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Abstract 

Background & Aims: Hepatitis C virus (HCV) infection contributes to the development of 

autoimmune disorders such as cryoglobulinemia vasculitis (CV). However, it remains unclear 

why only some HCV-infected individuals develop CV. HCV-CV is characterized by expansions 

of anergic CD19+CD27+CD21low/- atypical memory B cells (AtM). Here, we report the 

mechanisms by which AtM participate to HCV-associated autoimmunity.  

Methods: Phenotype and function of peripheral AtM were studied by multi-color flow cytometry 

and co-culture assays with effector T cells and regulatory T cells in twenty chronically HCV-

CV patients, 10 chronically HCV-infected patients without CV and 8 healthy donors. We 

performed gene expression profile analysis of AtM stimulated or not by TLR9. Immunoglobulin 

gene repertoire and antibody reactivity profiles of AtM-expressing IgM antibodies were 

analyzed following single B cell FACS sorting and expression-cloning of monoclonal 

antibodies.  

Results: We show Tbet+CD11c+CD27+CD21- AtM B-cell expansions in HCV-CV patients as 

compared to HCV controls without CV. TLR9 activation of AtM induces a specific 

transcriptional signature centered on TNFα overexpression, and an enhanced secretion of 

TNFα and rheumatoid factor-type IgMs in HCV-CV patients. AtM stimulated through TLR9 

promote type 1 effector T-cell activation and reduce the proliferation of CD4+CD25hiCD127-

/lowFoxP3+ regulatory T cells. AtM expansions display intraclonal diversity with immunoglogulin 

features of antigen-driven maturation. AtM-derived IgM monoclonal antibodies do not react 

against ubiquitous autoantigens or HCV antigens including NS3 and E2 proteins. Rather, AtM-

derived antibodies target unique epitopes on the human IgG Fc region and possess 

rheumatoid factor activity.  

Conclusion: Our data strongly suggest a central role for TLR9 activation of AtM in driving 

HCV-CV autoimmunity through rheumatoid factors production and type 1 T-cell response.  
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Introduction 

Chronic HCV infection is associated with extrahepatic complications that are largely 

immunologically driven. Among those, cryoglobulinaemia and its clinical sequelae hold the 

strongest association. Cryoglobulins are readily detectable in 40–60% of HCV-infected 

patients (1–3), whereas cryoglobulinaemia vasculitis (CV) develops in only 5–10% of the cases 

(4,5). The presence of autoantibodies and T cells in vascular infiltrates as well as the 

observation that specific HLA alleles confer susceptibility to CV in HCV-infected patients 

support the autoimmune nature of this virus-associated pathology (6,7). CV pathophysiology 

depends on the interaction between HCV and lymphocytes that directly modulates B- and T-

cell function, which ultimately leads to the polyclonal activation and expansion of B cells 

producing rheumatoid factors (RF) (1,8). We previously reported abnormal immune responses 

mediated by T cells in HCV-CV patients, with a quantitative defect in regulatory T cells (Tregs) 

(6), and a Th1 polarization (9,10). HCV infection has been associated with 

lymphoproliferations, which likely results from an indirect process following the chronic 

antigenic stimulation of a limited pool of preexisting autoreactive B cells. It has been proposed 

that persistently high levels of HCV-containing immune complexes stimulate the proliferation 

of RF-bearing B cells, but the precise antigen(s) and stimulatory mechanisms have remained 

elusive. We and others previously identified a clonal expansion of CD27+IgM+CD21low/- memory 

B cells, referred as activated or atypical memory B cells (AtM), in HCV-associated 

cryoglobulinemia vasculitis (HCV-CV) (11,12). AtM are clonal or clonally related, and mainly 

express VH1-69 IgH gene, which is also highly prevalent in HCV-associated 

lymphoproliferations (11–13). These clonal cells have a decreased expression of the 

complement receptor 2, CD21, which mirrors an anergy state (14,15). AtM are prone to 

undergo apoptosis (11,13), do not proliferate upon BCR stimulation but respond to TLR9 

agonist CpG by expressing activator and proliferative markers (11,13). Anergy is a well-known 

regulation mechanism for maintaining immune tolerance of autoreactive cells (14,15). Indeed, 

AtM in HCV-CV produced somatically mutated RF autoantibodies (16), and are not remove 

from the B-cell repertoire. However, it remains unclear why only some HCV-infected individuals 
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develop CV, and why anergy mechanisms fail to prevent the NHL development in some HCV-

CV patients. 

 In this work, we characterized the mechanisms by which AtM participate to HCV-

associated autoimmunity. We show that TLR9-stimulated AtM secrete TNFα and IgMs with 

rheumatoid factor activity in HCV-CV patients. Stimulated AtM have a specific transcriptional 

signature centered on TNFα overexpression, promote the activation of Th1 cells and 

conversely, reduce Tregs proliferation. We found that AtM antibodies did not cross-reactive 

against HCV antigens but possessed rheumatoid factor activity. Taken together, our data 

suggest a central role for TLR9 signalling in AtM, in driving tolerance breakage underlying 

HCV-CV development.  
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Methods 

Patients 

Twenty patients with HCV-CV and ten patients with HCV were included (Table 1). All had 

positive HCV RNA. HCV viral load was quantified using the Abbott HCV RealTime assay 

(Abbott) with a lower detection limit of 12 IU/ml. Patients with active HCV vasculitis clinically 

were defined as previously described (17). The study was approved by the institutional ethics 

committee of La Pitié-Salpetrière Hospital and was performed in accordance with the 

Declaration of Helsinki. All participants provided informed consents. 

 

Cell isolation  

PBMCs were obtained by Ficoll-separation, and CD19+IgM+CD27+CD21-/low (AtM), 

CD19+IgM+CD27+CD21+ memory B cells, CD4+CD25- effector T cells and CD4+CD25hiCD127-

/low regulatory T cells were isolated by FACS using a FACSAria instrument (Becton Dickinson). 

Flow cytometric analysis of isolated B and T cell subpopulations consistently showed purity of 

>95%. 

 

Cell culture 

Purified B and T cells were cocultured in complete RPMI1640-L-glutamine, and supplemented 

with 10% FBS and penicillin/streptomycin (100 U/mg/ml) (Sigma-Aldrich). Isolated CD4+CD25- 

effector T cells or CD4+CD25hiCD127-/low regulatory T cells were cultured for 72 h either alone 

or 1:1 with sorted AtM B cell and stimulated with human T-activator CD3/CD28 (Dynabeads) 

in presence or absence of 1ug/ml CpG (Invivogen). For cytokine detection IFNγ, TNFα and IL-

17A among CD4+CD25- effector T cells in coculture with AtM stimulated or not by CpG, PMA 

(50 ng/ml), ionomycin (250 ng/ml) (Sigma-Aldrich), and brefeldin A (BD Biosciences) were 

added for the last 6 h of culture. 

 

T-cell proliferation assay 



  

7 
 

Following FACS sorting, T cells were loaded with 0.4 mM CFSE (Thermo Fisher Scientific) for 

5 min at 37°C and cultured as previously described (11,17). Cultured CD4+CD25hiCD127-/low 

regulatory T cells were analyzed for cell division using flow cytometry after 72 h of coculture 

with AtM stimulated with CpG 1 mg ODN 2006 Type B CpG oligonucleotide - Human TLR9 

ligand (InvivoGen). The concentration of CpG was 1 µg/ml. We used anti-TNFα (Thermo-

Fisher, clone 28401) at 0.05 µg/ml. 

 

Flow cytometry analysis 

PBMCs were stained for 30 min at 4°C with the following mouse monoclonal antibodies: for B 

cells; FITC- or PCy7-conjugated anti-CD21, PE- or APC-conjugated anti-CD27, APC-

conjugated anti-IgM, energy-coupled dye (ECD)–conjugated anti-CD19, vioblue–conjugated 

anti-IgD, PCy7-conjugated anti-CD11c, APC-conjugated anti-CD95, FITC-conjugated anti-

CD80, APC-conjugated anti-CXCR5, PCy7-conjugated anti-CD38, PE-conjugated anti-CD73, 

PE-conjugated anti-FCRL3 and anti-FCRL5. T-bet intracellular staining was performed using 

the PerFix –NC kit (Beckman Coulter) and (PB)-conjugated anti-T-bet antibodies; for T cells, 

PerCP–conjugated anti-CD4, PE–conjugated anti-CD25, and brillant violet 510–conjugated 

anti-CD127 (BioLegend). A live/dead discriminant dye was used in accordance with the 

manufacturer’s instructions (Invitrogen). Cells cultured during 72 h were stained for cell surface 

markers and then permeabilized with Cytofix/Cytoperm buffer (BD PharMingen) and stained 

with FITC–conjugated anti-IFNγ (BD PharMingen), PE–conjugated anti-TNFα, and Alexa Fluor 

647–conjugated anti-IL-17A (eBioscience), or with APC–conjugated anti-FoxP3. FACS 

analyses were performed on a Navios flow cytometer using Kaluza analysis software 

(Beckman Coulter). 

 

Recombinant Fc antigens 

To produce recombinant Fc proteins, synthetic genes coding for the human IgK leader peptide 

followed by the IgH hinge (H) region, the Ig constant domain 2 (CH2, with a Cys103Ser 

mutation) and 3 (CH3) of human IgG1 and IgG3 were cloned into pcDNA™3.1/Zeo(+) 
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expression vector (Thermo Fisher Scientific). To generate swapped IgG1-G3 molecules, the 

sequences encoding the H-CH2 and CH3 domains of IgG1 and IgG3 were interchanged in the 

respective synthetic DNA constructs. The N297A mutation was introduced by directed-site 

mutagenesis (QuikChange Site-Directed Mutagenesis Kit; Stratagene). All recombinant Fc 

were produced by transfection of FreeStyle™ 293-F cells using the PEI method as previously 

described (18), and purified using protein G sepharose 4 fast flow beads (GE Healthcare). The 

Fc peptides library consisted of 8 amino acids-overlapping 20-mer peptides (n=23; GenScript 

HK Limited) encompassing the entire IgG1 Fc region. 

 

Single B-cell FACS sorting and expression-cloning of antibodies 

PBMCs were stained as described above, and single AtM were sorted into 96-well PCR plates 

using a FACS Aria III sorter (Becton Dickinson) as previously described (19,20). Single-cell 

cDNA synthesis using SuperScript III reverse transcriptase (Fisher Scientific) followed by 

nested-PCR amplifications, sequencing and gene analyses were performed as previously 

described (19,20). IgH mutations selection strengths were determined using the BASELINE 

program (http://selection.med.yale.edu/baseline/) (21,22). The IgM- and IgM Fab-expression 

vectors (Igµ and Igµ-Fab, respectively) were generated from the original IgG1-expression 

vector (20) by substituting the DNA sequence coding for the constant region of IgG1 by the 

one of the IgM CH1 followed by an hexahistine tag or of the full IgM (synthetic DNA fragment, 

GenScript HK Limited) (18,20). Purified digested PCR products were cloned into expressing 

vectors, and then used to co-transfect FreeStyle™ 293-F cells as previously 

described(18),(19,20,23). For recombinant IgM production, the co-transfection of Expi293 cells 

with IgM and IgL (1 µg/ml) and and J-chain (2.5 µg/ml) expression vectors was performed 

using the Expi293 expression system (ThermoFisher Scientific). Culture supernatants were 

harvested 5-days post-transfection and concentrated by centrifugation cycles using Vivacell 

100 ultrafiltration units (Sartorius). IgM concentration was determined by ELISA as described 

previously for IgG (18). Human IgG antibodies and Fab fragments were purified by affinity 

chromatography using protein G sepharose 4 fast flow and Ni sepharose excel beads (GE 
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Healthcare), respectively. Antibody concentrations were determined using the NanoDrop 2000 

instrument (Thermo Fisher Scientific).  

 

ELISAs 

Polyreactivity and HEp-2 ELISAs were performed as previously described (24). For Fc binding 

experiments, high-binding 96-well ELISA plates (Costar) were coated overnight with 15 µg/well 

of purified recombinant human IgG Fc fragments. After washings with 0.05% Tween-PBS 

(PBST), plates were blocked 2 h with 2% BSA, 1mM EDTA, PBST (Blocking buffer). After 

washings, coated plates were incubated 2 h with antibodies and seven consecutive 1:2 

dilutions in PBS. After washings, the plates were revealed by incubation for 1 h with HRP-

conjugated goat anti-human Kappa light chain (1:10,000; Bethyl laboratories), and by adding 

100 µl of HRP chromogenic substrate (ABTS solution, Euromedex) after washing steps. For 

competition experiments, Fc-coated plates were blocked for 2h, washed and then incubated 

for 2 h with recombinant IgM in 1:2 serially diluted solutions of purified protein A (Sigma). Plates 

were developed as described above to test the binding of Fabs to IgG1 Fc, plates were coated 

overnight with 0.5 µg/well of purified Fabs in PBS. Plates were then washed, blocked and 

incubated for 2 h with purified Fc at 50 µg/ml and seven consecutive 1:2 dilutions in PBS. 

Plates were revealed as previously described (24). IgG and IgM reactivity to IgG1 Fc peptides 

was tested as previously described (25). For HCV binding experiments, antibodies were tested 

using the ELISA Kit for Hepatitis C Virus (Amsbio).  

 

Immunoblotting 

Purified human Fc fragments were separated by SDS-PAGE with a NuPAGE® 4-12% Bis-Tris 

Gel (Invitrogen), and electrotransferred onto nitrocellulose membranes. The filters were then 

saturated for 2 h in PBS-0.05% Tween 20 (PBST)-5% dry milk (blocking buffer), and incubated 

for 2 h with antibodies (at 30 µg/ml) in blocking buffer. After washing with PBST, filters were 

incubated for 1 h with 1/5,000-diluted peroxydase-conjugated goat anti-human Kappa light 

chain (Jackson ImmunoResearch) in blocking buffer. After washings, filters were revealed by 
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chemiluminescence reaction (ECL Prime, GE Healthcare), and images were acquired using a 

G:Box imaging system (Ozyme). 

 

Indirect immunofluorescence assay  

Recombinant antibodies (150 µg/ml), and control antibodies (mGO53 (19), ED38 (26), and 

internal controls in the kit) were analyzed by indirect immunofluorescence assay on HEp-2 

cells (ANA AeskruSlides, Ingen) using the fluorescence microscope Axio Imager 2 (Zeiss) as 

previously described (24). 

 

Gene expression profile analysis 

RNA was extracted from 105-106 batch-sorted AtM stimulated or not with CpG for 72 h, and 

using the NucleoSpin RNA II kit (Macherey-Nagel). The quality of the purified RNA was 

assessed with a 2100 Bioanalyzer (Agilent). Using the Illumina TotalPrep RNA Amplification 

Kit (Applied Biosystems), 100 ng RNA was amplified and labeled to produce cDNA. Labeled 

cDNA was hybridized on whole human genome chips (Human HT-12 Expression BeadChip 

Kit; Illumina). Data derived from three donors were normalized using BeadStudio and 

bioinformatics analysis was performed using GeneSpring GX 7.3 (Agilent). Probes with a 

signal < 20 were excluded. Differential gene expression was defined according to the following 

criteria: Among the 48614 probes Set, 1664 probes set were differentially regulated according 

to an paired-test with p<0.05 and a false discovery rate (Benjamini Hochberg) p< 0.05. We 

then selected the 251 probes set (=219 genes) with an absolute Fold Change of 2. Functional 

enrichment and Network analysis were performed with Ingenuity Pathway Analysis IPA® 

(QIAGEN). For functional analysis, we selected function according to the P values and the Z-

score to improve biological relevance. 

 

Statistics 

Analyses were performed using GraphPad Prism 6.0 software (Graph-Pad Software). Except 

where indicated otherwise, values were expressed as mean ± standard deviation (SD). 
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Categorical variables were compared using the Fisher’s exact or Chi2 tests, and continuous 

variables were compared using the two-tailed Mann-Whitney test. Multiple comparisons with 

more than two groups were performed using the Kruskal-Wallis test with p-values adjusted by 

the Bonferroni test (Dunn’s method). 
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Results 

Tbet+CD11c+CD27+CD21- atypical memory B-cell expansions in HCV-CV  

Expansions of CD27+IgM+CD21low/- B cells (AtM) were previously identified in HCV-CV(11,12). 

The HCV-CV patients examined here (Table 1), also displayed an increased frequency of AtM 

cells (CD27+CD21- B cells) compared to HCV patients without CV [28%(±4.9) vs 8.3%(±1.9), 

p=0.008], and healthy donors (HD) [2.8%(±0.2), p=0.001] (Figure 1A, p-value= 0.0005). A 

significant decrease in AtM frequency was also observed [47(±5) vs 21(±5), p=0.015] after CV 

remission following 12 weeks of HCV therapy (DAA therapy) (Figure 1B). Although the 

frequency of AtM cells decreased, no significant change in AtM surface markers expression 

was observed following DAA therapy (Supplementary Figure 1). Tbet positive CD19+ B cells 

were mainly AtM subpopulation upon staining with CD27 and CD21 in HCV-CV patients but 

not in HCV controls and HD (Figure 1C, p-value= 0.0003) [(49%(±5.8) vs 21%(±1.15) and 

16%(±5.8)]. Tbet positive CD19+ B cells exhibited a differential expression of surface 

molecules involved in T cell-B cell interactions as compared to “classical” CD27+CD21+ resting 

memory (RM) B cells (Figures 1D-E). HCV-CV AtM showed a significant higher expression of 

CD11c [1.6(±0.2) vs 0.91(±0.07), p=0.01], CD95 [2.8(±0.2) vs 2(±0.2), p=0.04] and FCRL5 

[1.17(±0.2) vs 0.55(±0.18), p=0.01]  and a decreased expression of CD73 [0.28(±0.05) vs 

0.59(±0.08), p=0.003] and CXCR5 [18(±1) vs 29(±2), p=0.003] compared to RM B cells. CD80 

and FCRL3 expression tended to be higher in AtM compared to RM and CD38 expression was 

decreased in AtM compared to RM (Figure 1D-E). Thus, AtM in HCV-CV share common 

phenotypic features with AtM subsets described in other chronic infections, autoimmune 

diseases and healthy individuals (27–29). We further compared the expression of these 

surface molecules on AtM and RM subpopulations between HCV-CV, HCV controls and HD. 

We found higher CD95, CD11c and CXCR5 expression in AtM and RM in HCV-CV patients 

compared to HCV controls and HD [(AtM) (2.8(±0.2) vs 1.2(±0.5),p=0.03 vs 1.4(0.1), p=0.007; 

1.6(±0.2) vs 0.7(±0.05), p=0.004 vs 0.9(±0.2); 18(±2) vs 6(±0.7), p=0.009 vs 5(±0.8), p=0.02) 

(RM) 2(±0.2) vs 0.8(±0.3), p=0.02 vs 0.6(±0.08) p=0.005; 0.9(±0.07) vs 0.4(±0.02), p=0.004) 

vs 0.5(±0.09), p=0.03; 29(±1.3) vs 11(±2), p=0.005 vs 12(±1.8), p=0.005)]. CD80 expression 
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in HCV-CV patients was significantly lower in AtM and RM as compared to HCV controls and 

HD (AtM 0.9(±0.09) vs 1.4(±0.007), p=0.03 vs 1.9(±0.2), p=0.007; RM 0.7(±0.05) vs 1.2(±0.2), 

p=0.02 vs 1.1(±0.03), p=0.002. We found no difference in the expression of CD73 and CD38 

between AtM and RM subpopulation in HCV-CV, HCV controls and HD (Supplementary Figure 

2). Respective p-values for AtM CD95, RM CD95, AtM CD11c, RM CD11c, AtM CD73, RM 

CD73, AtM CD38, RM CD38, AtM CXCR5, RM CXCR5, AtM CD80 and RM CD80 were 0.007, 

0.004, 0.011, 0.004, 0.28, 0.39, 0.67, 0.94, 0.007, 0.001, 0.005, 0.006 (Supplementary Figure 

2). 

 

TLR9 signaling in HCV-CV AtM promote pro-inflammatory Th1 response  

TLR9 stimulation can lead to B-cell dysfunction in autoimmune diseases (30,31). Stimulation 

with TLR9 ligand (i.e., CpG) of sorted AtM from active HCV-CV patients enhanced their 

secretion of TNFα (0.4% vs 8.8%, p=0.0003), but not of IL2, IL6 and IL10 (Figure 2A, p-value= 

0.75). Enhanced secretion of TNFα upon CpG simulation was significantly higher in AtM of 

HCV-CV patients compared to HCV controls and HD (8.8(±1) vs 3.5(±1), p=0.01 vs 3.5(±0.5), 

p=0.02) (Figure 2A). Stimulation by CpG also increased the proliferation of AtM (2.5% vs 

39.5%, p=0.001) (Figure 2B, p-value= 0.027), and the production of IgM with reactivity to 

human IgG1 Fc (Figure 2C). We next analyzed the function of AtM cells by studying the 

expression of CD69, CD25, CD95 and CD44. CD69, CD25 and CD95 expression on AtM cells 

were significantly increased after stimulation by CpG in HCV-CV patients and HCV controls 

(5.6(±0.7) vs 55(±3.6), p=0.0006, 14(±2) vs 58(±2) p=0.02; 9(±2) vs 44(±10) p=0.002, 4(±1) vs 

42(±5) p=0.02; 19.5(±0.2) vs 61(±9), p=0.04, 6.9(±1.3) vs 23(±0.6), p=0.02 (Figure 2D, 

respective p-values for the expression of CD69, CD25, CD95 and CD44 were 0.43, 0.72, 0.86 

and 0.95). Stimulation of AtM cells with CpG has no significant impact on CD44 expression in 

HCV-CV patients (Figure 2D). Th1 cells have been involved in the pathogenesis of HCV-CV 

(9,32). We therefore evaluated whether AtM can control the release of pro-inflammatory 

cytokines by CD4+CD25- effector T cells (Teff) in HCV-CV patients. Sorted AtM stimulated or 

not with CpG were cocultured with autologous CD4+CD25- T cells. The presence of AtM 
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stimulated with CpG cocultured with autologous CD4+CD25- T cells tend to increase IFNγ 

(Figure 3A, p-value= 0.028) and TNFα (Figure-3B, p-value= 0.013) production by autologous 

CD4+CD25- T cells, but did not significantly affect IL17A expression (Figure 3C, p-value= 0.73). 

Functional defects of regulatory T cells (Tregs) contribute to HCV-CV-associated autoimmune 

manifestations (6,33,34). However, it is still unclear whether clonally expanded AtM contribute 

to the perturbations in T-cell homeostasis in HCV-CV. CpG-stimulated AtM were cocultured 

with autologous Teff or Tregs stimulated with anti-CD3/CD28. CpG-stimulated AtM reduced 

Tregs proliferation (83% vs 44%, p=0.036), and increased Teff proliferation (81% vs 89%, 

p=0.01) (Figures 3D-E). Thus, TLR9 signaling in AtM promotes the proliferation and secretion 

of IFNγ and TNFα but not IL17A by effector T cells, and reduces the proliferation of regulatory 

T cells in HCV-CV. The addition of anti-TNFα in the coculture decreased significantly IFNγ and 

TNFα secretion by effector T cells but did not impact Treg proliferation (Figure 3). No significant 

changes in the expression of functional markers of Tregs (CTLA4, ICOS and PD1) were 

observed when stimulated AtM were cocultured with Tregs (data not shown).  

 

Stimulated HCV-CV AtM harbor a specific TNFα-centered transcriptional profile   

Transcriptional profiling of HCV-CV AtM previously revealed an association with molecular 

pathways involved in anergy, apoptosis, and dampened activation of B cells (11,13). To define 

gene signatures associated with the effect of TLR9 stimulation on AtM, we compared gene 

expression profiles of CpG-stimulated and unstimulated AtM (control) from HCV-CV patients 

(Figure 4). We identified a gene signature of 229 genes in total (210 up-regulated and 19 down-

regulated) in CpG-stimulated AtM compared to control (Figure 4A). Functional enrichment 

analysis in CpG-stimulated AtM revealed many up-regulated genes that are involved in B- and 

Th1-cell activation (Figure 4B). Among the top up-regulated genes, we found high expression 

of MIR155HG coding for miRNA-155, which influences BCR signaling and is highly expressed 

on activated B cells (35), and contribute to tolerance breakage when induced in B cells upon 

TLR9 signaling (30). Interestingly, the proinflammatory cytokine MIF driving Th1 response (36) 

was also highly expressed in CpG-stimulated AtM. We then focused on the molecular networks 
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showing the most induced genes as a group in CpG-stimulated AtM (Figure 4C). The gene 

content of this transcriptional module was enriched in genes encoding proteins involved in B 

cell activation and differentiation, signal transduction and in T-cell costimulation, such as TNFα, 

Interferon regulatory factor-4 (IRF4), BLIMP1 (PRDM1), and STAT3 genes (Figure 4C). 

Among the top genes down-regulated, we identified FAIM3 that encodes an IgM Fc receptor, 

and which may serve as an uptake receptor for IgM-opsonized antigens by B cells (37). HVCN1 

(Hydrogen Voltage Gated Channel 1) coding for a voltage-gated proton channel and C8orf13-

BLK (src family tyrosine kinase) were also down-regulated in CpG-stimulated AtM. 

Interestingly, HVCN1-deficient mice exhibit autoimmune phenotypes including splenomegaly, 

nephritis, and autoantibody production (38). Polymorphisms of C8orf13-BLK are associated 

with autoimmune diseases (39–41). Altogether, these data suggest that the activation of AtM 

through TLR9 signaling could lead to a Th1 pro-inflammatory state, which could facilitate 

tolerance breakage in HCV infection. 

 

AtM display antigen-driven maturation features 

To characterize the antibody repertoire and reactivity of AtM, we isolated single circulating 

blood AtM from three donors (Figure 5A), amplified and sequenced their heavy- and light-chain 

variable domain (IgH and IgL, respectively) genes. We found that most if not all captured AtM 

belong to unique clonal families (96 to 100%) (Figure 5B), characterized by various degrees 

of clonal diversity depending on the donor (Figure 5C). Clonally expanded B cells in donor pt1 

expressed IgMs encoded by VH1-69/DH3-10/JH4 and V3-20/J2 rearrangements (Figure 5D). 

Interestingly, pt2 and pt3 donors showed clonal expansions of AtM with very similar 

recombined IgH and IgL. Both used VH3-7 and JH3 genes with a DH3-10 or DH3-22 segment, 

and V3-15 and J1 genes (Figure 5D). AtM antibodies displayed moderate to relatively high 

levels of somatic mutations in IgH and IgL variable genes (Figure 5E). Somatic mutations 

showed a strong selection of replacement mutations in CDRs compared to FRWs (Figure 5F), 

suggesting that anergic AtM were shaped following an antigen-driven affinity maturation 

process.  
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AtM antibodies are rheumatoid factors lacking HCV reactivity 

To identify the antigen specificities of HCV-CV AtM antibodies, we produced as recombinant 

monoclonal antibodies representative members of each clonal expansion (Figure 5C). IgM 

expressed by clonally expanded anergic AtM have been shown to exert rheumatoid factor 

activity (16). All recombinant IgM antibodies recognized the human IgG1 Fc fragment (IgG1-

Fc) (Figure 6A), confirming their RF activity. Fab fragments of parental IgM but not IgG 

counterparts bound to IgG1-Fc, which may be explain by self-competition of RF binding site in 

complex with its own Fc when expressed as a full IgG molecule. They also reacted against 

IgG1-Fc by immunoblotting (Figure 6B) but not against any of the overlapping peptides 

covering the entire Fc region (Figure 6C), suggesting that the epitopes recognized by AtM 

antibodies are conformational. Moreover, we assessed whether unresponsive RF-expressing 

AtM display auto- and poly-reactive properties. ELISA binding experiments showed that IgG 

and IgM RF antibodies exhibit neither polyreactivity nor self-reactivity against HEp-2 cell 

antigens (Figure 6D). Cross-reactivity of RF antibodies against HCV antigens has been 

evocated (42–44), but never been formally demonstrated. ELISA binding analysis showed that 

none of the recombinant antibodies recognized HCV NS3-5, Core, and E2 proteins (Figure 

6E). 

  

AtM antibodies recognize distinct IgG Fc epitopes 

To define more precisely the epitopes targeted by AtM-derived RF, we first investigated the 

potential role of Fc-associated N-glycans. Antibody binding analyses showed that IgM 

reactivity was not affected by the absence of N-glycans in position N297 (Figure 7A). Since 

the association of Staphylococcus aureus protein A with Fc protein was previously shown to 

interfere with HCV-associated RF reactivity (16), we next assayed the IgM binding to Fc in 

presence of purified protein A. Competition ELISA analyses indicated that protein A could block 

or decrease the Fc-binding by representative IgMs from pt1 and pt2 but not from pt3 (Figure 

7B). Finally, we compared by ELISA, the IgM binding to IgG1, IgG3 and hybrid Fc molecules 
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made of the H-CH2 of IgG1 followed by the CH3 of IgG3, and vice et versa. Our results showed 

that 1-04 bound preferentially to IgG1 and hybrid Fc proteins and also to a lesser extend to 

IgG3 (Figure 7C). The lower affinity variant 1-10 as well as 2-23 and 3-70 only reacted against 

the entire IgG1 Fc and its CH3 domain on the corresponding hybrid molecule (Figure 7C). 

Together, these data suggest that the RF expressed by the expanded clonal AtM target various 

epitopes on the human Fc (Figure 7D).  
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Discussion 

Immune dysregulation in HCV-CV involves expansions of anergic AtM believed to produce 

rheumatoid factor autoantibodies (1,8,16). HCV-CV AtM have increased levels of molecules 

involved in T-B cell interactions including CD11c, CD80 and CD86/B7-2 (11,13). AtM with 

similar phenotypic features have also been identified in the context of chronic infections (45–

47), in autoimmune diseases (15,48), and in healthy individuals (27). We found here that AtM 

have higher expression of T-bet, CD11c, CD80, CD95, FCRL3, and FCRL5, and decreased 

CD73 and CXCR5 surface levels compared to resting memory B cells in HCV-CV (13,49,50). 

Moreover, T-bet expression in AtM was enhanced in HCV-CV patients compared to HCV 

controls without CV. Interestingly, the expansion of AtM cells in HCV-CV patients decreased 

significantly after DAA therapy, whereas the expression of AtM surface markers remained 

unchanged. This is likely a consequence of the antigens removal, and cessation of chronic 

viral stimulation of autoreactive AtM following DAA therapy. 

 Human AtM may differ functionally depending on the context of chronic infections or 

autoimmunity. HIV- and malaria-associated AtM exhibit markedly reduced cytokine and 

antibody production capacity (45,51,52), whereas AtM found in autoimmune diseases produce 

proinflammatory cytokines and autoantibodies (53–55). HCV-CV AtM resemble exhausted 

cells found in chronic inflammation, which are anergic and lack differentiation potential into 

antibody-secreting cells (15). However, TLR9 signaling in AtM could break this anergic state 

(56). While such signals would ordinarily trigger apoptosis, cognate T-cell help and cytokines 

such as IFNγ and TNFα could promote autoantibody production (57). We showed here that 

stimulation of AtM by TLR9 ligand CpG drives their differentiation into rheumatoid factor-

producing cells. We found that CpG-stimulated AtM display an enhanced TNFα secretion, 

which is likely responsible for the proliferation and secretion of IFNγ and TNFα by effector T 

cells. The interplay between BCR, TLR9, and cytokines signaling in the generation of T-bet+ 

CD11c+ B cells have been recently unveiled (58). In mice, Plasmodium DNA-sensing through 

TLR9 along with have been shown to provide an essential synergizing signal for 

promoting AtM expansion and the subsequent development of autoimmune anemia (59). 
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Activation of murine autoreactive RF+ B cells by immune complexes requires the synergistic 

engagement of the BCR and MyD88-dependent TLR members (i.e., TLR7, TLR8 and TLR9) 

(60). These data suggest a critical link between innate and adaptive immune responses in the 

development of systemic autoimmune diseases particularly, when associated to chronic 

infections. Thus, consistent with our results, we hypothesize that TLR9 signaling could activate 

anergic RF-expressing AtM cells, which in turn would create a pro-inflammatory environment 

by favoring Th1 response. Analyses of the transcriptional program of CpG-activated HCV-CV 

AtM provided further evidences supporting this scenario. HCV-CV AtM previously revealed an 

association with molecular pathways involved in anergy, and dampened activation of B cells 

via their BCR (1,4). In contrast, CpG-stimulated AtM up-regulated many genes involved B-cell 

activation and T-B interactions, and centered on TNFα overexpression. 

STAT3, a key regulator of B cell proliferation and survival (61). Higher transcript expression for 

miRNA-155 and the heat shock proteins (HSP90B1, HSPD1, HSPE1), which are known to 

induce B cell activation and to disrupt immune tolerance (8–10), as well as IRF4 and BLIMP1 

that promote immunoglobulins production (62), were also evidenced in activated AtM. 

Moreover, we identified a transcriptomic program in TLR-9-stimulated AtM driving T-B cell 

interactions (TNFα, IRF4, and STAT3) and Th1 pro-inflammatory immune response (MIF). 

Taken together, these data suggest that activation of AtM through TLR9 signaling lead to a 

subsequent RF production but also to a B cell-driven Th1 pro-inflammatory state. 

 AtM captured from HCV-CV were part of large single clonal expansions and showed 

clear evidences of antigen-driven maturation (11,12,16). Atm-derived recombinant IgM 

antibodies displayed RF activity with increased binding to IgG Fc by avidity effects as shown 

elsewhere (16). Fc-binding was not due to polyreactivity, and was not associated with 

additional autoreactivity features. This contrasts with the frequent or predominant poly- and 

self-reactivity described for the AtM subsets expanded in other infectious and autoimmune 

diseases (15,47,63,64). Interestingly, mapping of AtM RFs revealed the diversity of targeted 

epitopes on the Fc region, with no immunodominance towards a common unique epitope. This 

is reminiscent of the epitopic diversity characterizing RFs in rheumatoid arthritis (65), which 
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probably use different types of interactions for Fc recognition (66,67). The E2 subunit of the 

-sandwich element sharing structural homology with 

immunoglobulin domains (68). A phenomenon of molecular mimicry between Ig folds of human 

IgGs and HCV envelope glycoproteins has been proposed to explain the development of RF 

in HCV-CV (42). However, we found that AtM RF IgMs do not cross-react with HCV antigens 

including the E2 moiety. In line with this, whether antibodies expressed by HCV-associated 

lymphoma cells, some of which exhibiting RF activity, truly recognize the E2 protein remains 

equivocal (44,69,70). Thus, IgGs, possibly bound to viral antigens as immune complexes, are 

most likely the only culprit antigens driving the emergence of clonally-expanded B cells with 

RF activity in HCV-CV.  

 In conclusion, our results suggest a central role for TLR9 activation of AtM in breaking 

tolerance in HCV-CV patients. Importantly, we showed in HCV-CV that CpG-stimulated AtM, 

through the secretion of TNFα, have deleterious effects by stimulating proliferation and 

activation of effector Th1 cells, inhibiting Tregs proliferation and promoting the production of 

IgM with RF activity. RF molecules produced by AtM recognized distinct IgG-Fc epitopes and 

did not cross-reacted against HCV proteins, confirming that molecular mimicry between HCV 

and human IgG proteins is not the trigger of HCV-associated autoimmunity. 
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Figure legends 

Figure 1. Immunophenotyping of expanded AtM in HCV-CV patients. (A) Representative 

flow cytometry plots showing the frequency of CD27+CD21-B cells (AtM) in HCV-CV patients 

compared to HCV-infected controls without CV and healthy donors (HD). Dot graph showing 

the frequency of AtM in 20 HCV-CV patients, 10 HCV controls and 8 HD (right). (B) Flow 

cytometry plots showing AtM and RM frequency in HCV-CV patients before and 12 weeks after 

HCV therapy (upper). Bar graph showing AtM and RM count changes upon HCV treatment in 

6 HCV-CV patients (lower). (C) Representative flow cytometry plots showing Tbet expression 

among B cells (upper panels) and AtM frequency among Tbet+CD19+ cells (lower panel) in 

HCV-CV patients, HCV controls and HD. Bar graph presenting percentage of AtM+ Tbet+CD19+ 

cells in 6 HD, 10 HCV controls and 10 HCV-CV patients (right). (D) Flow cytometry histograms 

showing the differential expression of surface markers between AtM and CD27+CD21+ resting 

memory B cells (RM) from representative HCV-CV patient. (E)  Bar graphs presenting the 

comparison of the surface markers expression showed in D between AtM and RM cells 

measured in nine HCV-CV patients. Mean values ± SD are given. Mann-Whitney test was used 

to compare differences between two groups (Fig 1B and 1E). Multiple comparisons with more 

than two groups were performed using the Kruskal-Wallis test with p-values adjusted by the 

Bonferroni test (Dunn’s method), in Fig 1A and 1C.*p<0.05; **p<0.01. 

 

Figure 2. Effects of TLR9 signaling on AtM in HCV-CVpatients. (A) Representative flow 

cytometry plots show the percentage of AtM from HCV-CV patients alone and simulated (anti-

mu + CD40L, or CpG) positive for the different cytokines measured (upper panel). Bar graph 

comparing the mean percentage of TNFα+ AtM in the 3 culture conditions measured for 4 HD, 

4 HCV controls and 7 HCV-CV donors (lower panel). Error bars indicate the SD. (B) Same as 

in (A) but for the % of proliferating AtM. (C) Representative ELISA graph comparing the IgG1-

Fc reactivity of IgM produced in the supernatant of AtM or RM from HCV-CV patients and AtM 

from HCV controls and HD cultured alone and in the presence of CD40L and CpG. (D) Bar 

graphs presenting different expression of surface markers on Atm cells of HD (n=4), HCV 
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controls (n=4) and HCV-CV patients (n=7) cultured alone and simulated (anti-mu+CD40L or 

CpG). Mean values ± SD are given. Multiple comparisons with more than two groups were 

performed using the Kruskal-Wallis test with p-values adjusted by the Bonferroni test (Dunn’s 

method). 

 

Figure 3. Effects of CpG-stimutated AtM on effector and regulatory T-cell subsets. (A) 

Representative flow cytometry plot shows the percentage of CD4+IFNγ+T cells alone and after 

co-culture with AtM stimulated or not with CpG and with the addition of anti-TNFα in the co-

culture (left). Bar graph comparing the mean percentage of CD4+IFNγ+T cells in the 4 culture 

conditions measured for 6 HCV-CV patients (right). Error bars indicate the SD. (B) Same as 

for (A) but for the mean percentage of CD4+TNFα+ T cells. (C) Same as for (A) but for the 

mean percentage of CD4+IL17A+ T cells measured for 6 HCV-CV patients. (D) Representative 

flow cytometry histogram shows the CFSE proliferation of sorted CD4+CD25- T cells alone or 

in co-culture with AtM from HCV-CV patients (top). Bar graph comparing the mean percentage 

of proliferating CD4+CD25- T cells (Teff) alone or co-cultivated with AtM for 6 HCV-CV patients 

(bottom). Error bars indicate the SD. (E) Same as for (D) but for the mean percentage of 

proliferating CD4+CD25hiCD127lowFOXP3+ T cells (Treg). Mean values ± SD are given. Mann-

Whitney test was used to compare differences between two groups (Fig 3D and 3E). Multiple 

comparisons with more than two groups were performed using the Kruskal-Wallis test with p-

values adjusted by the Bonferroni test (Dunn’s method), in Fig 3A, 3B and 3C).*p < 0.05. 

 

Figure 4. Gene profiling of HCV-CV AtM in response to TLR9 stimulation. (A) Heatmap 

showing the differential expression (fold change >2) of 219 genes between unstimulated and 

CpG-stimulated AtM from three HCV-CV patients. (B) Bar graph showing the cellular pathways 

containing up- (red) and down- (blue) regulated transcripts in CpG-stimulated AtM. (C) 

Diagram shows one of the top network, centered on both TNF and STAT3, which was identified 

by functional enrichment on the top molecular function activated in CpG-stimulated AtM. Links 
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of up- (red) and down- (blue) regulated genes of the 219 gene signature with TNF and STAT3 

molecules are indicated in orange and purple, respectively. 

 

Figure 5. Immunoglobulin gene repertoire of AtM. (A) Flow cytometry plots show the 

staining of patients’ PBMC with fluorescently labeled antibodies used for the identification and 

single sorting of AtM. (B) Pie charts show clonal expansions of AtM. The total number of 

analyzed memory B-cell antibodies is indicated in the center, each pie slice represents a clonal 

family and the area of the slice is proportional to the number of clonal relatives. Each clonal 

family is represented by the same color and unique members are not colored. (C) Phylogenic 

trees of the AtM clonal expansions. GL, putative germline precursor sequence. Clonal 

members expressed as recombinant antibodies are indicated on the phylogeny. (D) Schematic 

diagram indicates the VHDHJH and VJ genes, and IgH/IgL CDR3s as consensus sequences 

from all the members in each clonal expansion. (E) Dot plots show for each patient, the 

numbers of mutations in VH and V genes of AtM. The average number of mutations is 

indicated below each dot plot. (F) Graphs show the Bayesian estimation of antigen-driven 

selection of the Ig sequences in clonal B-cell families. Values > 0 indicate positive selection.   

 

Figure 6. Antibody reactivities of AtM. (A) ELISA graphs show the reactivity of AtM 

antibodies expressed as recombinant IgM, IgG1 and IgM Fab fragments against the human 

IgG1 Fc. (B) Immunoblotting showing the reactivity of AtM antibodies against the human IgG1 

Fc. L, protein ladder indicating molecular masses. (C) Graphs show the ELISA reactivity of IgM 

antibodies to IgG1-Fc overlapping peptides. The values of grand average of hydropathy 

(GRAVY) for all peptides are indicated below. (D) Heat map showing the reactivity of AtM IgG 

and IgM antibodies against various purified antigens and HEp-2 cells lysate to detect 

polyreactive binding by ELISA. Color intensity is proportional to the reactivity level with darker 

red colors indicating high binding while light colors show moderate binding (white = no binding). 

C+, positive control; C-, negative control. (E) Graphs show the reactivity of recombinant IgG 

and IgM AtM antibodies against HCV proteins.  
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Figure 7. Mapping of RF epitopes on the human IgG1-Fc. (A) ELISA graphs comparing the 

binding of selected AtM IgM antibodies to wildtype (straight lines) and N297A mutant (dotted 

lines) Fc molecule. (B) ELISA graphs show the binding of selected recombinant IgM to human 

IgG-Fc protein in presence of purified protein A as a potential competitor. (C) ELISA graphs 

comparing the IgM binding to wildtype human IgG1 and IgG3 Fcs, and to swapped IgG1-3 and 

IgG3-1 molecules. (D) The schematic diagram (based on the PDB-1FC2 structure(71)) shows 

putative antibody binding sites on human Fc. Fc N-glycans and bound protein A are shown in 

yellow and red, respectively.  
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Lay summary 

B cells are best known for their capacity to produce antibodies, which often play a deleterious 

role in the development of autoimmune diseases.  

 

During chronic hepatitis C, deleterious B cells proliferate and can be responsible for 

autoimmune symptoms (arthritis, purpura, neuropathy, renal disease) and/or lymphoma.  

 

Direct-acting antiviral therapy clears the hepatitis C virus and eliminates deleterious B cells. 
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Table 1. Demographic and clinical characteristics of patients with active HCV-CV or 

HCV alone. 

 

Characteristics HCV-CV 
N = 20 

HCV 
N=10 

Age, years  57 [51–64] 54 [48-60] 
Male gender (n, %) 11 (55) 6 (60) 
HCV genotype (n, %) 

1 
2 
3 
4 
5 

 
12 (60) 
1 (5) 

2 (10)  
5 (25) 

0  

 
6 (60) 
1 (10) 
1 (10) 
2 (20) 

0 
Metavir liver fibrosis score (n, %) 

Stage 1 
Stage 2 
Stage 3 
Stage 4 

 
1 (5) 
6 (30) 
4 (20)  
9 (45) 

 
2 (20) 
3 (30) 
2 (20) 
3 (30) 

Baseline HCV RNA (log10 IU/mL) 5.4 [4.8–6.5] 5.9 [5.6-6.2] 
ALT level (IU/L) 67 [41–79] 55 [49-61] 
Serum cryoglobulin level (g/L) 0.37 [0.16–0.89] NA 
Serum C4 level (g/L) 0.07 [0.03–0.15] NA 
Serum rheumatoid factor level 
(IU/mL) 

31 [11–79] NA 

Purpura (n, %) 17 (85) NA 
Skin ulcer (n, %) 3 (15) NA 
Polyneuropathy (n, %) 11 (55) NA 
Kidney involvement (n, %) 5 (25) NA 

 

Values are expressed as medians [IQR]. 
ALT, alanine aminotransferase; HCV, hepatitis C virus; NA, not applicable 

 

 

 

 

 

 

 

 



  

HCV+

Cryo+

Clonal expansion
of AtM B cells

CD95

IgMFCRL5

CD11c

CD27

TLR9

ANERGY

ACTIVATION

CpG

T-bet+

CD95

CD69

CD25

TNFα

RF AUTOANTIBODIES

TH1 RESPONSE
A

ffi
ni

ty
 m

at
ur

at
ed

IgG
IgM

TNFαINFγ

*Graphical Abstract



  

31 
 

Highlights 

 TLR-9 activation of atypical memory B (AtM) cells have central role in breaking tolerance in 

HCV-CV patients. 

 TLR9 signaling on AtM, via the secretion of TNFa, have deleterious effects by stimulating 

proliferation and activation of effector Th1 cells 

 Rheumatoid factors molecules produced by AtM recognized distinct IgG-Fc epitopes and do 

not cross-reacted against HCV proteins, confirming that molecular mimicry between HCV and 

human IgG proteins is not the trigger of HCV-associated autoimmunity. 

 Atypical memory cells largely disappear after antigen removal by DAA therapy 

 

 

 




