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Abstract

Immune responses against certain viruses are accompanied by auto-antibody production although 
the origin of these infection-associated auto-antibodies is unclear. Here, we report that murine 
γ-herpesvirus 68 (MHV68)-induced auto-antibodies are derived from polyreactive B cells in the 
germinal center (GC) through the activity of short-lived plasmablasts. The analysis of recombinant 
antibodies from MHV68-infected mice revealed that about 40% of IgG+ GC B cells were self-reactive, 
with about half of them being polyreactive. On the other hand, virion-reactive clones accounted 
for only a minor proportion of IgG+ GC B cells, half of which also reacted with self-antigens. The 
self-reactivity of most polyreactive clones was dependent on somatic hypermutation (SHM), but 
this was dispensable for the reactivity of virus mono-specific clones. Furthermore, both virus-
mono-specific and polyreactive clones were selected to differentiate to B220lo CD138+ plasma cells 
(PCs). However, the representation of GC-derived polyreactive clones was reduced and that of 
virus-mono-specific clones was markedly increased in terminally differentiated PCs as compared to 
transient plasmablasts. Collectively, our findings demonstrate that, during acute MHV68 infection, 
self-reactive B cells are generated through SHM and selected for further differentiation to short-lived 
plasmablasts but not terminally differentiated PCs.
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Introduction

Murine γ-herpesvirus 68 (MHV68) is closely related to 
Epstein–Barr virus (EBV) and has been used as a murine 
model to study immunopathology associated with herpes-
virus infection. Intra-nasal inoculation of MHV68 to inbred 
mouse strains results in an acute productive infection at the 
respiratory tract where innate immunity, Th1 cytokines and 
cytotoxic lymphocytes largely contribute to minimize viru-
lence (1–3). After acute infection, MHV68 causes a dormant 
and persistent infection in the lymph nodes, spleen and 

peritoneal cavity, where the virus largely targets B cells and 
macrophages (2). Notably, MHV68 induces splenomegaly 
and hypergammaglobulinemia at 2–3 weeks after infection  
(2, 4, 5). Although a humoral immune response is initiated in 
the acute phase, production of neutralizing antibodies is de-
layed and a high titer of IgG auto-antibody is produced instead 
(4, 5). Similar to MHV68, lymphocytic choriomeningitis virus 
(LCMV) WE strain also induces non-specific IgG containing 
self-reactivity accompanied by hypergammaglobulinemia 
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(6). In both cases, auto-antibody production has been ex-
plained by polyclonal B-cell activation during viral infection 
(5, 6). Nevertheless, it has remained unclear how self-reactive 
B cells are selectively generated even though such viral in-
fection should induce polyclonal B-cell activation.

Several infections are linked to production of auto-antibodies 
in humans. Primary infection of EBV in young adults exhibits 
infectious mononucleosis, which is often coupled with auto-
antibody production (7, 8). In some other cases, self-reactivity 
is part of polyreactivity. For example, human immunodefi-
ciency virus (HIV) infection confers anti-HIV gp120/41 IgG 
antibodies, most of which exhibit polyreactivity to dsDNA, 
lipopolysaccharide and/or cardiolipin (9). Moreover, infection 
of the human malaria parasite, Plasmodium falciparum,  in-
duces IgG+ memory B cells, which display a high degree 
of polyreactivity to P.  falciparum antigens and self-antigens 
(10). Intriguingly, circulating IgG+ memory B cells contain a 
substantial proportion of polyreactive clones in healthy indi-
viduals (11). These polyreactive memory B cells observed in 
human peripheral blood may be consequences of immune 
responses against various infections.

To determine how self-reactive B cells are generated 
during MHV68 infection, we analyzed the reactivity of re-
combinant antibodies obtained from single, isolated ger-
minal center (GC) B cells, transient short-lived plasmablasts 
and long-lived plasma cells (PCs). We revealed that about 
a quarter of IgG+ GC B cells emerge as polyreactive to mul-
tiple self-antigens and/or virion antigens. The self-reactivity of 
most polyreactive clones was dependent on somatic hyper-
mutation (SHM), but not due to intrinsic alteration of virally 
infected B cells. Our findings suggest that MHV68 infection 
generates polyreactive B cells through the GC reaction.

Methods

Mice
C57BL/6JJcl mice (7–8 weeks old) were purchased from 
Clea Japan, Inc. (Tokyo, Japan). Blimp-1gfp/− mice were de-
scribed previously (12). For CD4+ T-cell depletion, 100 μg of 
rat anti-CD4 monoclonal antibody (GK1.5) was injected intra-
peritoneally every 3 days. Animal experiments were approved 
by Animal Care and Use Committees of Immunology Frontier 
Research Center and the Research Institute for Microbial 
Diseases, Osaka University, and the Walter and Eliza Hall 
Institute of Medical Research Animal Ethics Committee.

Viral inoculation 
MHV68 (MHV4) WMUS strain (ATCC) was propagated in cul-
ture using the hamster fibroblast cell line, BHK21. The viral 
solution was cleared by centrifugation and then passed 
through a 0.80-μm disc filter to remove dead cells. The viral 
titer was measured by plaque formation in NIH3T12 mono-
layer culture covered by Dulbecco's modified Eagle medium 
(DMEM) containing 5% fetal bovine serum (FBS) and 1% 
methylcellulose (Nacalai, Kyoto, Japan). Mice were anesthe-
tized and intra-nasally inoculated with 20 μl of MHV68 (10,000 
pfu in DMEM) by micro-volume syringes. The MHV68 BAC 
strain, which contains a bacterial artificial chromosome (BAC) 
element at the 3′ end of the viral genome, was generously 

provided by Dr H. Alder (13). This inserted fragment severely 
attenuates viral spread from lung to spleen and other organs. 
The MHV68 BAC DNA was introduced into BHK21 by Fugene6 
(Roche) and progeny viruses were propagated. For generating 
the wild-type virus from MHV68 BAC, a Cre recombinase-
expressing plasmid was co-transfected and virus clones 
with successful excitation of the BAC-element were isolated 
from NIH3T12 cells cultured in 2%-methylcellulose DMEM. 
Inoculation with 10 000 pfu of the MHV68 BAC strain occa-
sionally resulted in the emergence of escape mutants, which 
lack the inserted fragment and were capable of spreading 
to the spleen like the wild-type strain. Therefore, we used a 
lower dosage (3000 pfu) in the experiments shown in Fig. 2. 
PR8 (strain A/Puerto Rico/8/1934 H1N1) was propagated by 
MDCK cells (ATCC). The viral titer was determined by tissue 
culture infectious dose 50 (TCID50) using MDCK seeding on 
96-well microplates. PR8 (103 TCID50) was inoculated intra-
nasally to 8- to 9-week-old mice by micro-volume syringes. 
Successful infection was determined by serum IgG reactivity 
against purified PR8 virion by ELISA.

Enzyme-linked immunosorbent assay 
To measure anti-MHV68 IgG and total IgG production in sera, 
enzyme-linked immunosorbent assay (ELISA) was performed 
as described previously (5, 14) with minor modifications. In 
brief, MHV68 virion was prepared by sucrose-cushion ultra-
centrifugation and dissolved in phosphate-buffered saline 
(PBS) containing 0.05% Triton X (5). To avoid viral and con-
taminating cell-derived DNA, the virion solution was treated 
with Benzonase nuclease (Sigma-Aldrich). Immuno-plates 
(Nunc) were coated with 10  μg ml−1 of the virion solution 
overnight at 4°C then washed three times with PBST (PBS 
containing 0.1% Tween 20). Sera or recombinant antibodies 
were diluted with PBS containing 0.1% bovine serum al-
bumin (BSA) and added to the plates. After 2-h incubation 
at room temperature, the plates were washed three times 
with PBST. As secondary antibodies, HRP- or alkaline phos-
phatase (AP)-conjugated goat anti-mouse IgG antibodies 
(Southern Biotech) diluted in PBST (1/4000) were added to 
the plates. The plates were washed three times with PBST 
and either HRP or AP substrate (Thermo Fisher Scientific) 
was added for detection. In each experiment, an in-house 
generated anti-MHV68 IgG monoclonal antibody (clone #3) 
was used to standardize the anti-MHV68 assays.

The dsDNA ELISAs were performed with purified and 
enzyme-digested plasmid as described previously (15). For 
the insulin ELISA, microtiter plates were coated with 10 μg 
ml−1 of recombinant human insulin (Sigma-Aldrich) in PBS 
overnight at 4°C. Sample incubation, wash and detection 
were performed as described above. For the cardiolipin 
ELISA, microtiter plates were coated with 0.3 μg per well of 
bovine heart-derived cardiolipin (Sigma-Aldrich) in ethanol 
overnight at 4°C and then washed with PBS. In cardiolipin 
ELISA, PBS was used instead of PBST and the HRP sec-
ondary antibody was diluted in PBS containing 1% of FBS. 
Polyreactive monoclonal IgG antibody (clone 4C8) from Pkn1 
knockout mice (14) was used to standardize self-reactive as-
says. mIgG1 clone 15H6 (Southern Biotech) was used for a 
negative control.
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Measurement of the number of antibody-forming cells by 
ELISPOT
The ELISPOT procedures are described elsewhere (16). In 
brief, nitrocellulose-bottom microfilter plates (Millipore) were 
coated with 1  μg per well of purified MHV68 virions over-
night at 4°C. After coating, the filter plates were washed 
once with PBST and three times with PBS and then blocked 
with complete RPMI-1640 with 10% FBS for at least 1 h at 
37°C. A single cell suspension (103–106 cells per 100 μl in 
complete RPMI-1640 with 10% FBS) of splenocytes or bone 
marrow (BM) cells was added to the filter plates and incu-
bated for 5 h in CO2 incubator. After incubation, the plates 
were washed three times with PBST and then incubated with 
goat AP-conjugated anti-mouse IgG antibody (Southern 
Biotech) diluted in PBST (1/4000) overnight at 4°C. The 
plates were washed three times with PBST and then nitro 
blue tetrazolium/5-bromo-4-chloro-3-indolyl-phosphate 
(NBT/BCIP) substrate (Thermo Fisher Scientific) was added 
to visualize reactive spots.

Section staining 
Frozen optimal cutting temperature compound (OCT)-
embedded mouse spleen was sectioned into 10-μm thick-
ness by cryotome, these were then placed onto glass slides 
and fixed with 4% paraformaldehyde in PBS. Sectioned 
tissues on the slides were washed in PBS, permeabilized 
with PBS containing 0.1% Triton X and blocked by blocking 
buffer (PBS containing 0.1% Trioton X, 0.1% BSA and 1% 
FBS) for 1 h at room temperature. To observe GC structure, 
spleen sections were incubated with FITC-conjugated anti-
mouse IgD antibody and Alexa647-conjugated anti-GL-7 
antigen antibody diluted in blocking buffer for 15  min at 
37°C. After washing with PBST, the sample was mounted 
with Vectashield mounting medium with DAPI (Vector 
Laboratories). Digital images were acquired by the laser 
scanning confocal microscope FV1000 (Olympus) equipped 
with ×20 objective lens at room temperature. Image files 
were analyzed and converted using the Fluoview viewer 
software (Olympus)

Flow cytometry
Before staining, cells were treated with Fc Block (1:100, BD 
Biosciences) in 1% BSA/PBS according to the manufacturer’s 
protocol. The following antibodies and reagents were 
used: 7AAD, Pacific Blue-B220, PECy7-conjugated CD38, 
PE-conjugated CD138, biotin-conjugated CXCR5, APCCy7-
conjugated CD3, FITC-conjugated CD4, PE-conjugated IgG1, 
biotin-conjugated IgG2a/2b (from BD Biosciences), Alexa647-
conjugated GL-7 and eFluor660-conjugated Foxp3 antibodies 
(from eBioscience). Biotinylated antibodies were detected by 
streptavidin conjugates with fluorophore (BD Biosciences). 
For the intracellular staining for Foxp3, cells were stained by 
fluorophore-conjugated antibodies and then fixed and per-
meabilized with Cytofix/Cytoperm (BD Biosciences) to be re-
acted with anti-Foxp3 antibody. Stained cells were detected 
by a FACS Canto II (BD Biosciences) and collected data ana-
lyzed using FlowJo software (Tree Star).

Immunoglobulin cloning from singly isolated B cells 
and PCs
The splenic IgG+ GC B cells (7AAD− CD3− CD11b− Gr-1− 
B220+ CD38lo GL-7hi IgG+) and PCs (7AAD- B220lo CD138+) 
were collected at one cell per well of 96-well PCR plates 
filled with the RT reaction buffer containing 0.25% (v/v) 
of NP-40 (Supplementary Figure S1A–D). For short-lived 
plasmablasts and long-lived PCs, CD138-positive cells 
were enriched from single cell suspensions of spleen 
or BM of infected Blimp-1gfp reporter mice by magnetic 
bead separation with directly conjugated anti-CD138 anti-
body and MACS MS columns, following the manufacturer’s 
protocol (Miltenyi). The resulting population was stained for 
B220 expression and super-stained for CD138 expression 
with directly conjugated antibodies (BD Biosciences) and 
single cells isolated by fluorescent activated cell separation 
on an Aria III (BD Biosciences), gating on cells that were 
GFP+, CD138+ and B220lo. Single cells, sorted into 96-well 
plates, were stored at −80°C prior to processing as de-
scribed below. PCR amplification of variable regions from 
IgG and Igκ, cloning into expression vectors and transfec-
tion into 293T cells with polyethylenimine (PEI) were per-
formed as described previously (17). We constructed the 
CMV promoter-driven expression vectors for mouse IgG1 
and Igκ, which contain the κ leader sequence and rele-
vant immunoglobulin constant regions at the 5′- and 3′-re-
gions, respectively. Immunoglobulin gene assignments 
were performed by IMGT/V-Quest (http://www.imgt.org/). 
The supernatants from 293T transfectants were collected 
and secreted IgG measured by anti-mouse IgG ELISA to 
adjust concentrations for reactivity profiling.

For GC B clones, aliquots of cDNA solution were as-
sayed for nested PCR-based MHV68 ORF M2 expression 
test. Primer sequences for the nested PCR were M2-1F 
5′-GCCCAACACCCCCACAAGGA-3′, M2-1R 5′-TTACTCCT 
CGCCCCACTCCAC-3′, M2-2F 5′-GGACCTGTAGAGATTGG 
CT-3′ and M2-2R 5′-TCCAGTGCTATGGGGTGATG-3′. For 
diagnosis, 10% of PCR products were subjected to 2% 
agarose electrophoresis and M2-positive clones were de-
fined as MHV68-infected B cells.

HEp-2 staining
Glass slides with fixed HEp-2 cells were purchased from 
Orientec (Mainz, Germany). The supernatants from trans-
fected cells were adjusted to 5–10  μg ml−1 in PBS con-
taining 0.1% BSA. Bound antibodies were detected by Alexa 
488-conjugated anti-mouse IgG antibody (Life Technologies) 
diluted in PBS containing 0.1% BSA and 0.05% Tween 20. 
Stained cells were pictured using an Olympus laser con-
focal microscope FV1000 equipped with a ×60 objective 
lens using the Fluoview Viewer software (Olympus) at room 
temperature.

Statistical analyses
P values were calculated by the Mann–Whitney U-tests using 
Prism 5 software (Graphpad). P values of <0.05 were con-
sidered statistically significant.
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Results

Serological self-reactivity is generated during the acute 
phase of MHV68 infection
In MHV68-infected mice, a delayed but large humoral re-
sponse, characterized by high titers of virus-specific and 
non-specific antibodies, begins around 2 weeks after viral in-
oculation. Without contradiction to previous reports (4, 5, 18), 
we observed that serum IgG and anti-MHV68 virion IgG anti-
bodies were elevated by 2–3 weeks and then maintained for at 
least 2 months after viral inoculation (Fig. 1A and B). Anti-viral 
IgG appeared to be produced by splenic antibody-forming 
cells (AFCs) at 3 weeks after infection and then by long-lived 
AFC of BM later in infection (Fig. 1C). As previously reported 
(5), robust but transient production of auto-antibodies such 
as anti-dsDNA and anti-cardiolipin antibodies was induced 
2–3 weeks, subsequently waned overtime and was almost 
undetectable at day 56 (Fig. 1D and E). Anti-dsDNA IgG anti-
bodies were composed of IgG1, IgG2a and IgG2b subclasses 
(Fig. 1F).

To determine if the magnitude of infection correlated with 
serum auto-antibody production, mice were infected with the 
mutant virus, 68BAC, whose ability to spread to lymphoid 

organs is attenuated by the insertion of the BAC fragment 
into the viral genome (13). Interestingly, the titer of anti-DNA 
IgG was remarkedly reduced at day 21 after 68BAC inocu-
lation, despite these mice mounting virus-reactive antibody 
responses comparable to those of mice infected with wild-
type virus (68WT [Fig. 2A]). The serum IgG concentration was 
comparable between 68BAC- and wild-type virus-infected 
mice (Fig. 2A). This suggests that systemic infection of 
MHV68 may be required for auto-antibody production.

Following viral inoculation, GC B cells were induced with 
kinetics similar to those of auto-antibody production (Figs 
1B–D and 2B). Although the structures were normal (Fig. 2C), 
populations of GC B cells and follicular helper T (Tfh) cells were 
significantly larger than those observed in mice infected with 
68BAC or influenza virus PR8, infection of which occurs only 
locally (Fig. 2D–G). The cell number of GC B cells is regulated 
by Tfh cells in mice immunized with a model antigen (19). The 
numbers of GC B cells also well correlated with those of Tfh 
cells in spleen of virally infected mice (Fig. 2F). However, the 
ratio of Tfh cells to GC B cells was about 2-fold higher in the 
spleens of wild-type MHV68-infected mice than in 68BAC- or 
PR8-infected mice (Fig. 2F). In addition, the wild-type MHV68-
induced follicular T-cell population contained significantly 

Fig. 1. Anti-virus and self-reactive antibodies are produced during MHV68 infection. (A) Total IgG concentration and (B) anti-MHV68 IgG titers 
in sera of infected female C57BL/6 mice with MHV68 (10 000 pfu, i.n., n = 4). (C) Anti-MHV68 virion IgG AFC (per one million cells) in the spleen 
(SPL [open circles]) and bone marrow (BM [filled circles]) harvested at day 21, 56 and 105 (n = 3–6). (D) anti-dsDNA and (E) anti-cardiolipin 
IgG titers in sera of infected female C57BL/6 mice with MHV68 (10 000 pfu, i.n., n = 4). (F) IgG subclasses of serum anti-dsDNA antibody of 
PBS-treated (n = 7, open circles) or MHV68-infected mice (n = 8, filled circles). OD450 nm (mean ± SEM) of sera (100-, 300-, 900- and 2700-
fold diluted) in anti-dsDNA ELISA with subclass-specific secondary antibodies, which do not necessarily reflect the quantity of each. Data are 
representative of three independent experiments (A–F). *P < 0.05, **P < 0.01, Mann–Whitney test (C and F).
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Fig. 2. Auto-antibody production is correlated with the magnitude of the GC reaction with excessive Tfh cells during viral infection. (A) 
Serum anti-dsDNA, anti-MHV68 virion IgG titers and total IgG concentration in female C57BL/6 mice at day 21 after nasal inoculation with the 
replication-defective strain 68BAC (3000 pfu [open circles]), the wild-type strain (68WT, 3000 pfu [filled circles]) or PBS (Mock [open triangles]) 
(n = 4–6, representative data from three independent experiments). (B) Proportion of splenic GC B cells (B220+ CD38lo GL-7hi / B220+ cells) 
during MHV68 infection (mean ± SEM, n = 3–9, cumulative data of three independent experiments). (C) Typical germinal center formation in 
spleen of mice infected with MHV68 (day 14). Frozen section of spleen stained by fluorophore-conjugated anti-IgD antibody (red) and anti-GL-7 
antigen antibody (blue). Bar = 300 μm. A representative result of four independent experiments is shown. (D) Representative dot plots showing 
GC B cells (CD38lo GL-7hi, gated for B220+) from spleen of naive mice, mice infected with influenza virus PR8 (day 14), and MHV68 (day 14). 
(E) Representative dot plots of Tfh cells (CXCR5+ PD1hi, gated for CD3+ CD4+) from the same mice in (D). (F) Excessive splenic Tfh cells during 
MHV68 infection. GC B and Tfh cells per one million splenocytes of infected mice (wild-type MHV68 [68WT]; 68BAC; PR8) on day 14 are plotted. 
Compiled results of two (PR8 [n = 6]) and three (wild-type MHV68 [68WT, n = 11]; 68BAC [n = 7]) independent experiments are shown. (G) (H) 
Wild-type MHV68, but not 68BAC strongly induces splenic Tfh (CD3+ CD4+ CXCR5+ PD1hi) cells with an extremely low percentage of Tfr (CD3+ 
CD4+ CXCR5+ PD1hi Foxp3+) cells. Representative results (n = 6 each) from three independent experiments are shown. (I) Anti-dsDNA IgG 
production is dependent on CD4+ T cells. Mice were injected with 100 μg of anti-CD4 antibody (GK1.5) or PBS (control) at 1 day before viral 
inoculation and every 3 days for 2 weeks. Blood sera were collected at day 0, 7 and 14 and tested in anti-dsDNA ELISA (n = 4). Data shown 
are representative of three independent experiments. *P < 0.05, **P < 0.01, NS (P ≧ 0.05, not significant), Mann–Whitney test (A, G, H and I). 
Where not indicated, the P values were not significant (G, H and I).
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fewer Foxp3+ follicular regulatory T cells (Tfr) (Fig. 2H),  
suggesting that a larger magnitude of the GC reaction during 
MHV68 infection could be attributed to excessive Tfh cells. 
Antibody-mediated depletion of CD4+ T cells significantly 
reduced serum levels of auto-antibodies in MHV68-infected 
mice (Fig. 2I). Thus, auto-antibody production appears to be 
due to T-cell-dependent immune responses.

Self-reactive and polyreactive GC B cells are generated in 
the spleen during MHV68 infection
To determine if self-reactive B cells were generated within 
GCs induced by MHV68 infection, we cloned immunoglobulin 
heavy and light chain genes from single splenic GC B cells 
(B220+ GL-7hi CD38lo) expressing the surface IgG2a or IgG2b, 
which dominate the humoral response to MHV68 infection 
(20) (Supplementary Figure S1A), and then generated re-
combinant antibodies (17). The resulting recombinant anti-
bodies were tested for reactivity against MHV68 virion and 
various self-antigens. Among 91 antibodies tested, 17.6% 
were reactive to purified MHV68 virion, while 44.0% showed 
reactivity to dsDNA, insulin or cardiolipin in ELISA (Fig. 3A),  
indicating that GC B cells contained a pool of self-reactive and 
polyreactive clones during MHV68 infection. Notably, half of the 
MHV68 virion-reactive clones (8.8%) were polyreactive (Fig. 
3A). In comparison, only a small fraction of GC B cells were 
self-reactive or polyreactive in mice immunized with ovalbumin 
(OVA)/complete Freund’s adjuvant (CFA) intra-peritoneal in-
jection or infected with influenza virus PR8 (Fig. 3B and C; 
Supplementary Figure S1B and C). Therefore, we inferred that 
MHV68 infection elicited serum self-reactive IgGs derived from 
polyreactive GC B cells. Indeed, representative polyreactive 
antibodies from GC B cells of MHV68-infected mice could stain 
HEp-2 cells in an indirect immunofluorescent assay (Fig. 3D).

Since MHV68 preferentially infects B cells in the lymphoid 
organs, it is possible that the virus may induce BCR-
independent activation of infected B cells, leading to auto-
antibody production. The single cell-based RT–PCR for the 
viral transcript ORF M2 revealed that MHV68 infected only 
11.0% of IgG+ GC B cells, which contained much lower fre-
quencies of self-reactive clones than did uninfected GC B 
cells (Fig. 3A and E). Therefore, we concluded that auto-
antibody production during MHV68 infection is not due to any 
intrinsic alteration of infected B cells by viral gene products.

Polyreactive clones are selected to differentiate into PCs 
in the spleen during MHV68 infection
Next, we examined whether the self-reactive and polyreactive 
GC B clones were selected to differentiate into PCs as a 
source of auto-antibodies during MHV68 infection. To this 
end, we generated recombinant IgG antibodies from the 
splenic PCs (B220lo CD138+ [Supplementary Figure S1D]) 
of three MHV68-infected mice and also from IgG+ GC B of 
two of them for comparison, and analyzed their sequences 
and reactivity (Fig. 4A–C). Reactivity profiles of expressed 
antibodies revealed that the proportions of self-reactive and 
polyreactive clones were almost comparable in both GC B 
and PC compartments (Fig. 4A), suggesting that self-reactive 
and polyreactive clones could not be negatively selected 
upon differentiation of GC B cells to PCs. Interestingly, the 

frequencies of self-reactive clones among virus-reactive B 
cells appeared to increase from GC B to PCs (Mice#0620 and 
#1016 [Fig. 4B]). We also found clonally related sequences 
based on the IgH complementarity determining region 3 
(HCDR3) more frequently in PC-derived self-reactive and 
polyreactive IgG clones (Fig. 4B and C). Taken together, 
polyreactive GC B cells could expand and be preferentially 
selected into the PC population during MHV68 infection.

SHM contributes to polyreactivity, but not to the specific 
reactivity against the viral antigens
Polyreactive GC B clones concomitant with the reactivity 
against viral antigens appear to be selected during MHV68 
infection. Although MHV68 infection resulted in an enhanced 
GC reaction with an excessive ratio of Tfh cells (Fig. 2F), no 
abnormality was observed in the VH mutation rates and the 
replacement/silent (R/S) ratio of IgG+ GC B cells: the mean 
number of mutated nucleotides per VH region of IgG+ GC 
B clones from MHV68-infected mice was 3.20, which was 
slightly higher than that of IgG+ GC B cells in PR8 infection 
(2.39), and comparable to that of OVA/CFA-immunization 
(3.53 [Fig. 5A]). The R/S ratio for HCDR1 + 2 was 5.13 in IgG+ 
GC B cells from MHV68 infection, which was similar to that of 
PR8 infection (5.80), and even higher than that of OVA/CFA-
immunization (2.62).

To examine a role for SHM in the development of 
polyreactivity during MHV68 infection, PCR-based rever-
sion was carried out for randomly selected virion-reactive, 
polyreactive GC B and PC-derived clones. Six virion-reactive, 
polyreactive clones (1E7, 6E10, 5A3, P1D2, P1D12 and 
Pb1D12) lost completely or reduced their self-reactivity after 
mutation reversion to germline sequences, while two clones, 
2H8 and P2F8, did not (Fig. 5B). Thus, self-reactivity of most 
of the virus-reactive, polyreactive clones depended on SHM. 
In some clones such as 1E7 and P1D2, reverse mutation re-
duced virus reactivity as well as self-reactivity (Fig. 5B). For 
example, 1E7 contains two VH mutations (S → N and G → D at 
HCDR1 and 2, respectively) and three Vκ mutations (Fig. 5C).  
Among them, the two VH mutations conferred both self- and 
virus reactivity on this clone (Fig. 5C). On the other hand, mu-
tated sequences did not necessarily contribute to virus re-
activity of the polyreactive clones, as the reversion had no or 
less impact on virus reactivity of 2H8, P1D12 and P2F8 and 
rather augmented that of 5A3 and Pb1D12 (Fig. 5B). These 
findings indicated that self-reactivity of polyreactive clones 
was generated or enhanced by SHM during the GC reaction.

Finally, we analyzed a role of SHM in virus-mono-specific 
clones by introducing reverse mutation. SHM turned out to be 
dispensable for the virus reactivity of all tested virus-mono-
specific clones (Supplementary Figure S2). It thus appeared 
that the virus-specific reactivity had been already determined 
by germline sequences in contrast to the self-reactivity of most 
of polyreactive clones, which were generated through SHM.

Virus-mono-specific clones, but not polyreactive 
clones are preferentially selected to be terminally 
differentiated PCs
We observed an expanded proportion of polyreactive clones in 
the splenic PC compartment during the acute phase of MHV68 
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Fig. 3. Polyreactive GC B cells are generated during MHV68 infection. (A) Reactivity of splenic IgG+ GC B cells from MHV68-infected mice 
(10 000 pfu i.n., day 21, n = 91 from five mice). Red lines, positive control (anti-MHV68 mono-specific clone #3, or polyreactive clone 4C8); blue 
lines, negative control; blue dotted lines, threshold for positive in each assay. Representative ELISA results are shown (left). Results are sum-
marized in the pie chart (right). (B) Reactivity of IgG+ GC B cells from mice that received OVA/CFA-injection (100 μg i.p., day 12, n = 37 from 
two mice). (C) Reactivity of IgG+ GC B cells from mice infected with PR8 (1000 TCID50 i.n., day 14, n = 41 from two mice). (D) Indirect fluores-
cent staining of fixed Hep-2 cells with the representative polyreactive clones (1E7 and 5A3) derived from MHV68-infected mice. Bar = 20 μm. 
(E) Reactivity profile of MHV68-infected IgG + GC B cells (right). Representative results of RT–PCR for viral ORF M2 (left: P, positive control; M, 
100-bp ladder; N, H2O). Clones 4A5 and 4G9 were positive for MHV68 infection. The percentage of MHV68-infected GC B cells among the IgG+ 
GC B fraction was 11.0%. Arrows indicate size of viral M2 PCR product. Reactivity was determined by at least three independent assays (A–E).
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infection (Fig. 4). Serum levels of self-reactivity, comprising a 
large proportion of polyreactive antibodies, waned 2 months 
after infection (Fig. 1C and D), implying that polyreactive 
antibody-producing cells were not long-lived. PCs are a het-
erogeneous population separable by expressed amounts 
of the master transcriptional factor B lymphocyte induced 
maturation protein 1 (Blimp-1) encoded by Prdm1 (21). The 
Blimpgfp/+ mice, which express a GFP reporter from one allele 

of the Prdm1 locus, allowed us to track PC differentiation (12). 
To examine whether proportions of polyreactive clones dif-
fered in the stages of PC differentiation, we sorted out single 
GFPhi (terminally differentiated PCs) and GFPint (transient short-
lived plasmablasts) cells from the spleen of MHV68-infected 
Blimpgfp/+ mice at 3 weeks after infection (Fig. 6A), and then per-
formed single cell IgG/Igκ cloning and expression. Antibody 
reactivity profiles revealed that MHV68-mono-specific clones 

Fig. 4. Polyreactive clones are selected to differentiate into PCs at the spleen during MHV68 infection. (A) The percentages of virus-mono-
specific, self-reactive and polyreactive clones found in splenic GC B (five mice, shown in Figure 3A) and PC (B220lo CD138hi, three mice)-
derived recombinant IgG antibodies (day 21 after infection). (B) Upper pie charts; reactivity profiles of the GC B and PC clones obtained from 
spleen of MHV68-infected mice (#0620, #1016 and #1003, day 21). All antibodies were tested in at least three independent experiments to 
determine the reactivity. Lower pie charts; Clonalities. Singletons (gray) and clonally related sequences based on VH + HCDR3 (red) are shown 
in the pie charts (#0620; GC B [n = 24], PC [n = 31], #1016; GC B [n = 19], PC [n = 49], #1003; PC [n = 16]). (C) Genealogies of clonally related 
self-reactive and polyreactive clones found in the GC B (gray) and PC (black) fractions from the MHV68-infected mice. The number in the circles 
indicate how many identical sequences were found. Dotted open circle indicates an inferred intermediate or germline sequence (GL). Lower 
and upper case letters with numbers along the branches indicate positions of mutated nucleotide and amino acid, respectively.
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were increased in proportion among the GFPhi PC-derived 
antibodies when compared with the GFPint plasmablast-derived 
ones (Fig. 6B). This result suggests that MHV68-mono-specific 
clones, but not polyreactive clones, are preferentially selected 
to become terminally differentiated PCs consistently with the 
transient auto-antibody titers and the longevity of virus-reactive 
IgG titers in sera (Fig. 1B–D).

Discussion

In this study, we demonstrated that the GC reaction could 
be a source of serum IgG self-reactivity in MHV68-infected 
mice. During MHV68 infection, self-reactive B cells ac-
counted for the majority of IgG+ GC B cells, and about half 

of the self-reactive GC B cells were polyreactive. As reported 
previously (4, 5, 18), we observed a large magnitude of GC 
reaction and high concentration of serum IgG during MHV68 
infection. In line with the expanded GC reaction, excess num-
bers of Tfh cells and an extremely low proportion of Tfr cells 
were observed in the spleens of infected mice, being com-
patible with a previous report describing excessive Tfh cells 
causing auto-antibody production following immunization 
(22). It has been considered that lymphotropic MHV68 causes 
polyclonal B-cell activation (5). It has been also reported that 
MHV68-infected splenic B cells contain more non-specific 
antibody-producing cells than uninfected cells (23). However, 
polyclonal activation cannot explain the emergence of the 
high frequency of self-reactive B cells in GCs during MHV68 

Fig. 5. SHM contributes to self-reactivity of most of virus-reactive, polyreactive clones. (A) Comparable number of somatic mutations in the VH 
region of clones from single IgG+ GC B cells of either mice infected with MHV68 (n = 91 from five mice), or immunized with OVA/CFA (n = 30 from 
two mice), or infected with PR8 (n = 41 from two mice). *P < 0.05, NS (P ≧ 0.05, not significant), Mann–Whitney test. (B) Representative ELISA 
results of anti-MHV68 virion, dsDNA and cardiolipin reactivity of virion-reactive, polyreactive clones (SHM+, filled box) and their germline revert-
ants (SHM−, open box). The dotted lines are unrelated monoclonal mouse IgG used as a negative control. (C) The heavy chain mutations of 1E7 
are critical for both virion-reactivity and self-reactivity. Results are summarized in the summary table, where ‘++’ indicates reactivity equivalent 
to or higher than that of the polyreactive antibody clone 4C8; and ‘+’ indicates reactivity 3-fold higher than control mIgG (clone 15H6), but lower 
than 4C8. Graphs shown are representative results of three independent experiments (B and C).
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infection. We demonstrated that MHV68-infected cells repre-
sented only a minor proportion of IgG+ GC B cells, similarly 
to that previously reported (24). Moreover, the proportion of 
self-reactive or polyreactive clones in the infected GC B cells 
was lower than that of uninfected cells, indicating that virus-
infected B cells were not a major source of self-reactive and 
polyreactive antibodies. It is possible though that infected B 
cells might produce virus- or cell-derived factors to induce 
activation of neighboring uninfected cells. Albeit polyclonal 
activation might facilitate B-cell entry into the GC reaction, our 
findings strongly suggest that self-reactive and polyreactive 
clones should be selected in GCs.

It is known that anti-HIV neutralizing antibodies are often 
polyreactive (9). Most of the polyreactive anti-gp120/41 anti-
bodies were still polyreactive when mutations were removed 
and V genes returned to their unmutated sequences (9), 
indicating that polyreactivity is selected before GCs during 
HIV infection in humans. In our study, however, when muta-
tions were reversed, self-reactivity was diminished in a ma-
jority of polyreactive, anti-MHV68 antibody clones, indicating 
that self-reactivity was generated by SHM. An extrafollicular 
response accompanied with SHM has been reported in some 
infection models such as Salmonella infection to inbred mice, 
in which IgG-secreting cells are markedly accumulated at 
extrafollicular sites and only a few GC foci are formed in the 
spleen (25, 26). However, MHV68 infection evoked a mas-
sive GC reaction, but not extrafollicular B-cell accumula-
tion. High frequencies of SHM-dependent self-reactive and 
polyreactive clones were observed in both GC B and PC frac-
tions. Furthermore, multiple polyreactive clones of the same 
clonal lineage could be isolated from GC B and PC frac-
tions of a single MHV68-infected mouse. Thus, serum auto-
antibodies of MHV68-infected mice are likely to be produced 
by plasmablasts derived from GC B cells.

Considering the fact that MHV68 spreads and infects fibro-
blasts, macrophages and B cells in the spleen, GC B cells 
that acquired self-reactivity through SHM might be selected 
for by recognition of self-antigens derived from lytically in-
fected cells. This assumption is underscored by the ob-
servation that the non-disseminating mutant virus induced 
significantly lower titers of anti-dsDNA IgG in sera compared 

to wild-type virus-infected mice. The BAC mutant virus is able 
to replicate in vitro as wild-type virus does, but is significantly 
attenuated in vivo, where minimal reduction of lung viral titers 
and significant impairment of intermittent viral reactivation in 
the spleen have been observed (13).

A key finding of the current work is that there are two types 
of polyreactive clones, which can bind to both self-antigens 
and the viral antigens. In some clones, the reverse mutation 
failed to separate the virus reactivity from the self-reactivity. 
Therefore, clones of this type may react with viral antigens as 
part of their polyreactivity. In other clones, the virus reactivity 
but not self-reactivity was resistant to reverse mutation. 
Furthermore, the virus reactivity of all tested MHV68-mono-
specific clones was not affected by reverse mutation. These 
findings indicate that the virus-specific reactivity was ra-
ther determined by germline sequences prior to GC entry. 
Similarly, early antibodies for vesicular stomatitis virus glyco-
protein exhibit affinities high enough to protect the host and 
no further improvements in affinity were made by SHM (27).

The B-cell self-tolerance is maintained at multiple phases. 
Mice expressing a defined immunoglobulin repertoire have 
been used to demonstrate negative selection of self-reactive 
B cells either via deletion or receptor editing (28, 29). Utilizing 
the modified hen egg lysozyme (HEL)-SWHEL BCR transgenic 
mice, it has been shown that bona fide self-reactive GC B cells 
generated by SHM fail to survive when their self-antigens are 
ubiquitous or in the GC microenvironment (30). In contrast 
to this, in MHV68-infected mice, B cells that acquired self-
reactivity through SHM did not appear to be negatively elim-
inated in GCs. In comparison with transgenic models utilizing 
high-affinity BCRs, auto-antibodies in MHV68-infected mice are 
of low affinity. Such low affinity binding may escape negative 
selection in GCs. At the later time points of MHV68 infection, 
serum levels of self-reactivity waned, suggesting that auto-
antibody production does not last for long. Consistently with 
this, frequencies of self-reactive and polyreactive clones were 
much lower in terminally differentiated PCs than in short-lived 
plasmablasts 3 weeks after viral infection. These findings pro-
vide an explanation for the transience of auto-antibody produc-
tion during early MHV68 infection and suggest the existence of a 
novel checkpoint for self-tolerance in a transition into long-lived 

Fig. 6. Virus-mono-specific clones, but not polyreactive clones are preferentially selected to be terminally differentiated PCs. (A) Representative 
flow cytometry plot of splenocytes from MHV68-infected Blimp-1gfp/+ mice after anti-CD138 antibody-magnetic bead separation. The transient 
short-lived plasmablasts (CD138+ GFPint) and terminally differentiated PC (CD138+ GFPhi) populations were gated for single cell immunoglobulin 
cloning. (B) Reactivity profiles of monoclonal antibodies derived from transient short-lived plasmablasts (GFPint [n = 35]) and terminally differ-
entiated PCs (GFPhi [n = 28]) at day 21 after viral inoculation. Results shown are combined from two groups of two mice infected with MHV68. 
All antibody clones were tested in three independent experiments.
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PCs. Notably, although their frequencies are considerably low, 
self-reactive and polyreactive GC B cells has been detected in 
influenza virus-infected mice and OVA-immunized mice, sug-
gesting that generation of self-reactive and polyreactive GC B 
cells is not a rare event, nor only seen in MHV68-infected mice. 
Thus, this post-GC tolerance should be critical.

Considering that some viral infections have been sus-
pected to induce autoimmune diseases such as systemic 
lupus erythematosus (SLE), it is an interesting question if auto-
antibodies generated during MHV68 infection have shared 
pathogenic properties with those in human autoimmune 
diseases. By employing single cell antibody cloning and 
high-throughput immunoglobulin sequencing, we have pre-
viously showed that anti-nuclear antibody (ANA)-producing 
cells undergo rigorous clonal expansion and affinity matur-
ation shortly before the disease onset in acute SLE patients 
(31). Furthermore, unlike polyreactive clones isolated in this 
study, we and others have reported that the SLE-derived anti-
dsDNA antibodies almost exclusively recognized DNA with 
high binding affinity (31, 32). For example, patient-derived 
anti-dsDNA clones exhibited ~100-fold higher binding af-
finity to oligonucleotides than representative self-reactive and 
polyreactive clones isolated here. It is noteworthy that sub-
stantially high frequencies of self-reactive and polyreactive 
B cells are observed in memory B-cell and plasmablast frac-
tions of not only acute SLE patients, but also healthy indi-
viduals (11, 31). Therefore, our findings may have rather an 
implication for the generation process of polyreactive B cells 
in humans, most of whom are latently infected with a variety 
of viruses including herpesviruses such as EBV.

In conclusion, we showed that in MHV68-infected mice, a 
high frequency of GC B cells acquire self-reactivity as well 
as polyreactivity and are selected to be transient short-lived 
plasmablasts, however, resulting self-reactive cells are elim-
inated during the process of PC differentiation. A future study 
will be required for identification of the cellular and molecular 
mechanism in the post-GC tolerance.
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