replication and, in HIV-infected individuals, the observed high levels of IL-6 are associated with increased mortality and morbidity (5, 6). Due to these factors, it is critical to determine the sources of IL-6 as well as the mechanisms underlying IL-6 overexpression during HIV infection. HIV infection is characterized by heightened microbial translocation and the presence of microbial products encoding toll-like receptor ligands (TLR-L) (7–9). TLR-stimulated monocytes have been identified to be a significant contributor to the HIV-induced inflammatory state (10–12). However, published data also suggest that B cells from HIV-infected individuals express high levels of IL-6 possibly due to TLR-stimulation (3, 9, 13). Additionally, in autoimmune diseases, TLR-stimulated B-cells are critical mediators of inflammation (14, 15). Further, data from a study in rheumatoid arthritis identified a pro-inflammatory B-cell subset expressing high levels of Fc receptor-like 4 (FcRL4) (16). FcRL4 acts as a molecular switch, dampening B cell receptor (BCR) signaling while simultaneously enhancing TLR-signaling through association of SHP-1 and SHP-2 with its cytoplasmic tail (17). Finally, B cells from HIV-infected viremic subjects exhibit heightened FcRL4 expression associated with an “exhausted” phenotype, with impaired antibody expressing functions (18–20).

In this study, we investigated: (1) if in untreated HIV infection, FcRL4hi B-cells represent a pro-inflammatory B cell subset and (2) the mechanisms underlying FcRL4 expression and amplification of TLR-signaling. Our data indicate that FcRL4hi B-cell subsets are high producers of IL-6, and TLR-signaling modulates FcRL4 expression. Finally, FcRL4 mediates amplification of TLR-signaling likely by recruiting Src Kinase proteins.

MATERIALS AND METHODS

Study Participants

All studies were performed after signed, informed written research consent by each study subject. The study was reviewed and approved by the Institutional Review Board of the Rush University Medical Center, and the University of Iowa City VAMC and University of Iowa. All work was performed in adherence with appropriate laboratory safety protocols such as use of personal protective equipment. HIV-infected viremic (HIVVIR), naïve subjects had a median CD4 count of 466 cells/μl (range, 144–566), and median viral load of 20,000 copies/ml (range, 2,000–117,000) (Table 1).

TABLE 1 | HIV viremic cohort description.

[image: image1]

Cell Lines

Ramos (a human Burkitt lymphoma cell line) FcRL4 stable transfectants were a generous gift from Dr. Susan Pierce (NIH) and previously described (17). The FcRL4.FFF mutant carries mutations (tyrosine to phenylalanine) in the cytoplasmic ITIM tail at positions 451, 463, and 493. The cells were maintained in RPMI medium supplemented with 10% FBS, Pen/Strep, 2mM L-glutamine, 10 mM HEPES, and 55 µM β-mercaptoethanol (Invitrogen).

Antibodies

Cells were stained with the following antibodies: FcRL4-APC (Biolegend), IL-6-PE, CD23-PE-Cy7, CD19-PE-Texas Red, CD10-Pe-Cy5, CD21-V450, CD27-AF700, phospho-p38-PE, phospho-Erk-AF647, phospho-p65-PE, phospho-C-Jun-FITC, (BD Biosciences), Sheep anti-rabbit IgG-DyLight 488 (Biolegend), purified hematopoietic cell kinase (Hck), and phospho-Hck (Abcam).

Isolation, Purification, and TLR Stimulation of PBMCs

PBMCs were isolated from whole blood using Ficoll (Lymphocyte® Cell Separation Media, Mediatech) gradient centrifugation. Cryopreserved PBMC from HIV-infected subjects were used in the immunophenotyping experiments. The cells were stained with FcRL4-APC and CD19-PE-Texas Red and CD19+FcRL4pos and CD19+FcRL4neg B cells were FACS purified and cultured overnight in the presence of 10 µg/ml CpG-B ODN2006 (TLR9L), 2 µg/ml PAM3CSK4 (TLR2L), or 2 µg/ml Imiquimod (InvivoGen). B cells (CD19+) from healthy controls were purified from PBMC using the B Cell Isolation Kit II (Miltenyi Biotec) and AUTOmacs (Miltenyi Biotec). After 4H, the cultures of CD19+ B cells were supplemented with Brefeldin A (1:1,000, BD). After overnight incubation, the cells were surface stained (CD23-PE-Cy7, BD Biosciences), fixed/permeabilized (Fix/Perm Kit BD Biosciences), and stained for intracellular IL-6 (IL-6-PE, BD Biosciences). All samples were acquired on an LRSII (BD Biosciences) flow cytometer and the data analyzed using FlowJo software (Tree Star Inc.). Florescence parameters were normalized using Rainbow Calibration Particles (Spherotech) and antibody bound CompBead (BD Biosciences). Gating was determined by unstained controls.

Inhibition Assays

Chemical inhibition of Hck was achieved using PP2 (Millipore). Cells were incubated overnight with indicated concentrations of the inhibitor, supplemented with TLR9-L, and further cultured overnight. Only events corresponding to living cells (determined by Live/Dead® Fixable Aqua staining, Life Technologies) were acquired on an LRSII (BD Biosciences) flow cytometer and the data analyzed using FlowJo software (Tree Star Inc.).

Real-time RT-PCR

RNA was extracted using the RNeasy Kit (QIAGEN) according to the manufacturer’s instructions. The extracted RNA was measured by spectrophotometer and equimolar concentrations used for cDNA synthesis according to the manufacturer’s instructions (iScript cDNA syntesis Kit, Bio-Rad). The following primers were used for the qPCR reaction: HcK-Forward 5′-CGGATCCCACATCCACCATCA-3′, Reverse 5′-ACCACGATGATGTCCTCAGAGC-3′, FcRL4-Forward 5′-TCAGCTGGGAGAAGAAGAGGAA-3′, Reverse 5′-GAGTTATCTGGGTGTTGTGTCTTTACC-3′, GAPDH-Forward 5′-CTTCAACGACCACTTTGT-3′ and reverse 5′-TGGTCCAGGGGTCTTACT-3′. Real-time RT-PCR was performed using a Quantitect SYBR Green PCR kit (Qiagen) in a 7900HT Fast Real-Time PCR system (Applied Biosystems). Melting curve analysis was performed to ensure that the primers amplified the desired amplicon and that primer-dimers were absent. Fold change in mRNA expression was calculated by relative quantification using the comparative cycle threshold method. GAPDH expression was used as an endogenous control.

siRNA-Mediated Knockdown

siRNA targeting HcK were purchased from Santa Cruz Biotechnology and Dharmacon, and cells were transfected using the Lipofectamine RNAiMax kit (Life Technologies) according to the manufacturer’s instructions. Knockdown was confirmed by qPCR 48H post-transfection.

Statistical Analysis

Results are expressed as mean ± SEM or as indicated. GraphPad Prism software, version 5.03 was used for all statistical analysis. The statistical significance p-value between group parameters was determined using either unpaired or paired Student’s t-test (with a confidence level of 95%). The statistical dependence between variables was calculated using the Spearman rank correlation analysis. p-Values of <0.05 were considered statistically significant. Pair and multiple comparisons were done using the Wilcoxon-matched-pairs signed rank test.

RESULTS

FcRL4hi B-Cell Subsets from HIV-Infected Viremic Subjects Spontaneously Express High Levels of IL-6

In rheumatoid arthritis patients, FcRL4 expression identifies a pro-inflammatory B-cell subset (16). Differential FcRL4 expression among B cell subsets has been reported in HIV viremic (HIVVIR) subjects (18); however, the relationship between FcRL4 expression and production of pro-inflammatory cytokines has not been fully elucidated. Our prior data indicate that B cells from HIV-infected individuals express primarily IL-6 and not TNF-α (9). We investigated if FcRL4 expression on B cell subsets from HIVVIR subjects associated with heightened endogenous levels of IL-6 expression. Tissue-like memory B cells (TLM, CD19+CD20+CD10−CD21loCD27−) expressed the highest levels of FcRL4 among different B cell subsets (Figures 1A,B), comparable to activated memory B cells (AM, CD19+CD20+CD10−CD21−CD27+), but significantly higher than naïve B cells (N, CD19+CD20+CD10−CD27−CD21+, p < 0.0001) and resting memory B cells (RM, CD19+CD20+CD10-CD21+CD27+, p < 0.0001). TLM B cells also expressed the highest endogenous levels of IL-6 (Figure 1B) compared to naïve (p = 0.01081) and RM B cells (p = 0.0204). Likewise, in AM B cells (Figure 1B); the level of IL-6 was much higher as compared to naïve (p = 0.0041) and RM B cells (p = 0.0241). Moreover, AM cells expressed the highest frequency of FcRL4+IL-6+ cells (Figure 1B): significantly higher than TLM (p = 0.005), N (p < 0.0001) and RM (p < 0.0001) B cells. Taken together, TLM and AM B cells express the highest levels of FcRL4 and IL-6 as well as the frequency of FcRL4+IL-6+ cells. Finally, in the TLM B cells, we observed a significant positive correlation between the FcRL4 and IL-6 expression (Figure 1C, p = 0.0022, r = 0.8667) as well as FcRL4 and HIV viral load (Figure 1C, p = 0.0390, r = 0.6727).
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FIGURE 1 | FcRL4hi blood B cell subsets from HIV viremic subjects express high endogenous levels of IL-6. In blood B cell subsets [(A), gating strategy] from HIV viremic subjects (n = 10), the endogenous levels of (C) FcRL4, IL-6, and FcRL4+IL-6+ [representative plots depicted in (B)] as well as (C) the relationship between FcRL4 expression and IL-6 (left) and viral load (right) on tissue-like memory B cells were determined; N, naïve; RM, resting memory; AM, activated memory; TLM, tissue-like memory. p-Values as determined by Mann–Whitney test are indicated, in (C) association was calculated using the spearman correlation.



FcRL4pos B Cells from HIV-Infected Viremic (HIVVIR) Subjects Constitutively Exhibit an Activated TLR-Signaling Cascade

HIV-infection is associated with an increase in serum concentration of several TLR ligands (7–9), and B cells from HIVVIR individuals exhibit enhanced FcRL4 expression (18). As FcRL4 enhances B-cell responsiveness to TLR stimulation (17), we next investigated if, in HIVVIR subjects, constitutive FcRL4 expression is associated with an activated TLR-signaling pathway. We determined that FcRL4pos B cells of HIVVIR subjects exhibit a constitutively activated TLR-signaling pathway phenotype characterized by significantly elevated levels of phosphorylated ERK, p38, and c-JUN (Figures 2A,B, p = 0.0373, p = 0.0337, and p = 0.0239, respectively). Although the level of phosphorylated p65 was higher in FcRL4pos B cells than FcRL4neg B cells, the difference did not attain statistical significance (Figure 2B, p = 0.1097).
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FIGURE 2 | FcRL4pos B cells from HIV viremic subjects are Hckhi and exhibit activated TLR-signaling signature. In FcRL4pos, B cells from HIV viremic subjects (n = 10) (A) gating strategy for FcRL4, using flow cytometry, (B) the endogenous activation levels of MAPK pathway members Erk and p38 as well as activation of NF-κB (p65) and AP-1 (c-Jun) were determined: Representative overlays of FcRL4- and FcRL4+ populations shown. p-Values as determined by Mann–Whitney test are indicated.



FcRL4pos B Cells from HIV-Uninfected Subjects Are Highly Responsive to TLR Stimulation

We previously demonstrated that TLR stimulated B cells from healthy controls (HIVNEG) subjects upregulate expression of the pro-inflammatory cytokine IL-6 (9). We, therefore, examined if FcRL4 modulates the expression of IL-6 upon TLR stimulation. We found that compared to FcRL4-negative (FcRL4neg) B cells, TLR stimulation of purified FcRL4pos B cells significantly upregulated IL-6 expression (Figure 3: TLR2, p = 0.0022, TLR7, p = 0.0286, TLR9, p = 0.0179).
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FIGURE 3 | FcRL4pos B cells from HIV-uninfected subjects are highly responsive to TLR stimulation. FcRL4hi and FcRL4lo B cells were enriched from primary B cells of HIVneg subjects, exposed to TLR2-Ligand (TLR-2 stimulated, 2 µg/ml, Pam3Csk4), TLR7L (TLR-7 stimulated 2 µg/ml, Imiquimod), or TLR9-ligand (TLR-9 stimulated 10 µg/ml CpGODN2006). After overnight incubation, IL-6 expression was determined by intracellular cytokine staining. Representative plots are shown in the top panels, in lower panels, each dot represents a subject (n = 6, 4, 3 from left to right), p-values as determined by paired t-test are indicated.



B Cells Exposed to TLR-9 Ligand Upregulate Expression of FcRL4 and HcK Concomitantly

Elevated FcRL4 expression on blood B cells has been identified in malaria and HIV-infected viremic patients (18, 19), conditions associated with heightened serum levels of TLR ligands (7, 8, 21). Additionally, it has been previously demonstrated that TLR stimulation modulates FcRL expression in mice (22). We determined that exposure of PBMC from HIVNEG subjects to TLR9 stimulation led to a significant upregulation in FcRL4 expression (Figure 4A, p = 0.0415). We confirmed that while TLR stimulation induces FcRL4 upregulation, the anti-FcRL4 flow cytometry antibody did not lead to FcRL4 upregulation. In human secondary lymphoid tissue, elevated FcRL4 expression is associated with heightened levels of the Src kinase family member HcK (23), which in macrophages, promotes TLR-induced expression of pro-inflammatory cytokines (24). We, therefore, investigated if in TLR-stimulated blood B cells, the observed FcRL4 upregulation (Figure 4A) is associated with heightened HcK expression contributing to the amplification of the TLR-signaling. We determined that TLR9-stimulation of purified B cells from HIVNEG resulted in the upregulation of HcK levels (Figure 4B, p = 0.0386) (gating Figure S2 in Supplementary Material). Finally, in HIVVIR subjects, FcRL4pos B cells, expressed significantly higher endogenous levels of total (Figure 4C, p = 0.0414) and phosphorylated HcK (Figure 4C, p = 0.0398).
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FIGURE 4 | TLR-stimulated B cells upregulate FcRL4 and hematopoietic cell kinase (Hck) expression. Purified B cells from HIVneg subjects were stimulated overnight with 10 µg/ml CpGODN 2006 and the expression of (A) FcRL4 and (B) Hck determined by flow-cytometry and RT-qPCR, respectively. Each dot represents a subject. (C) In FcRL4pos, B cells from HIV viremic subjects (n = 10, Figure 2A, gating strategy for FcRL4), the endogenous level of total HcK (left) and phosphorylated HcK (right) expression were determined. p-Values as determined by paired t-test are indicated.



HcK Is Required for FcRL4-Mediated Amplification of TLR Signaling

The effect of HcK on TLR-signaling in B cells was further investigated using a B cell line stably expressing FcRL4 (FcRL4.WT) and a loss-of-function FcRL4 mutant cell line, incapable of amplifying TLR-signaling (FcRL4.FFF) (17). We determined that after TLR stimulation, HcK upregulation was evident only in the FcRL4.WT cells (Figure 5A). HcK expression in FcRL4.WT transfectants was reduced using siRNA and confirmed by qPCR (Figure 5B, p = 0.0079, compared to control). Finally, TLR9 activation was quantified by change in CD23 expression, a readout of TLR9 activity (17). HcK knockdown led to a reduction in CD23 expression (Figure 5B, p = 0.0553) following TLR9 stimulation. To confirm these results, we chemically inhibited HcK using 4-amino-5-(4-chlorophenyl)-7-(t-butyl)pyrazolo[3,4-d]pyrimidine (PP2) as described elsewhere (25, 26). HcK chemical inhibition reduced TLR9-induced CD23 expression significantly in FcRL4.WT compared to FcRL4.FFF in a dose-dependent manner (Figure S1 in Supplementary Material, 1 mM and 10 mM PP2, p = 0.0059 and p = 0.0052, respectively).


[image: image1]

FIGURE 5 | Hematopoietic cell kinase (HcK) is necessary for FcLR4-mediated amplification of TLR signaling. In FcRL4 transfectants, (A) HcK expression was determined after TLR9 stimulation by flow cytometry, n = 3. (B) Hck expression was determined by RT-qPCR post RNAi (left); siHCK and control RNAi treated cells were incubated overnight with TLR9-L and CD23 expression detected by flow-cytometry (right) shown as fold change. siScr = scrambled control; n = 4. p-Values as determined by paired t-test are indicated.



DISCUSSION

In this study, we demonstrate that during viremic HIV infection, FcRL4hi TLM and AM blood B cells express high endogenous levels of IL-6, strongly indicating that high FcRL4 expression identifies pro-inflammatory B cells. We demonstrate that frequency of FcRL4+ B-cells correlates strongly with IL-6+ B-cell frequency in the TLM subset. However, AM B cells exhibit the highest frequency of FcRL4+IL-6+ double-positive cells suggesting the possibility that divergent mechanisms drive IL-6 production in AM and TLM B cells. This concept of divergent mechanisms is further supported by the distinct characteristics of these subsets, with TLM displaying elevated expression of inhibitory receptors and increased frequency of HIV-specific B cells, while the AM subset show greater specificity for other pathogens (20). Taken together, our report identifies pro-inflammatory functions of FcRL4+ TLM B cells in viremic HIV-infected subjects, corroborating findings, which identify FcRL4hi B cells as a marker of pro-inflammatory B cells in rheumatoid arthritis patients (16).

Though FcRL4 has previously been identified on exhausted B-cell subsets (20), weak proliferation following BCR stimulation may be indicative of a shift in function rather than a general failure to respond. FcRL4 has been identified as a molecular switch, dampening BCR signaling while enhancing B-cell responsiveness to TLR-stimulation (17). HIV-infected viremic (HIVVIR) subjects exhibit elevated serum levels of TLR-ligands (7–9) concomitant with high expression of FcRL4 on B cells (18, 20). It is, therefore, tempting to suggest that in HIVVIR subjects, TLM and AM B cells are stimulated by TLR-ligands resulting in upregulated FcRL4 expression. This increases sensitivity to TLR stimulation, leading to a positive feedback loop culminating in high expression of IL-6, inflammation, and HIV disease progression. Though we cannot exclude the possibility that FcRL4-expressing B cells coincidently express IL-6, our data provide further evidence supporting a role for FcRL4 in mediating in vivo TLR-signaling-dependent hyperstimulation during HIV infection. We also determined that ex vivo, FcRL4hi B cells from HIVVIR subjects exhibit a TLR-signaling signature, characterized by heightened activation of NF-κB and AP1 pathways, transcription factors critical for the expression of pro-inflammatory genes (27–29).

While FcRL4 expression has been well documented in HIV, its function remains only partly elucidated. During HIV-1 infection, FcRL4 is elevated on TLM of non-treated individuals, but expression is greatly reduced following treatment (30); this suggests a unique role for FcRL4 during HIV infection. Jelicic et al. report that HIV gp120 induces FcRL4 expression on B cells (31), suggesting another mechanism inducing FcRL4 expression, which enhances susceptibility to TLR stimulation in HIV infection. Previous studies also suggest that another FcRL family protein, FcRL3, is upregulated in response to TLR stimulation (32); however, a role for TLR stimulation in regulating FcRL4 expression in HIV infection has not been explored. We provide data suggesting that TLR-signaling augments B-cell FcRL4 expression, corroborating reports of TLR-regulation of FcRL3 (32). Though we present data indicating B cells exposed to TLR9-ligand CpG-ODN2006 upregulate FcRL4 expression, we also observed comparable effects when B cells are exposed to either TLR7 (Imiquimod) or TLR2 (Pam3Csk4) ligands (not shown). Sohn et al. elegantly demonstrated that FcRL4 expression switches B-cell responsiveness from adaptive to innate stimulus (17); however, the underlying mechanism is still undefined. Our data present a potential mechanism underlying FcRL4-mediated amplification of TLR-signaling in B cells. Ehrhardt et al. (23) reported that human tissue FcRL4hi B cells concurrently express high levels of the Src-kinase family member HcK, and Smolinska et al. (24) determined that Hck recruitment amplifies TLR4 signaling in macrophages. Our data confirm these findings, as we show that TLR9-stimulated B cells from HIVNEG subjects upregulate HcK and FcRL4hi B cells from HIVVIR subjects exhibit elevated endogenous levels of HcK. Further, HcK downmodulation resulted in a reduction of TLR-signaling in FcRL4 B-cell transfectants. These data confirm recent reports by Liu et al. (33) and suggest that FcRL4 in human B cells likely recruits the Src-kinase family member HcK, resulting in amplification of TLR-signaling. However, further studies are needed to determine the precise association between FcRL4 and HcK. Our finding that TLR9-stimulation was impervious to HcK chemical inhibition in the FcRL4.FFF loss-of-function mutant suggests a role for the ITIM in HcK recruitment following TLR-signaling, as FcRL4 of this mutant is incapable of specific ITIM phosphorylation events.

B cells have been well established as a critical source of pro-inflammatory IL-6 in autoimmune diseases (14), and some reports also suggest that during HIV infection B-cells express IL-6, thus likely exerting a pathogenic role (3, 9, 13). Our data present FcRL4 as a marker identifying potential pro-inflammatory B cells during viremic HIV infection.

CONCLUSION

The data from this study indicate that in viremic HIV infected subjects, high expression of FcRL4 identifies pro-inflammatory B cell subsets. In autoimmune conditions, B cells have been established as critical IL-6 expressing cells (16). Our data demonstrate a pro-inflammatory function of FcRL4+ B cells, a population of B cells previously identified as exhausted, in viremic HIV infection. Finally, we present data elucidating the mechanisms of FcRL4-mediated amplification of TLR-signaling in B cells. We provide data indicating that increased expression of FcRL4 coincides with upregulation of the Src kinase HcK, and HcK is necessary for FcRL4’s amplification of TLR signaling.
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FIGURE S1 | CD23 expression following overnight treatment with HcK inhibitor PP2. FcRL4.WT and FcRL4.FFF cells were treated with TLR9-L and HcK inhibitor. Expression of CD23 reported as fold change between TLR9-L alone and in the presence of inhibitor n=3.

FIGURE S2 | Representative gating of HcK and phospho HcK.
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