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Polyclonal hypergammaglobulinemia is a characteristic of chronic inflammatory conditions, including
persisting viral infections and autoimmune diseases. Here we have studied hypergammaglobulinemia
in mice infected with lymphocytic choriomeningitis virus (LCMV), which induces nonspecific
immunoglobulins as a result of switching natural IgM specificities to IgG.The process is dependent on
help from CD4+ T cells that specifically recognize LCMV peptides presented by B cells on major
histocompatibility complex class II molecules.Thus, hypergammaglobulinemia may arise when specific
helper T cells recognize B cells that have processed viral antigens irrespective of the B cell receptor
specificity.This nonspecific B cell activation may contribute to antibody-mediated autoimmunity.
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Hypergammaglobulinemia and 
autoantibody induction mechanisms 

in viral infections

The mechanisms involved in inducing and maintaining hypergamma-
globulinemia and autoantibody production associated with infection are
largely unknown1–7. In B cell–tropic murine gammaherpesvirus, it has
been shown that isotype switching during virus-induced hypergamma-
globulinemia requires help from CD4+ T cells, which recognize peptide
presented on major histocompatibility complex (MHC) class II mole-
cules by virally infected B cells1. For viruses that do not usually infect
B cells, such as lactate dehydrogenase–elevating virus (LDV) or lym-
phocytic choriomeningitis virus (LCMV) in mice and HIV or hepatitis
viruses2–4 in humans, however, the mechanism of hypergammaglobu-
linemia induction is unclear. Interleukin 6 (IL-6) has been implicated in
several syndromes associated with hypergammaglobulinemia5,6.

Hypergammaglobulinemia and autoantibody responses occur after
murine infection with LCMV7–9, a natural noncytopathic segmented
RNA virus of mice. Distinct LCMV isolates (WE, Armstrong, Docile,
Clone 13) differ with respect to their tendency to establish a persistent
infection in immunocompetent adult mice10,11. The LCMV genome
comprises a small (S) and a large (L) ambisense RNA encoding the gly-
coprotein and nucleoprotein (S-RNA) and the polymerase (L-RNA),
respectively12. Studies with reassortant viruses combining the S- and
the L-RNA from persistence-prone and persistence-resistant strains
have detected a dominance of the L-RNA12.

Here we have studied hypergammaglobulinemia and autoantibody
responses after murine infection with LCMV7–9 to analyze the mecha-
nisms underlying LCMV-induced hypergammaglobulinemia in mice.

Results
Influence of virus and host parameters
Infection of C57BL/6 mice with 2 × 106 plaque-forming units (PFU) of
LCMV strain WE (LCMV-WE) resulted in a five- to tenfold increase in

the serum concentrations of total immunoglobulin as compared with naive
mice. The response peaked by day 12 (Fig. 1a). The hypergammaglobu-
linemia was polyclonal, as assessed by isoelectric focusing (data not
shown). The increase in serum immunoglobulin concentration varied lit-
tle between individual mice (naive mice, 1.31 ± 0.24 g/l (n = 6); day 12,
mean 9.35 ± 1.13 g/l (n = 7); day 20, mean 6.65 ± 0.95 g/l (n = 9)). Thus,
sera were pooled from three or four mice in subsequent experiments.

We next evaluated dependence of the extent of hypergammaglobu-
linemia on LCMV strains and doses. Infection of C57BL/6 mice with
2 × 106 PFU of LCMV strains Docile, Clone 13 and Armstrong induced
a five- to tenfold increase in immunoglobulin within 12–20 days.
Hypergammaglobulinemia remained high after infection with Docile or
Clone 13 strains for 80–90 days, in parallel with high persistent viral
loads (Fig. 1a,b).

Consistent with previous work11, we found that LCMV persistence
exhausted virus-specific CD8+ cytotoxic T lymphocytes (data not
shown). Infecting C57BL/6 mice with a low dose of 200 PFU of strains
WE, Docile and Armstrong caused a delayed and limited peak in hyper-
gammaglobulinemia at about day 20 (data not shown), despite the fact
that infection with 200 PFU of WE, Armstrong, Clone 13 and Docile
was rapidly cleared to below detection limits from blood and organs
(data not shown). 

The increase in immunoglobulin fraction was predominantly caused
by large amounts of total IgG, which had increased by a factor of 5–10
on day 12, whereas total IgM had changed only a little (from 0.186 ±
0.122 g/l to 0.203 ± 0.063 g/l on day 12 after infection; data not
shown). The serum concentration of total IgA increased two- to four-
fold (data not shown).

We further confirmed the correlation between viral load and hyper-
gammaglobulinemia in the following experiment. Reassortant viruses
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combining the WE strain S-RNA and the Armstrong strain L-RNA both
induced lower virus titers in blood and reduced hypergammaglobulinemia
as compared with reassortant viruses combining the Armstrong strain S-
RNA and the WE strain L-RNA on day 20 after infection (Fig. 1c).

We assessed genetic predisposition to develop hypergammaglobu-
linemia after infection with 2 × 106 PFU of LCMV-WE in BALB/c,
129/Sv, DBA/2 and C3H eB/FeJ mice. All of these mouse strains
showed increases in immunoglobulin concentration independent of
their genetic host background (Table 1). By contrast, infection of
C57BL/6 mice with vesicular stomatitis virus (VSV), wild-type vac-
cinia virus (Vacc) and a recombinant vaccinia virus expressing the
LCMV nucleoprotein (Vacc-YN4) or glycoprotein (Vacc-G2) did not
show an increase in immunoglobulin concentration (Fig. 1d). Thus,
non- or poorly replicating viruses, such as those tested, do not induce
hypergammaglobulinemia, whereas widely replicating viruses with a
tendency to persist, such as LCMV or LDV, do.

Polyclonality of LCMV-induced hypergammaglobulinemia
Analysis of the antibody specificities showed that the specific IgG
response to anti–LCMV nucleoprotein did not correlate with an increase

in concentration of total immunoglobulin after infection with a low or
high dose of LCMV (data not shown). The anti–LMCV nucleoprotein
response peaked on day 8–12 and remained stable thereafter up to day
250, whereas the serum concentration of total immunoglobulins peaked
around day 12 and declined thereafter (Fig. 1a). We confirmed the poly-
clonality of the increased immunoglobulins by isoelectric focusing (data
not shown).

To assess B cell specificities, we examined the percentages of
LCMV-specific B cells in the spleen 12 days after intravenous (i.v.)
infection of C57BL/6 mice with 200 PFU or 2 × 106 PFU of LCMV-
WE, or 2 × 106 PFU of Vacc-YN4, by using an LCMV nucleopro-
tein–specific enzyme-linked immunospot (ELISPOT) assay (Table 2).
On day 12 after infection with LCMV-WE, the total number of B cells
producing IgG had increased 50- to 100-fold as compared with naive
mice, and 10- to 20-fold as compared with mice infected with Vacc-
YN4. By contrast, after infection with 2 × 106 PFU of LCMV-WE, only
1–3% of the total IgG-producing cells were specific for LCMV nucle-
oprotein, the most abundant LCMV protein (Table 2). Thus, more than
90% of the IgG-producing cells seemed to be nonspecific for LCMV.

Influence of cytokines and B cell receptors
Interferons, IL-6 and other cytokines have been reported to have a stim-
ulatory role in B cell responses. We therefore evaluated the influence of
cytokines on LCMV-induced hypergammaglobulinemia after infecting
various cytokine-deficient mouse strains with 2 × 106 PFU of LCMV-
WE (Table 1). The absence of T helper type 1 (TH1)-specific interferon-
γ functions13, TH2-specific IL-4 (ref. 14), the interferon-α/β receptor15 or
IL-12 did not influence the immunoglobulin increase in mice infected
with LCMV (Table 1). The initial peak of serum immunoglobulins on
days 12–20 after infection was absent in IL-6−/− mice16, but at later time
points the immunoglobulin concentrations were comparable to those in
wild-type C57BL/6 mice infected with LCMV-WE (data not shown).

To evaluate the role of the B cell receptor (BCR) specificity and its
co-receptors in possible uptake of viral antigen, we infected CD19−/−

mice17, CR2 (CD21)−/− mice18, IgM−/− mice (which lack IgM but have
IgD on the cell surface and can generate IgG)19 and C3−/− mice (which
lack the ligand for the CD21 receptor)20. These mouse strains and
FcγRI-III−/− mice showed hypergammaglobulinemia on infection with 
2 × 106 PFU of LCMV-WE (Table 1). Thus, we found little evidence
for cytokine involvement; in addition, neither specific immunoglobulin
nor any of the other BCRs tested seemed to have a prominent role in
LCMV-induced hypergammaglobulinemia.
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Table 1. Hypergammaglobulinemia in inbred and mutant
mouse strains

Mouse strain Day 0 Day 20

BALB/c 1.5 ± 0.8 7.7 ± 1.3
129/Sv 0.7 ± 0.2 12.3 ± 1.8
DBA/2 1.7 ± 0.7 11.6 ± 2.1
C3H HeJ 0.9 ± 0.2 6.9 ± 1.2
C3H EB/FEJ 1.3 ± 0.5 6.1 ± 1.2
C57BL/6 germ-free 1.6 ± 0.4 7.9 ± 1.4
IFN-α/β receptor–/– 1.2 ± 0.3 13.0 ± 2.1
IFN-γ receptor–/– 1.1 ± 0.3 10.2 ± 1.9
IL-4–/– 1.2 ± 0.2 8.7 ± 1.6
IL-12–/– 1.3 ± 0.5 15.3 ± 2.4
C3–/– 1.3 ± 0.5 11.5 ± 2.2
CR2–/– 1.2 ± 0.2 13.6 ± 2.0
IgM–/– 1.4 ± 0.7 8.0 ± 1.8
CD19–/– 1.5 ± 0.3 7.8 ± 1.3
FcγRI-III–/– 3.8 ± 1.9 17.9 ± 3.2

Serum immunoglobulin concentrations (g/l) were measured at the indicated time
points after infection with 2 × 106 PFU LCMV-WE. Results are the mean ± s.d.
from the analysis of three mice per strain.
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Fig. 1. Correlation between viral replication and hypergammaglobuline-
mia. (a) C57BL/6 mice were infected with 2 × 106 PFU of LCMV strain Armstrong
(�), Docile (�), Clone 13 (�) or WE (�). Uninfected C57BL/6 mice (�) were used
as a control.The concentration of total immunoglobulin was measured at the indicat-
ed time points. (b) Blood viral titer was were measured at the indicated time points
after C57BL/6 mice were infected with 2 × 106 PFU of LCMV strain Armstrong (�),
Docile (�), Clone 13 (�) or WE (�). (c) C57BL/6 mice were infected with 2 × 106

PFU of a reassortant virus combining WE S-RNA and Armstrong L-RNA (�) or
Armstrong S-RNA and WE L-RNA (�). Filled symbols (�, �) show the total
immunoglobulin concentrations and open symbols (�, �) represent LCMV titers in
blood. (d) C57BL/6 mice were infected with 2 × 106 PFU of C57BL/6 mice were infect-
ed with 2 × 106 PFU of  VSV-IND (�),Vaccinia-WR (�),Vacc-G2 (�) or Vacc-YN4 (	).
For comparison, data for LCM-WE (�, 2 × 106 PFU) are shown. Naive C57BL/6 mice
(�) were used as a control. Immunoglobulin concentration was measured at the indi-
cated time points.Three or four mice were used for each experiment; results are the
mean of pooled sera (a,c,d) or the mean ± s.d. (b).
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Induction of virus-nonspecific B cells
We assumed that much of the increase in immunoglobulin should
reflect IgM switching to IgG in preimmune B cells with receptors that
were nonspecific for LCMV antigens. We assessed this in quasimono-
clonal (QM) mice21, in which 80% of the B cells are specific for the
hapten (4-hydroxy-3-nitrophenyl)acetate (hereafter abbreviated as
nitrophenyl). The possibility that LCMV might bind to and infect QM
B cells through the nitrophenyl-specific receptor was unlikely because
QM serum did not bind to LCMV glycoprotein or nucleoprotein in an
enzyme-linked immunosorbent assay (ELISA; data not shown). After
infection with LCMV-WE, the anti-nitrophenyl IgG concentration
increased by 64-fold (Fig. 2a). Note that the amount of total IgG need-
ed for the same absorption value in an anti-nitrophenyl ELISA was
4–5-fold higher in noninfected than in infected QM mice, indicating an
absolute increase of anti-nitrophenyl IgG (Fig. 2a). Nitrophenyl-spe-
cific IgG was also detectable in LCMV-WE–infected but not uninfect-
ed C57BL/6 mice (Fig. 2a). Natural concentrations of anti-nitrophenyl
IgM were high in QM mice and did not change substantially after infec-
tion with LCMV-WE (Fig. 2b).

To test further the specificity of polyclonal IgG responses, we mea-
sured the induction of other non-LCMV and natural antibody specifici-
ties in C57BL/6 mice infected with LCMV. IgG specific for VSV anti-
gens was detectable by ELSIA 12 days after infection with LCMV-WE
(Fig. 2c). Concentrations of anti-VSV IgM increased only marginally
(Fig. 2c). We also tested sera from mice infected with LCMV-WE (on
day 12) and LDV (on day 30) by ELISA for specificities to influenza
hemagglutinin (HA). Both viruses induced an increase in titers of anti-
HA IgG, whereas those of anti-HA IgM remained comparable (Fig. 2d).

Because release of lipopolysaccharide (LPS) from commensal intesti-
nal bacteria as a result of viral enteropathy might underlie the polyclon-
al B cell stimulation seen in hypergammaglobulinemia, we examined
the effect in germ-free (gnotobiotic) mice. We found that the hypergam-
maglobulinemia and titers of IgG specific for the tested antigens were
comparable to those in specific pathogen–free (SPF) C57BL/6 mice

infected with LCMV-WE (Table 1). The absence of LPS-induced
effects was confirmed by comparable increases in serum immunoglobu-
lin in LPS-responder (C3HeB/FeJ) and nonresponder (C3H/HeJ) mouse
strains8 (Table 1).

Induction of autoantibodies
The increase in IgG specific for nonviral antigens after infection with
LCMV prompted us to evaluate virus-induced autoantibody responses.
Transgenic MONITOR mice22 expressing a soluble form of the glyco-
protein from VSV serotype Indiana (VSV-IND) did not develop VSV
autoantibodies when immunized with ultraviolet-inactivated VSV-IND
(Supplementary Fig. 1 online). By contrast, the same mice mounted an
IgG response to the VSV-IND glycoprotein when infected with LCMV.
This IgG response was enhanced when ultraviolet-inactivated VSV-IND
plus LCMV-WE were co-injected (Supplementary Fig. 1 online).

This observation suggested that autoreactive B cell responses of high
affinity22 were induced through linked LCMV-specific TH cells. In addi-
tion, the numbers of IgG autoantibodies to phosphorylcholine23 were
increased after infecting BALB/c mice with LCMV-WE (Supplementary
Fig. 1 online). Similarly, we assessed the production of autoantibodies to
autoantigens implicated in human diseases. In sera of LCMV-infected
mice (Fig. 3), we found increased titers of IgGs to thyroglobulin (>1:270),
double-stranded DNA (dsDNA; between 1:32 and 1:64), single-stranded
DNA (ssDNA; >1:90) and insulin (>1:145).

Role of virus-specific CD4+ T cells
We found that the induction of hypergammaglobulinemia by LCMV was
dependent on CD4+ T cells. T cell receptor (TCR)-deficient mice lacking
the β and δ TCR chains (TCRβδ−/−) and athymic T cell–deficient nude
(nu/nu) mice did not develop hypergammaglobulinemia after infection
with LCMV-WE (Fig. 4a). Mice lacking surface CD40L, which is cru-
cial for immunoglobulin isotype switching and germinal center forma-
tion, also did not develop hypergammaglobulinemia after infection with
LCMV-WE (Fig. 4a).
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Fig. 2. Nonspecific B cells are activated and switch to IgG after infection with LCMV. (a,b) Serum from either naive C57BL/6 (�) or QM (�) mice, or from
C57BL/6 (�) or QM (�) mice on day 12 after infection with 2 × 106 PFU of LCMV-WE was analyzed for nitrophenyl-specific IgG (a) or IgM (b). (c) Serum from naive C57BL/6
mice (�, �) or C57BL/6 mice infected with 2 × 106 PFU of LCMV-WE (�, �) was analyzed by ELISA for titers of IgM (�, �) and IgG (�, �) specific for purified VSV-IND.
(d) Serum from naive C57BL/6 mice (�) or C57BL/6 mice infected with 2 × 106 PFU of LCMV-WE (�) or LDV (�) was analyzed for IgG or IgM specific for influenza HA.
Results are the mean ± s.d. from the analysis of three mice per group.
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Table 2. LCMV-specific and -nonspecific B cell responses

Total IgM Total IgG NP-specific IgM NP-specific IgG Specific IgM (%) Specific IgG (%)

WE low-dose 8,100 ± 830 189,100 ± 8,100 50 ± 10 4,400 ± 10 0.6 ± 0.1 2.3 ± 0.5
WE high-dose 10,900 ± 2,200 203,000 ± 66,000 100 ± 3 5,600 ± 1700 0.9 ± 0.5 2.8 ± 0.1
Vacc-YN4 10,400 ± 2,300 20,000 ± 680 40 ± 5 180 ± 30 0.4 ± 0.1 0.9 ± 0.2
Naive 5,300 ± 440 4,600 ± 1,200 10 ± 2 0 0.2 ± 0.1 0

Total IgG and total IgM, and LCMV nucleoprotein–specific IgG and IgM antibody-producing cells were counted 12 d after infection with a low (200 PFU) or high (2 × 106

PFU) dose of LCMV-WE or a high dose of Vacc-YN4 as indicated. Results are the mean ± s.d. from the analysis of 5 × 106 splenocytes from three mice per group.
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To test whether virus-specific CD4+ cells were required, we trans-
ferred monoclonal transgenic CD4+ T cells specific for the major TH

epitope of the LCMV glycoprotein (Smarta1)24 into chronically LCMV-
WE–infected mice (LCMV carrier mice). This transfer induced hyper-
gammaglobulinemia with similar kinetics and magnitude to those seen
in C57BL/6 mice infected with LCMV (Fig. 4b). By contrast, ovalbu-
min-specific CD4+ T cells from BALB/c OT2 transgenic × RAG1−/−

mice transferred into T cell–deficient BALB/c nu/nu mice did not
induce hypergammaglobulinemia after infection with LCMV-WE,
whereas the transfer of control naive BALB/c splenocytes did induce an
increase in immunoglobulin concentrations (Fig. 4c).

To examine whether under special conditions hypergammaglobuline-
mia is inducible by nonreplicating antigen, we adoptively transferred
Smarta1 splenocytes into transgenic DEE mice, which ubiquitously
express the LCMV glycoprotein25. A threefold increase in immunoglob-
ulin concentration was seen in DEE mice only when Smarta1 cells were
preactivated in vitro before transfer. Neither in vitro–preactivated nor
naive Smarta1 cells induced an increase in immunoglobulin concentra-
tion in uninfected C57BL/6 control mice (Fig. 4d).

Specific cognate T cell–B cell cooperation
IgG responses generally require cognate CD4+ T cell–B cell cooperation
through specific peptides carried on MHC class II molecules of B cells.
It was therefore essential to evaluate whether B cells presented viral pep-
tides through MHC class II molecules regardless of BCR specificity. To
address this issue, we generated mixed chimeras by transferring bone
marrow cells from µMT (1 × 107 cells) and MHC class II−/− (1 × 107 cells)

donors together into irradiated (950 rad) C57BL/6 mice. The µMT
donors provided MHC class II+ cells of hematopoietic origin except for
B cells; the Ig+ B cells were all MHC class II−/−.

These chimeras generated neutralizing antibodies to VSV26, which
verified unimpaired B cell function (data not shown). We used irradi-
ated C57BL/6 mice reconstituted with C57BL/6 bone marrow cells as
controls. After infection with LCMV-Docile, the control chimeras, but
not the experimental mixed chimeras, induced hypergammaglobuline-
mia within 12 days (Fig. 5a). Thus, expression of MHC class II mole-
cules on B cells is essential for the increased immunoglobulin
response.

Virus-nonspecific B cells present viral peptides
To examine whether B cells specific for antigens other than LCMV can
present MHC class II–restricted LCMV peptides, we purified nitro-
phenyl-specific B cells by fluorescence-activated cell sorting (FACS)
from QM mice that had been infected 9 days earlier with LCMV-WE.
We used total B cells from infected and from uninfected C57BL/6 mice
as controls. After infection with LCMV-WE, C57BL/6 and QM nitro-
phenyl-specific B cells stimulated the LCMV nucleoprotein–specific
TH hybridoma VE8 (which recognizes the nucleoprotein-derived
NP309 peptide on I-Ab) to secrete IL-2, whereas B cells from naive
mice did not (Fig. 5b).

Because the purity of the FACS-sorted B cells was around 99%, we
could not exclude the possibility of minor contamination with dendrit-
ic cells (DCs). We therefore repeated the above experiment with DCs
that had been incubated with NP309 peptide, which we titrated into
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Fig. 4. Specific CD4+ T cells are required to induce hypergammaglobulinemia. (a) Untreated C57BL/6 mice or C57BL/6 mice treated with depleting anti-CD8 or
anti-CD4, C57BL/6 nu/nu mice,TCRβδ−/− mice or CD40L−/− mice were infected with 2 × 106 PFU of LCMV-WE, and serum immunoglobulin was measured. Serum was pooled
from naive mice (day 0) and from mice 20 days after infection (three mice per group). (b) Naive Smarta1 CD4+ TCR transgenic T cells (1 × 107; specific for the LCMV GP61
peptide) were adoptively transferred into LCMV-WE carrier mice (�), and the total serum immunoglobulin was measured in pooled sera (three mice per group).Naive
C57BL/6 mice that had received 1 × 107 naive Smarta1 CD4+ TCR transgenic T cells (�) were used as controls. For comparison, data for LCMV-WE (�, 2 × 106 PFU) are
shown. (c) BALB/c nu/nu mice (no transfer), BALB/c nu/nu mice adoptively transferred with 1 × 107 BALB/c wild-type splenocytes on day −1, or BALB/c nu/nu mice adop-
tively transferred with 1 × 107 BALB/c OT2 × RAG1–/– cells on day −1 were infected with 2 × 106 PFU of LCMV-WE, and the total serum immunoglobulin was measured on
day 12. Results are the mean ± s.d. from the analysis of four mice per group. (d) Naive (�, �) or in vitro–activated (cultured for 4 d with GP61 peptide;�, �) Smarta1 CD4+

TCR transgenic T cells (1 × 107) were adoptively transferred into DEE mice (�, �), which express the LMCV glycoprotein, or C57BL/6 mice (�, �) and total immunoglob-
ulin concentrations were measured at the indicated time points in sera pooled from three mice per group.
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and on day 30 after infection with LDV (�). The indicated predilutions were used. Results are the mean ± s.d. of antigen-specific IgM or IgG titers from three mice per group.
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naive magnetically sorted (MACS) B cells. Peptide-labeled DCs were
50-fold more effective on a per cell basis than were FACS-sorted B
cells in stimulating the hybridoma27 (Fig. 5c).

We evaluated the extent of LCMV peptide presentation by anti-
nitrophenyl–specific QM or C57BL/6 control B cells from hypergam-
maglobulinemia-developing mice infected with LCMV-WE. These
cells were compared with naive C57BL/6-B cells labeled in vitro with
LCMV NP309 peptide for their respective capacity to induce VE8
CD4+ T cell hybridoma cells to secrete of IL-2. For numeric compari-
son, about 10% of the MACS-sorted B cells seemed to present viral
peptide (Fig. 5d). Because the concentration of peptide used for puls-
ing naive B cells influences the dose-response curve, however, equiv-
alence could not be established on a per cell basis.

We next examined whether LCMV antigen or peptides were taken up
from the outside or were synthesized by infected B cells themselves. We
used a nested semi-quantitative approach based on polymerase chain
reaction with reverse transcriptase (RT-PCR) that could detect ten
LCMV-infected MC57 fibroblasts (48 h after infection) in a million cells
(Fig. 5e). No PCR signal was detected in 1 × 105 FACS-sorted B cells
from LCMV-infected C57BL/6 or QM mice (Fig. 5e). By contrast, viral
RNA was present in 105 cells from the non–B cell fraction of splenocytes
of the same mice (Fig. 5e). Thus, pathways other than active infection
must be involved in the presentation of LCMV NP309 peptide by B cells.

We assessed whether nonreplicating viral antigen could be taken up
independently of the specificity of the BCR and presentation on MHC class
II molecules. For this approach, we used a transgenic mouse carrying a
gene encoding a neutralizing anti-VSV IgM backcrossed to µMT mice
(µMT-T11)28. The µMT-T11 mouse can make only VSV-neutralizing IgM

antibodies28. We sorted µMT-T11 B cells and C57BL/6 B cells by magnet-
ic separation and incubated them for 24 h with different concentrations of
the recombinant LCMV nucleoprotein. LCMV nucleoprotein could be
taken up by the µMT-T11 B cells nonspecifically down to a concentration
of 2 µg/ml and was presented to the NP309-specific T cell hybridoma VE8,
which then secreted IL-2 (Fig. 5f). Similarly treated C57BL/6 B cells pre-
sented the NP309 epitope efficiently, in contrast to untreated control B
cells, which did not induce a response (Fig. 5f). Thus, LCMV nucleopro-
tein can be taken up and presented by B cells irrespective of their BCR
specificity.

Discussion
We have characterized some key parameters of hypergammaglobu-
linemia provoked by systemic and persistent viral infection. Viral
replication and persistence were correlated with an increased concen-
tration of immunoglobulin, mostly of the IgG isotype. The highest
gamma-globulin concentrations were induced by the LMCV strains
Docile and Clone 13, which resulted in a carrier state; by contrast, the
Armstrong strain, which is usually rapidly cleared, caused only a lim-
ited increase in immunoglobulin concentrations in normal mice.

LCMV-induced hypergammaglobulinemia was polyclonal and only a
minor fraction of the activated B cells produced virus-specific antibodies.
Our results suggest that the diverse specificities of IgG provoked by
LCMV infection result from immunoglobulin class switching from IgM
produced in the preimmune (natural) repertoire. This was shown in the
QM mouse21, by the classical ‘natural’ anti-phosphorylcholine specificity
found in the wild-type BALB/c strain23 and by the switching of natural
IgM specific for influenza or VSV to IgG.
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Fig. 5.Virus-nonspecific B
cells present LCMV-
derived peptides on MHC
class II. (a) Lethally irradiat-
ed C57BL/6 mice received
bone marrow cells from
either MHC class II−/− and
µMT mice or from wild-type
(WT) C57BL/6. Four mice
per group were infected with
2 × 106 PFU of LCMV-Docile.
Untreated C57BL/6 mice
were used as controls. Serum
samples were collected at
the indicated time points and
total immunoglobulin was
measured. (b) Total B cells
from naive C57BL/6 mice
(�), C57BL/6 mice on day 9
after infection with 2 × 106

PFU of LCMV-WE (�), or
nitrophenyl-specific B cells
from naive (�) or infected
(
) QM mice were sorted by
FACS. Total splenocytes
(sorted on living cells; *) from
C57BL/6 mice on day 5 after
infection with 2 × 106 PFU of LCMV-WE and B cells from C57BL/6 LCMV-WE carrier mice (�) were used as positive controls. Diluted FACS-sorted cells were incubated with
the VE8 CD4+ T cell hybridoma (specific for LCMV nucleoprotein), and IL-2 secretion in the supernatant was measured by assessing the viability of IL-2–sensitive CTLL cells with
Alamar blue. (c) DCs labeled with NP309 peptide (�) were titrated into naive MACS-sorted B cells and IL-2 secretion by the VE8 CD4+ T cell hybridoma was measured as in b.
Splenocytes 5 d after infection with LCMV (�) and naive splenocytes (�) were used as positive and negative controls, respectively. (d) Total B cells from naive C57BL/6 mice
(�), C57BL/6 mice on day 9 after infection with 2 × 106 PFU of LCMV-WE (�), or nitrophenyl-specific B cells from QM mice (�, naive;
, infected) were sorted by MACS. Naive
B cells were incubated with GP61 (�) or NP309 (�) peptide. Diluted MACS-sorted cells were incubated with the VE8 CD4+ T cell hybridoma and analyzed as in b. (e) RT-PCR
for genomic RNA from LCMV-WE. LCMV-infected MC57 cells (48 h after infection) were diluted into uninfected B cells; naive B cells and H2O were used as negative controls
(top). RT-PCR on FACS-sorted B cells or on the non–B cell fraction of day 9 immune C57BL/6 or QM mice (bottom) are shown. (f) µMT-T11 (�) and C57BL/6 (�) B cells were
incubated with various concentrations of recombinant LCMV nucleoprotein (NP). IL-2 secretion by the VE8 CD4+ T cell hybridoma was assessed as in b. LCMV nucleoprotein
(�) alone and VE8 cells (�) alone were used as controls.
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Given the diversity of the switching process in hypergammaglobu-
linemia, potentially harmful autoantibodies or immune complexes may
be produced. Several studies have documented enhanced autoantibody-
mediated autoimmunity after infection with LCMV7–9. Antibody-
mediated immunopathology is also found in human autoimmune and
chronic viral diseases. Deposits of immune complexes in kidney
glomeruli are found in hepatitis B virus–associated glomerulonephri-
tis29, and immune complex–mediated cryoglobulinemia is associated
with chronic hepatitis C virus infections30. HIV infections often show a
polyclonal serum hypergammaglobulinemia, and antibodies to platelet
antigens can lead to HIV-related immune thrombocytopenia31. In
humans, hypergammaglobulinemia is often associated with inflamma-
tory disorders in which replicating antigens are not characterized, such
as systemic lupus erythematosus or rheumatoid arthritis.

Using the transgenic DEE mouse (which expresses LCMV glyco-
protein), we have shown here that nonreplicating and therefore limiting
antigen can be sufficient to induce hypergammaglobulinemia when
specific activated T cell help against an autoantigen is present. The
observed hypergammaglobulinemia required virus-specific T cell help
through interactions between the TCR and MHC class II molecules, in
combination with CD40–CD40L binding. Similar cognate CD4+ T
cell–B cell interactions have been shown in a study where T cell help
was induced through the delivery of a ubiquitous maleylated
immunoglobulin self-protein by scavenger receptors, resulting in a
transient hypergammaglobulinemia32.

Dendritic cells ameliorate antigen transfer to B cells and initiate
class switching in a T cell–dependent response33; they also influence
the differentiation into and survival of plasmablasts27. We cannot
exclude the possibility that DCs are involved in the LCMV-induced
hypergammaglobulinemia responses in a three-way type of DC-
improved interaction between B and T cells33. Our experiments show,
however, that B cells can present antigen to T cells on MHC class II
molecules irrespective of the BCR specificity.

The mechanism by which B cells present foreign MHC class II pep-
tide remains to be determined. Several mechanisms might explain how
B cells could present viral antigens: for example, infection of B cells,
BCR-independent uptake of viral antigen through complement or Fc
receptor, or uptake of viral proteins through antigen-nonspecific
pinocytosis. Although we did not detect LCMV genomic RNA in 105 B
cells of infected mice using a PCR-based assay sufficiently sensitive to
detect fewer than ten infected cells, we cannot completely exclude the
possibility that there was very low-level infection in those cells.

The uptake of viral antigen through complement or Fc receptor did
not seem to be essential for LCMV-provoked hypergammaglobuline-
mia, because hypergammaglobulinemia was still induced in CR2−/−,
C3−/− and FcγR I-III−/− mice. By contrast, defects in several comple-
ment factors34 and in the reticuloendothelial system35 are associated
with human autoimmune diseases and hypergammaglobulinemia-
associated syndromes. This difference may be due to the rather short-
term nature of our experiments as compared with the course of human
autoimmune diseases.

Our experiments suggest that a nonspecific pinocytosis mechanism
may be involved. Under conditions in which sufficient antigen concen-
trations are generated during an acute or persistent infection, B cells
may be permitted to undergo MHC class II loading of peptide inde-
pendent of BCR specificities36. It is obvious that high amounts of anti-
gen are needed to induce hypergammaglobulinemia and it is notewor-
thy that HIV, LDV and LCMV all show a tropism for lymphoid organs
and macrophages. Our data establish a pathway indicating how hyper-
gammaglobulinemia and autoantibodies can be induced by LCMV.

These findings may be generalized to other viral infections associated
with hypergammaglobulinemia, autoantibodies and immune com-
plex–linked disease in humans.

Methods
Mice. Sex-matched C57BL/6, BALB/c, DBA/2, 129Sv, DEE, µMT, SmartaI-II TCR trans-
genic, MONITOR, TCR-βδ −/−, IL-4−/−, CD19−/−, IL-6−/−, IL-12−/−, CD40L−/−, IFN-αβ recep-
tor−/−, IFN-γ receptor−/− and µMT-T11 mice were purchased from the Institute für
Labortierkunde (Univ. of Zurich, Switzerland). We housed germ-free C57BL/6 mice in a
sterile isolator at the Institute für Labortierkunde. C3H eB/FeJ and C3H HeJ mice were
bought from Jackson Laboratories (Bar Harbor, ME). C57BL/6 nu/nu and BALB/c nu/nu
were bought from Iffa Credo, Les Oncins, France. The generation of QM mouse has been
described21. IgM−/− mice were a gift of F. Brombach and H. Mossmann (Max-Planck-
Institute for Immunobiology, Freiburg, Germany); OT2 CD4+ transgenic × RAG1−/− mice
were a gift of M. Kopf (Basler Institute for Immunology, Basel, Switzerland); MHC class
II−/− were a gift of H. Blüthman (Basel, Switzerland); and CR2−/−, C3−/− and FcγRI-III−/− were
a gift of M. Klein (Zürich, Switzerland). We bred and maintained mice under SPF condi-
tions. All animal experiments were done in accordance with institutional and Swiss nation-
al regulations.

Virus. LCMV strains WE, Armstrong and Docile were a gift of F. Lehmann-Grube
(Hamburg, Germany) and C. Pfau (Troy, NY) and were propagated on L929, BHK and
MDCK cells. Vaccinia virus strain WR and recombinant Vacc-YN4 and Vacc-G2 were
injected i.v. at a dose of 2 × 106 PFU. VSV-IND was originally obtained from D.
Kolakovsky (Univ. of Geneva, Switzerland). LCMV reassortant viruses were a gift of
M.B.A. Oldstone (Scripps Research Institute, La Jolla, CA) and R. Ahmed (Emory Univ.
School of Medicine, Atlanta, GA). For infection, 2 × 106 PFU of VSV-IND was injected i.v.,
or VSV-IND was inactivated by ultraviolet irradiation for 5 min and the equivalent of 5 ×
107 PFU was injected i.v. LDV isolate P was obtained from P.G.W. Plagemann (Univ. of
Minneapolis, Minnesota). LDV was injected i.v. and produced and assessed for titers as
described37. In vivo depletion of CD4+ and CD8+ T cells was done with rat monoclonal anti-
bodies against CD4 (YTS191.6) and against CD8 (YTS 169.4)38.

Bone marrow chimeras. C57BL/6 mice were lethally irradiated with 950 rad and 1 × 107

bone marrow cells from MHC class II−/− and µMT mice were transferred i.v. to the mice. As
a control, wild-type C57BL/6 bone marrow cells were transferred. After 90 d, we analyzed
mice by FACS for the presence of CD4+ T cells, CD8+ T cells and the expression of I-Ab on
total splenocytes and CD19+B220+ cells.

Nested RT-PCR. RNA was extracted with TRIzol (Gibco-BRL, Basel, Switzerland) from
1 × 106 FACS-sorted B cells from naive C57BL/6 or QM spleens, splenocytes from
C57BL/6 or QM mice 9 d after infection with 2 × 106 PFU of LCMV-WE, or splenocytes
from LCMV C57BL/6 carrier mice. As a sensitivity control, MC57 fibroblasts infected with
LCMV-WE (5 or 48 h after infection) were titrated into naive B cells. We did the RT reac-
tion (5 µg total RNA) and nested PCR as described39. PCR products were visualized by
ethidium bromide after 1% agarose gel electrophoresis.

FACS. Single-cell spleen suspensions from naive C57BL/6 or QM mice, C57BL/6 or QM
mice on day 9 after infection with LCMV-WE, or LCMV-WE C57BL/6 carrier mice were
labeled with the phycoerythrin (PE)-labeled monoclonal antibody against mouse CD19
(1D3; Pharmingen, San Diego, CA). Cells from QM mice were also stained with fluores-
cein isothiocyanate (FITC)-labeled anti-idiotype reagent against anti-nitrophenyl21. We
washed the cells and sorted them for CD19+ or CD19+ and anti-idiotype+ by FACS. The puri-
ty after sorting was more than 99%.

MACS. We negatively sorted QM splenocytes for CD11b and CD11c (Miltenyi Biotec
GmbH, Cologne, Germany) and then positively sorted them for anti-nitrophenyl by incu-
bating them with biotinylated anti-idiotypic21 and Streptavidin MicroBeads (Miltenyi Biotec
GmbH). Splenocytes from naive C57BL/6 mice or C57BL/6 on day 9 after infection with
LCMV-WE (2 × 106 PFU) were incubated with B220 anti-mouse MicroBeads (Miltenyi
Biotec GmbH) and sorted by MACS. The purity was assessed by FACS and found to be
more than 93%.

ELISA. ELISA assays for antigen-specific immunoglobulins, including those against nitro-
phenyl, VSV-IND, VSV glycoprotein, LCMV nucleoprotein, total IgG, IgG1, IgG2a,
IgG2b, IgG3, IgM or IgA, were done as described40. For the anti-nitrophenyl assays, ELISA
plates were coated with 1 µg/ml of nitrophenyl chicken γ-globulin (Biosearch Technologies,
Novato, CA). The influenza HA-specific ELISA plates were coated with 10 µg/ml of triva-
lent influenza virosome chimeras containing A/Singapore/6/86-like (H1N1),
A/Johannesburg/33/94-like (H3N2) and B/Beijing/184/93-like (Schweizerisches Serum &
Impfinstiut, Bern, Switzerland). We obtained dsDNA and ssDNA from Sigma (Buchs,
Switzerland) and used them at 0.01 mg/ml. Insulin (Sigma) and thyroglobulin (Sigma) were
used at 0.25 mg/ml.

LCMV peptide presentation assays. The T cell hybridomas VE8 and 5A1 have been
described41. MACS- or FACS-sorted B cells or total splenocytes were irradiated (2,000 rad)
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and diluted 1:2 starting from 2 × 105 (MACS) or 1 × 105 (FACS) B cells incubated with 4 ×
104 VE8 or 5A1 cells. After 24 h, 50 µl of supernatant was transferred and 1 × 104 IL2-sen-
sitive CTLL cells were added. After 24 h, 9 µl of the viability dye Alamar blue (Biosource
International, Camarillo, CA) was added and the fluorescence emission at 590 nm was mea-
sured after 6–8 h by a CytoFluor spectrophotometer (Millipore). Naive B cells were incu-
bated for 1 h at 37 °C with 10−4 M of NP309 peptide and diluted thereafter as described
above. We labeled bone marrow–derived DCs with 10 µg/ml of NP309 peptide and then
titrated them into MACS-sorted naive B cells before the peptide presentation assay. We used
naive splenocytes or splenocytes on day 5 after infection with LCMV as controls

LCMV nucleoprotein pinocytosis by LCMV-nonspecific B cells. Recombinant LCMV
nucleoprotein supernatants were treated with RNase and DNase for 15 min and serially dilut-
ed (1:2) starting from a concentration of 0.5 mg/ml. We added 2 × 105 MACS-sorted µMT-
T11 or C57BL/6 B cells to each dilution and incubated them with 4 × 104 VE8 cells for 
24 h. IL-2 production was measured as described for the LCMV peptide presentation assay.

Serum protein electrophoresis. Electrophoresis of serum proteins was done by the
Department of Clinical Chemistry, Univ. Hospital Zürich. The concentration (g/l) of total
serum immunoglobulins was assessed by PAGE.

Isoelectric focusing. We measured serum immunoglobulins by kinetic nephelometry
(Beckmann Array 360 System, Milan, Italy) and diluted them in PBS plus 0.05% Tween.
Isoelectric focusing was done with the CSF Analysis Kit (Amersham Pharmacia, Chalfont,
UK). In brief, 20 ng of immunoglobulin was separated by PAGE. Immunofixation was done
with a rabbit anti–human IgG (Dako, Glostrup, UK) or rabbit anti–mouse IgG (Zymed, San
Francisco, CA) for 1 h and IgGs were visualized by silver staining.

ELISPOT assay. We coated 24-well plates with rabbit anti–mouse IgM (Zymed; for total
IgM), rabbit anti–mouse IgG (Zymed) or recombinant LCMV nucleoprotein. Splenocytes
from uninfected C57/B6 mice or C57/B6 mice on day 12 or day 20 after infection with
LCMV or Vacc-YN4 were serially diluted 1:5 and incubated for 5 h in serum-free medium.
Rat anti–mouse IgM (Pharmingen) and goat anti–mouse IgG (Sigma) were used as sec-
ondary antibodies. The tertiary antibodies were alkaline phosphatase–conjugated donkey
Fab fragment against rat IgM (Jackson Laboratories) and alkaline phosphatase–conjugated
donkey antibodies against goat IgG (Jackson Laboratories). Spots were visualized with
alkaline phosphatase buffer (Sigma) containing 1 mg/ml of 5-bromo-4-chloro-3-
indolylphosphate (BCIP).

Note: Supplementary information is available on the Nature Immunology website.
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