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Objective. Antibody-mediated autoimmunity involves
cognate interactions between self-reactive T cells and B cells
during germinal center (GC) reactions. The aim of this
study was to determine the role of essential follicular helper
T (Tfh) cell molecules (CXCR5, signaling lymphocytic acti-
vation molecule–associated protein) on autoreactive CD41
cells and the role of certain environmental influences that
may determine GC-driven autoantibody production and
arthritis development.

Methods. We transferred self-reactive CD41 cells
from KRN-Tg mice into recipient mice, which induced
autoantibodies and autoinflammatory arthritis. This
model allowed manipulation of environmental effects,

such as inflammation, and use of transferred cells that
were genetically deficient in important Tfh cell–associat-
ed molecules.

Results. A deficiency of signaling lymphocytic
activation molecule–associated protein (SAP) in CD41
cells from KRN-Tg mice completely protected against
arthritis, indicating that stable T cell–B cell interac-
tions are required for GC formation, autoantibody pro-
duction, and arthritis induction. In contrast, a CXCR5
deficiency in CD41 cells from KRN-Tg mice still in-
duced disease when these cells were transferred into
wild-type mice, suggesting that T cell help for B cells
could rely on other migration mechanisms. However,
various manipulations influenced this system, including
elimination of bystander effects through use of CD282/2

recipient mice (reduced disease) or use of inflammation-
inducing Freund’s complete adjuvant (progression to arth-
ritis). We also examined the capacity of preexisting GCs
with a nonautoimmune specificity to co-opt autoimmune T
cells and observed no evidence for any influence.

Conclusion. In addition to the quality and quantity
of cognate CD41 cell help, external factors such as in-
flammation and noncognate CD41 cell bystander acti-
vation trigger autoimmunity by shaping events within
autoimmune GC responses. SAP is an essential molecule
for autoimmune antibody production, whereas the impor-
tance of CXCR5 varies depending on the circumstances.

Germinal centers (GCs) are structures within
lymphoid tissue wherein B cells undergo clonal expan-
sion, class-switch recombination, and affinity maturation
(1). GC formation depends on cognate interactions be-
tween antigen-specific B cells, CD41 cells, and dendri-
tic cells (DCs). Among effector CD41 cells, follicular
helper T (Tfh) cells provide T cell help to B cells and
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drive the GC reaction (2–4). Tfh cells are marked by
high expression of the chemokine receptor CXCR5,
which facilitates their migration to B cell follicles (5–8).
Moreover, Tfh cells express a unique combination of
transcription factors and effector molecules related to
their specialized B cell helper function, including Bcl-6,
high levels of costimulatory molecules such as inducible
T cell costimulator (ICOS), programmed death 1 (PD-
1), the cytokine interleukin-21, and the cytoplasmic
adaptor protein signaling lymphocytic activation mole-
cule (SLAM)–associated protein (SAP) (2–4,8). SAP
expression on CD41 cells is important for the genera-
tion of GCs by promoting long-lasting mobile conjugate
pairs of CD41 cells with antigen-presenting cognate B
cells (9,10). Tfh cells and their associated effector mole-
cules are important in both normal responses and
autoantibody-driven autoimmune diseases (1,11–14).

Rheumatoid arthritis (RA) is an autoimmune
disease characterized by synovial inflammation and
destruction of cartilage and bone. The precise underly-
ing immunopathologic mechanisms have not yet been
completely defined; however, both innate immunity and
adaptive immunity play a role, particularly autoantibo-
dies. To date, various RA-associated antibodies have
been identified, including the relatively nonspecific
rheumatoid factor and anti–citrullinated protein anti-
bodies (ACPAs). Similar to many pathologic autoanti-
bodies, most ACPAs are high-affinity IgG antibodies,
indicative of class switching, affinity maturation, and
involvement of the GC reaction (1).

In the K/BxN mouse model of arthritis, autoanti-
body production and GC formation rely on the integrity
of follicular DC (FDC) networks, which support recruit-
ment of arthritogenic Tfh cells (12). In one study, a defi-
ciency of the signature Tfh molecule CXCR5 on CD41

cells from arthritogenic KRN-Tg mice resulted in com-
plete abrogation of GC reactions, autoantibody produc-
tion, and disease development (12). However, several
studies questioned the importance of CXCR5 for CD41

cell recruitment into B cell follicles and humoral immu-
nity in nonautoimmune settings (15,16). Although some
studies showed that CXCR5 was indispensable for T cell
entry to B cell follicles and GC formation (12,17), others
showed only mildly reduced GC responses under circum-
stances of T cell–specific CXCR5 deficiency (15,16,18).
Moreover, in these latter studies, CXCR5-deficient
CD41 cells were still able to access GCs. The variability
in GC formation and antibody production between these
studies suggests that factors such as mouse housing dif-
ferences and background levels of immune stimulation
may be influencing progression to disease. External envi-

ronmental factors are thought to contribute to disease
progression in many autoimmune diseases (19).

The aim of this study was to clarify the role of
CXCR5 on CD41 cells for their recruitment to GCs, partic-
ularly in an autoimmune setting (the KRN mouse model of
arthritis). In addition, we sought to address whether other
factors (e.g., the presence of an inflammatory environment,
noncognate CD41 cell bystander effects, and unrelated
background GC reactions) affected the GC reaction in KRN
mice. Our results showed that noncognate background envi-
ronmental influences become critical when follicular CD41

cell recruitment is hampered by CXCR5 deficiency.

MATERIALS AND METHODS

Mice. KRN-Tg C57BL/6 mice were obtained from D.
Mathis and C. Benoist. CXCR52/2 and SWHEL mice, SAP2/2

mice, and CD282/2 mice were obtained in-house (from RB, ST,
and DY, respectively). B6.H2g7/g7 mice were purchased from The
Jackson Laboratory. NOD/ShiLtJArc mice and CD45.1-congenic
C57BL/6 (B6.SJL-ptprca) mice were obtained from the Animal
Resources Centre (Perth, Australia). CXCR52/2.KRN-Tg and
SAP2/2.KRN-Tg mice were generated by crossing CXCR52/2 and
SAP2/2 mice with KRN-Tg mice, respectively; CD282/2.Ag71/2

and SAP2/2.Ag71/2 mice were generated by crossing CD282/2

and SAP2/2 mice with B6.H2g7/g7 mice. Crossing KRN-Tg
mice with NOD mice generates arthritic K/BxN ([KRN-Tg 3

NOD]F1) mice, crossing B6.SJL/ptprca mice with NOD mice
generates BxN.45.1 ([B6.SJL/ptprca 3 NOD]F1) mice, and
crossing C57BL/6 mice with B6.H2g7/g7 mice generates B6 3

B6H2g7 ([C57BL/6 3 B6H2g7]F1) mice. When indicated, some
of the strains were further crossed with B6.SJL/ptprca mice to
generate CD45.1-congenic or CD45.1.2-congenic mice. Geno-
types were assessed by genomic polymerase chain reaction
(PCR) or fluorescence-activated cell sorting (FACS). Experi-
ments were approved by the Garvan/St. Vincent’s and Monash
Animal Ethics Committee. For experiments comparing
CD282/2.Ag71/2 mice and BxN.45.1 mice, the mice were
housed together for 1 month to exclude effects of distinct com-
mensal microorganisms.

Adoptive transfer experiments, K/BxN serum transfer,
and Freund’s complete adjuvant (CFA) injection. As previ-
ously described (20), cell suspensions were prepared from pooled
spleens and lymph nodes (LNs), and CD41 cells were enriched
using MACS MicroBeads (Miltenyi Biotech) and sorted by
FACS to .97% purity. Purified CD41 cells were injected intra-
venously into recipients. Generally, 1.5 3 106 or 0.75 3 106

CD41 cells from KRN-Tg mice were injected into BxN.45.1 and
B6 3 B6H2g7 mice or CD282/2.Ag71/2 mice, respectively. Simi-
lar to what was described by Victoratos and Kollias (12), recipi-
ents received 2.5 Gy irradiation prior to transfer of CD41 cells
from KRN-Tg mice, to enhance engraftment of transferred cells.
The use of different cell numbers was based on the assumption
that adoptively transferred CD41 cells from KRN-Tg mice may
encounter less competition in a CD28-deficient host due to a T
cell receptor–unresponsive endogenous CD41 compartment as
well as a general Treg cell defect in these mice (21).

Hen egg lysozyme (HEL)–binding B cells were isolat-
ed from SWHEL mice; generally, a mixture of spleen cells con-

Tfh CELLS AND GERMINAL CENTER REACTIONS IN AUTOIMMUNITY 1027



taining 3 3 104 HEL-binding B cells was transferred. Produc-
tion of HEL3x proteins, their conjugation to sheep red blood
cells (SRBCs), and adoptive transfer have been described pre-
viously (22,23). Serum was collected from 8-week-old K/BxN
mice, and arthritis was induced by a 150-ml intraperitoneal
injection of K/BxN mouse serum on days 0 and 2. CFA and
phosphate buffered saline (PBS) were mixed at a 1:1 ratio,
and 200 ml was injected intraperitoneally.

Arthritis scoring. The clinical severity of arthritis was
scored as previously described (20). All 4 paws were scored
based on a scale of 0 to 3, and severity was described as the
cumulative score.

Flow cytometric analysis, anti–glucose-6-phosphate
isomerase (anti-GPI) enzyme-linked immunosorbent assay
(ELISA), real-time quantitative PCR, and immunofluores-
cence analysis. For flow cytometry, cells were collected from
crushed peripheral LNs (pooled inguinal, brachial, axillary, and
cervical) or spleens and stained with antibodies to ICOS, CD44,

CD45.1, CD95 (all from eBioscience), CD45.2, GL7, IgG1, and
CXCR5 (all from BD Biosciences). Anti-GPI IgG1 levels in serum
were determined by ELISA, as previously described (20). The titer
was calculated as log2 of the last dilution factor for which the opti-
cal density was 3 times that of background. Total RNA extraction,
complementary DNA reverse transcription, and quantitative real-
time PCR were performed as previously described (20).

Cryostat sections (6–8 mm) of OCT-embedded spleens
were air-dried, fixed in acetone, and rehydrated in PBS. Sections
were incubated for 1 hour at room temperature with the following
primary antibodies: Alexa Fluor 647–conjugated anti-IgD, Alexa
Fluor 488–conjugated anti-CD45.2 (both from BioLegend),
biotin-conjugated anti-GL7 (eBioscience), biotin-conjugated anti-
CD35, biotin-conjugated anti-CD45.2, and purified anti-CD3 (all
from BD Biosciences). Biotinylated antibodies were detected with
streptavidin–Alexa Fluor 555 (Invitrogen) or streptavidin–allophy-
cocyanin (eBioscience), and CD3 was detected with Alexa Fluor
488–conjugated anti–Armenian hamster IgG. To stain HEL-

Figure 1. Germinal center (GC) and follicular helper T (Tfh) cell responses are increased in K/BxN mice and after transfer of arthritis-inducing
CD41 cells from KRN-Tg mice. A, Clinical arthritis scores in K/BxN mice, expression of GL7highFashigh and IgG1 on B2201 B cells, and expres-
sion of CXCR5highPD-1high on CD41 cells, as determined by fluorescence-activated cell sorting (FACS), in spleens and lymph nodes (LNs)
from 8-week-old arthritic K/BxN mice and nonarthritic BxN mice (n 5 more than 5 per group). B, Transfer of CD41 cells from KRN-Tg mice
into BxN.45.1 mice or control BL6 mice and CD282/2.Ag71/2 mice or control CD282/2.Ag72/2 mice (n 5 4–5 per group). Left, Anti–glucose-6-
phosphate isomerase (anti-GPI) IgG1 titers in serum on days 8, 14, and 28 after transfer, as measured by enzyme-linked immunosorbent assay.
Right, Clinical arthritis scores over time. C and D, Transfer of CD41 cells from KRN-Tg mice into BxN.45.1 mice (n 5 4–5 per group). Shown
are GL7highFashigh expression on B2201 B cells (left) and IgG11 expression on lymphocytes (right) over time (C) and differentiation of trans-
ferred CD45.21 CD41 cells into CXCR5highPD-1high Tfh cells on day 8 in spleen and LNs, as determined by FACS analysis (D). Also shown
are baseline levels in untreated BxN45.1 mice (C) and the phenotype of CD41 cells from KRN-Tg mice (D) (n 5 5 mice). Values are the
mean 6 SD. * 5 P , 0.05; *** 5 P , 0.001; **** 5 P , 0.0001. PD-1 5 programmed death 1; pre 5 phenotype of naive CD41 cells from KRN-
Tg mice before transfer.
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binding cells, sections were incubated with 200 ng/ml HEL (Sig-
ma-Aldrich), polyclonal rabbit anti-HEL sera (Rockland), and
Alexa Fluor 488–conjugated goat anti-rabbit IgG or phycoerythin-
conjugated goat anti-rabbit IgG (Invitrogen).

Statistical analysis. P values were calculated by un-
paired t-test, using Instat software (GraphPad). Data are ex-
pressed as the mean 6 SD and are representative of at least 2
independent experiments. P values less than or equal to 0.05
were considered significant.

RESULTS

Increased GC and Tfh cell responses in arthritic
KRN mice. Arthritis development in the KRN mouse
model is mediated by CD41 cells from KRN-Tg mice

that recognize peptides 281–293 of the ubiquitously
expressed enzyme GPI in the context of the NOD-
specific major histocompatibility complex class II mole-
cule, I-Ag7. Previous studies indicated that activated
CD41 cells from KRN-Tg mice could adopt a Tfh phe-
notype (12,20) that may contribute to the expansion of
GPI-specific B cells and anti-GPI IgG1 production,
which precipitates disease in the joints (24,25).

First, we used an adoptive transfer strategy to
examine whether Tfh cell differentiation correlates with
induction of GCs, GPI-specific IgG1, and inflammatory
arthritis in K/BxN mice. Transfer of gene-deficient
CD41 cells from KRN-Tg mice allowed an analysis of
the relevance of Tfh molecules on autoreactive CD41

Figure 2. Relative importance of signaling lymphocytic activation molecule–associated protein (SAP) versus CXCR5 for anti–GPI responses and
inflammatory arthritis. A and B, Transfer of CD41 cells from CD45.21 KRN-Tg, CXCR52/2.KRN-Tg, or SAP2/2.KRN-Tg mice into
CD45.11 BxN.45.1 mice. Shown are the percentage of IgG11 lymphocytes (left), expression of GL7highFashigh on B2201 cells (middle), and per-
centage of recovered transferred CD45.21 CD41 cells (right) on day 8 after transfer, as determined by FACS analysis (n 5 4–5 mice per group)
(A) and clinical arthritis scores over time (left) and anti-GPI IgG1 expression in serum as measured by enzyme-linked immunoassay in serum on
day 14 after transfer (right) (n 5 4–5 mice per group) (B). C, Induction of arthritis in BxN.45.1 mice by intraperitoneal injection of 150 ml K/BxN
mouse serum on days 0 and 2, with one group receiving CD41 cells from SAP2/2.KRN-Tg mice on day 0. Shown are clinical arthritis scores
over time. D, Transfer of CD41 cells from CXCR52/2.KRN-Tg mice into BxN.45.1 or B6 3 B6H2g7 mice. Shown are clinical arthritis scores
over time (left) and GL7highFashigh expression on B2201 cells on day 8 after transfer (right). Values are the mean 6 SD. * 5 P , 0.05; ** 5 P ,

0.01; **** 5 P , 0.0001. NS 5 not significant (see Figure 1 for other definitions).
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cells. Moreover, the transfer strategy allowed us to
manipulate the recipient animal in order to study back-
ground environmental influences.

In arthritic K/BxN mice, GC responses (GL7highFashigh

expression on GC B cells) and IgG1 class switching
were highly increased in spleens and LNs (Figure 1A).
This was in accordance with high anti-GPI IgG1 serum
levels (Figure 1B), robust disease induction (Figure
1A), and high CXCR5 and PD-1 expression levels on
CD41 cells, which are characteristic of Tfh cells (Figure
1A). Adoptive transfer of CD41 cells from KRN-Tg
mice into BxN.45.1 recipients significantly induced for-
mation of GC B cells, which peaked on day 8, and
robust IgG1 class switching (Figure 1C). This also corre-
lated with the adoption of a CXCR5highPD-1high Tfh
phenotype (Figure 1D) (20). GPI-specific IgG1 was
detectable beginning 8 days after transfer (Figure 1B),
and disease onset was detectable beginning approxi-
mately 8–10 after transfer and thereafter (Figure 1B).

Generally, anti-GPI IgG1 titers and disease scores
observed using the adoptive transfer strategy (Figure
1B) were lower than those in K/BxN mice (Figures 1A
and B). We assume that these differences may be attri-
butable to numerical underrepresentation and homeostatic
out-proliferation of transferred CD41 cells from KRN-Tg
mice by endogenous CD41. Taken together, these results
underscore the importance of Tfh cells and the GC reaction
for autoantibody production and disease development in
the KRN mouse model of arthritis.

Relative importance of SAP versus CXCR5 for
anti-GPI responses and inflammatory arthritis. To
assess the importance of individual molecules for Tfh
cell–mediated GC B cell responses, autoantibody pro-
duction, and disease development, we performed adop-
tive transfer experiments using CD41 cells from
CXCR52/2.KRN-Tg and SAP2/2.KRN-Tg mice. Trans-
fer of CD41 cells from SAP2/2.KRN-Tg mice into
BxN.45.1 recipients failed to give rise to any GCs or

Figure 3. Relative importance of signaling lymphocytic activation molecule–associated protein (SAP) versus CXCR5 for germinal center (GC)
formation and follicular CD41 cell migration. CD41 cells from CD45.21 KRN-Tg, CXCR52/2.KRN-Tg, or SAP2/2.KRN-Tg mice were trans-
ferred into CD45.11 BxN.45.1 mice. Left, Immunofluorescence staining of spleens 8 days after transfer shows localization of follicular dendritic
cell networks (anti-CD35–stained [red]), B cell follicles (anti-IgD–stained [blue]), GCs (anti-GL7–stained [red]), T cell zone (anti-CD3–stained
[red]), and adoptively transferred cells (anti-CD45.2–stained [green]). Original magnification 3 10. Right, Enumeration of adoptively transferred
CD45.21 BxN.45.1 cells per follicle (top), per CD351 GC (middle), and per GL71 GC (bottom) from 10–12 follicles of equivalent size (n 5 3–5
mice per group). Values are the mean 6 SD. **** 5 P , 0.0001.
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IgG1 class switching (Figure 2A). Also, there was no
production of anti–GPI–specific IgG1, and arthritis
development was undetectable when CD41 cells from
SAP2/2. KRN-Tg mice were transferred (Figure 2B).
Transfer of CD41 cells from CXCR52/2.KRN-Tg mice,
however, did not result in complete abrogation of these
parameters (Figures 2A and B). Compared with adop-
tively transferred CD41 cells from wild-type (WT)
KRN-Tg mice, the magnitude of GC formation, IgG1
class switching, and disease development were, however,
reduced (Figures 2A and B). The recovery of adoptively
transferred CD41 cells from CXCR52/2.KRN-Tg and
SAP2/2.KRN-Tg mice was lower than that seen for
CD41 cells from WT KRN-Tg mice (Figure 2A).

GC formation by CD41 cells from CXCR52/2.
KRN-Tg or WT KRN-Tg mice, versus GC deficiency
with CD41 cells from SAP2/2.KRN-Tg mice, was also
confirmed in situ by immunohistology (Figure 3). More-
over, we examined the localization of adoptively trans-
ferred CD41 cells based on CD45.2 expression.
Interestingly, CD41 cells from CXCR52/2.KRN-Tg
mice could be detected within follicular GCs, although
the frequency was significantly lower than that of CD41

cells from WT KRN-Tg mice (Figure 3). We also
observed that localization of transferred CD41 cells
from CXCR52/2.KRN-Tg mice overlapped with that of
GL71 GCs as well as CD351 FDCs, which are prominent
in the GC light zone. Compared with transferred CD41

cells from WT KRN-Tg mice, localization of transferred
CD41 cells from CXCR52/2. KRN-Tg was sparse (Figure
3) but sufficient to induce anti-GPI IgG1 and disease (Fig-
ure 2B).

To exclude the possibility that SAP-deficient
mouse CD41 cells exert regulatory functions, we co-
transferred serum antibodies and CD41 cells from
SAP2/2.KRN-Tg mice (Figure 2C). The augmented dis-
ease severity in the presence of CD41 cells from SAP2/2.
KRN-Tg mice provides evidence against a suppressive
role for SAP after priming and supports a nonhumoral
arthritis-promoting role for T cells (26). Thus, the failure
to produce arthritis following transfer of CD41 cells
from SAP2/2.KRN-Tg mice confirms the necessity of sta-
ble T cell–B cell interactions for an efficient GC response
and production of disease-inducing autoantibodies (10).
The observation that CXCR5 expression was not manda-
tory for CD41 cell access into follicular GCs and autoan-
tibody and disease development contrasts with the
findings described by Victoratos and Kollias (12) and by
Hardtke et al (17) but supports the observations in other
studies (15,16,18). Mouse genetic background differences
are unlikely to explain the discrepancy between our
results and those reported by Victoratos and Kollias (12),

because transfer of CD41 cells from CXCR52/2.KRN-
Tg mice into B6 3 B6H2g7 mice versus BxN.45.1 mice
induced comparable disease scores and percentages of
GCs (Figure 2D).

Severely reduced GC development, autoantibody
secretion, and arthritis following transfer of CD41 cells
from CXCR52/2.KRN-Tg mice into CD282/2 recipient
mice. As discussed previously, the inconsistent results
between studies may be attributable to bystander effects
of unrelated immune responses originating from the
constant exposure of an organism to environmental
influences. Because recent studies suggested that acti-
vated noncognate CD41 cells contribute to the induc-
tion of GCs (27), we used CD282/2 mouse recipients
for our adoptive transfer strategies in order to test
potential bystander effects from noncognate CD41

cells. Because CD28 represents the main T cell
costimulatory receptor, its deficiency imparts limited
CD41 cell activation upon antigenic stimulation. More-
over, CD282/2 mice display impaired GC and antibody
responses (28,29). Thus, nonimmunized CD282/2 mice
were almost completely devoid of background GCs
compared with BxN.45.1 mice, and CD41 cells from
CD282/2 mice expressed significantly reduced levels of
the activation marker CD44 (Figure 4A).

As previously observed (20), adoptive transfer of
CD41 cells from KRN-Tg mice into CD282/2.Ag71/2

mice resulted in Tfh cell differentiation (Figure 4B).
This correlated with GC induction, IgG11 class switch-
ing (Figure 4B), and arthritis (Figures 1B and 4C). Gen-
erally, both anti-GPI IgG1 levels and disease scores
were higher in CD282/2.Ag71/2 mice compared with
BxN.45.1 recipients (Figure 1B). We assume that this
difference may be attributable to reduced competition
by a defective Treg and hypoproliferative T cell com-
partment and delayed Treg cell/Teff cell expansion of
transferred CD41 cells from KRN-Tg mice into
CD282/2 mice (20).

Interestingly, when CD41 cells from CXCR52/2.
KRN-Tg mice were transferred into CD282/2.Ag71/2

recipients, we observed an effect opposite to the effect of
transfer of CD41 cells from KRN-Tg mice, because lev-
els of anti-GPI IgG1, arthritis scores, and IgG11 and
GC B cells were significantly reduced (Figure 4C). More-
over, significantly fewer transferred CD41 cells from
CXCR52/2. KRN-Tg mice could be recovered, compared
with cells from KRN-Tg mice (Figure 4C); in addition, recov-
ery of transferred CD41 cells from CXCR52/2.KRN-Tg
mice was affected much more in CD282/2.Ag71/2 mice (Fig-
ure 4C) compared with BxN.45.1 mice (Figure 2A), and the
level was too low to allow for localization studies by immuno-
histology (data not shown).
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Thus, CD282/2.Ag71/2 mice displayed severely
impaired recruitment of CD41 cells from CXCR52/2.
KRN-Tg mice, which resulted in defective development
of GCs, autoantibodies, and disease. The conclusion can
be drawn that background activation of normal T cells
may affect the behavior of autoimmune CD41 cells.

Adjuvant-induced autoimmunity in CD282/2

mice that received CD41 cells from CXCR52/2.KRN-
Tg mice. To further examine possible noncognate CD41

cell bystander effects, we sought to determine whether defec-
tive autoreactive B cell responses and disease development
after transfer of CD41 cells from CXCR52/2. KRN-Tg mice
to CD282/2.Ag71/2 mice could be restored by cotransfer of
noncognate CD41 cells from CD281/1. Ag71/2 mice isolated

from B6 3 B6H2g7 mice and an inflammatory milieu induced
by CFA injection. Although cotransfer of CD28-sufficient
noncognate CD41 cells failed (data not shown), CFA alone
restored the ability of CD41 cells from CXCR52/2 KRN-Tg
mice to induce GCs, anti-GPI IgG1, and disease in
CD282/2.Ag71/2 mice and increased their recruitment to
the spleen (Figure 4C). Cotransfer of CD41 cells from
CD281/1.Ag71/2 mice plus CFA treatment consistently
increased these parameters, if only slightly (Figure 4C).
Moreover, using immunohistology, we could clearly detect
transferred CD41 cells from CD45.21CXCR52/2.
KRN-Tg mice in follicular GCs (Figure 4C).

These data support the concept that inflammation
augments the recruitment of autoreactive CD41 cells to

Figure 4. Germinal center development, autoantibody secretion, and arthritis are severely reduced upon transfer of CD41 cells from CXCR52/2.
KRN-Tg mice into CD282/2 recipient mice but can be restored by treatment with Freund’s complete adjuvant (CFA). A, Percentage of splenic
GL7highFashigh expression on splenic B2201 cells (left) and CD44high CD41 cells in co-housed naive BxN.45.1 mice and CD282/2.Ag71/2 mice
(right) (n 5 5 mice per group). B, Transfer of CD41 cells from KRN-Tg mice into CD282/2.Ag71/2 mice (n 5 4–5 mice per group). Shown are the
differentiation of transferred CD45.21 CD41 cells into CXCR5highPD-1high follicular helper T cells on day 8 in spleen and lymph nodes (LNs) and
time courses of GL7highFashigh B2201 cells, and IgG11 lymphocytes 4, 8, and 14 days after transfer. C, Transfer of CD41 cells from
CD45.21 KRN-Tg or CXCR52/2.KRN-Tg mice into CD45.11 CD282/2.Ag71/2 recipients with or without CFA and with or without CD41 cells
from CD45.1.21 B6 3 B6H2g7 mice (n 5 4 mice per group). Left, Anti-GPI IgG1 expression (top) and clinical arthritis scores (bottom) over time.
Right, top, Expression of GL7highFashigh on B2201 cells, IgG11 on lymphocytes, and CD45.21 on CD41 cells. Bottom, Immunofluorescence stain-
ing of spleens from CD282/2.Ag71/2 mice 8 days after transfer of CD41 cells from CXCR52/2.KRN-Tg mice and CFA treatment shows localization
of GCs (anti-GL7–stained [red]), follicular dendritic cells (anti-CD35–stained [red]), B cell follicles (anti-IgD–stained [blue]), T cell zone (anti-
CD3–stained [red]), and transferred cells (anti-CD45.2–stained [green]). Original magnification 3 10. Values are the mean 6 SD. * 5 P , 0.05;

** 5 P , 0.01; *** 5 P , 0.001; **** 5 P , 0.0001. NS 5 not significant (see Figure 1 for other definitions).
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GCs (possibly CXCR51 and CXCR52) and restores a
defective GC response. The observation that cotransfer of
noncognate CD41 cells from CD281/1.Ag71/2 mice was
insufficient to restore the observed deficiencies does not
fully rule out their bystander effects, and the insufficiency
may be attributable to technical issues such as cell num-
bers that are too low, inadequate accumulation/position-
ing in the spleen, or insufficient activation in the absence
of CFA. Accordingly, in CFA-treated mice, cotransferred
CD41 cells from CD281/1.Ag71/2 mice had slightly
enhancing effects. However, these effects were very weak
compared with the strong CFA-induced effects, and these
results need to be interpreted with caution and tested by
different experimental approaches in future studies.

Regulation of ICOS expression on antigen-nonspecific
CD41 cells by CD28 costimulation and CFA-mediated in-
flammation. The strong effects of inflammation-inducing
CFA are likely multifaceted and probably affect both innate
and adaptive immunity. To resume our focus on the possi-
ble bystander effects from endogenous noncognate CD41

cells, we sought to determine which stimuli expressed by
CD28-sufficient T cells and CFA might have contributed to

the observed effects. Because numerous studies have
shown the importance of ICOS–ICOSL for an optimal GC
and humoral immune response (30,31) and autoimmunity
(32–36), we investigated whether CD28 deficiency and
CFA injection affected ICOS expression on CD41 cells.

Compared with nonimmunized BxN.45.1 mice, non-
immunized CD282/2.Ag71/2 mice displayed significantly
reduced ICOS expression on CD41 cells (Figure 5A). To
determine whether CFA induced ICOS expression, we
transferred CD41 cells from CD45.21CXCR52/2.KRN-
Tg mice with noncognate CD41 cells from CD45.1.21

CD281/1.Ag71/2 mice (isolated from B6 3 B6H2g7

mice) into CD45.11CD282/2.Ag1/2 mice. We observed
that CFA boosted ICOS expression on both CD282/2

and CD281/1 mouse noncognate CD41 cells compared
with untreated mice (Figure 5B); ICOS expression was
highest in antigen-specific CD41 cells from KRN-Tg mice,
and as in untreated mice, noncognate CD41 cells from
CD281/1 mice expressed higher ICOS levels than non-
cognate CD41 cells from CD282/2 mice (Figure 5B).

To examine whether transferred noncognate
CD41 cells from CD45.21CD281/1.Ag71/2 mice also

Figure 5. Inducible T cell costimulator (ICOS) levels are increased on CD41 cells from CD282/2 mice and are further expanded by adjuvant
Freund’s complete adjuvant (CFA). A, Fluorescence-activated cell sorting analysis of splenocytes from co-housed naive BxN.45.1 and CD282/2.
Ag71/2 mice (n 5 5 mice per group) for expression of ICOS on CD41 cells. B, Adoptive transfer of CD41 cells from CD45.21 CXCR52/2.
KRN-Tg and CD45.1.21 B6 3 B6H2g7 mice into CD45.11 CD282/2.Ag71/2 recipient mice, with CFA (n 5 5 or more mice per group). Expres-
sion of ICOS was determined on day 8 after transfer on endogenous and transferred CD41 cells. C, Adoptive transfer of CD41 cells from
CD45.11 CXCR52/2.KRN-Tg and CD45.21 B6 3 B6H2g7 mice into CD45.11 CD282/2.Ag71/2 mice, with CFA. Immunofluorescence staining
of spleens 8 days after transfer shows localization of follicular dendritic cell networks (anti-CD3–stained [red]), B cell follicles (anti-IgD–stained
[blue]), GCs (anti-GL7–stained [red]), the T cell zone (anti-CD35–stained [red]), and adoptively transferred cells (anti-CD45.2–stained [green])
(n 5 4 mice). Original magnification 3 10. Values are the mean 6 SD. *** 5 P , 0.001; **** 5 P , 0.0001.
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gained access to follicular GCs, these cells were trans-
ferred with CD41 cells from CD45.11CXCR52/2.
KRN-Tg mice into CFA-boosted CD45.11CD282/2.
Ag71/2 mouse recipients. Immunohistochemial analysis
of spleens collected 8 days after transfer showed that
the majority of transferred noncognate CD41 cells
from CD281/1.Ag71/2 mice were in the T cell zone;
only very few had—possibly randomly—relocated into
follicular GCs (Figure 5C).

In summary, ICOS expression is increased on
CD28-sufficient CD41 cells and is increased by CFA-
induced inflammation. We speculate that ICOS–ICOSL

interactions may be involved in bystander effects medi-
ated by noncognate CD41 cells; this notion will be
interesting to address in future studies and requires
ICOS-deficient and ICOSL-deficient mice. It will also
be interesting to determine whether noncognate CD41

bystander cell help occurs outside and/or inside GCs
and B cell follicles.

Rare access of CD41 cells from CXCR52/2.KRN-
Tg mice to GCs of an unrelated specificity. Apart from
having a hyporesponsive CD41 cell compartment,
CD282/2 mice also exhibited a near complete lack of
background GCs (Figure 4A). We therefore sought to

Figure 6. Background germinal centers do not support the development of autoimmunity by co-opting autoaggressive CD41 cells. A, Top, Con-
secutive transfer and immunization strategy. CD45.11 BxN.45.1 mice received CD45.11 hen egg lysozyme (HEL)–binding SWHEL cells along
with sheep red blood cells (SRBCs) conjugated to HEL3x (day 24) followed by CD41 cells from CD45.21 CXCR52/2.KRN-Tg mice 4 days lat-
er (day 0). Bottom, Immunofluorescence staining of spleens 8 days after transfer shows HEL-binding B cells (red), transferred CD41 cells from
CD45.21 CXCR52/2.KRN-Tg mice (green), B cell follicles (IgD [blue]), and GL71 GCs (blue) (n 5 3 mice). Arrows indicate occasional colocal-
ization of CD41 cells from CXCR52/2.KRN-Tg mice and SWHEL B cells in follicular GL71 GCs. Original magnification 3 10. B, BxN.45.1
mice with or without SWHEL B cells and HEL3x-conjugated sheep red blood cells received CD41 cells from CXCR52/2.KRN-Tg mice. Clinical
arthritis scores were measured over time (left) and anti-GPI IgG1 expression in serum was examined on day 14 after transfer by enzyme-linked
immunosorbent assay (right) (n 5 5 mice per group). C, Percentage of GL7highFashigh B2201 germinal center (GC) B cells in spleens of naive
SAP1/2.Ag71/2 mice and their SAP2/2.Ag71/2 littermates as determined by FACS analysis (n 5 4–5 mice per group). D, Transfer of CD41 cells
from CXCR52/2 KRN-Tg mice into SAP2/2.Ag71/2 mice with or without Freund’s complete adjuvant (CFA) (n 5 5 mice per group). Top, Per-
centage of GL7highFashigh on B2201 B cells 8 days days after transfer, as determined by FACS analysis. Bottom, Anti-GPI IgG1 expression on
day 14 after transfer, as determined by enzyme-linked immunosorbent assay (left), and clinical arthritis scores measured over 28 days (right).
Values are the mean 6 SD. ** 5 P , 0.01. See Figure 1 for other definitions.
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determine whether this could be an additional explana-
tion for the observed deficiency of CD41 cells from
CXCR52/2. KRN-Tg mice to induce a sufficient autor-
eactive B cell response and disease in CD282/2 mouse
recipients. The idea behind this was that preexisting
unrelated GC reactions could co-opt autoreactive
CXCR52/2 CD41 cells when paired up physically with
cognate B cells, to join a GC reaction of another specif-
icity and exploit this environment for its own purpose.

To examine such a concept, we chose the follow-
ing consecutive transfer and immunization strategy (Fig-
ure 6A): first, we injected CD45.11 anti-HEL SWHEL B
cells into CD45.11BxN.45.1 mice followed by immuni-
zation with SRBCs conjugated to mutant HEL3x pro-
teins that bind the SWHEL B cell receptor with low
affinity and are primarily directed to GCs (23). Because
HEL-specific GC formation can be expected from day 4
onward (22), we chose this time point to inject CD41

cells from CD45.21CXCR52/2.KRN-Tg mice and col-
lected spleens for immunohistologic analysis 8 days lat-
er. CD41 cells from CXCR52/2.KRN-Tg mice were
identified as CD45.21, and SWHEL B cells were identi-
fied as HEL-binding cells. Thus, we detected only occa-
sional colocalization of CD41 cells from CXCR52/2.
KRN-Tg mice and SWHEL B cells in follicular GL71

GCs (Figure 6A). Moreover, the cotransfer strategy did
not increase anti-GPI IgG1 or the arthritis score compared
with transfer of only CD41 cells from CXCR52/2.KRN-Tg
mice (Figure 6B).

To further examine a possible influence of back-
ground GCs, CD41 cells from CXCR52/2.KRN-Tg
mice were transferred into SAP2/2.Ag71/2 mice, which
are unable to create GCs and thus also lack background
GCs (Figure 6C). The observation that CFA treatment in
SAP2/2.Ag71/2 mice that received CD41 cells from
CXCR52/2.KRN-Tg mice could restore autoantibody
production, disease, and GCs (Figure 6D) provides fur-
ther evidence against the notion that background GCs
support autoimmunity by co-opting autoaggressive
CD41 cells. Instead, CFA fosters the induction of de
novo GCs as a venue for autoantibody production, which
then precipitates autoimmunity.

DISCUSSION

In the current study, we used a simple model of
autoreactive arthritis-inducing T cell transfer to investi-
gate the mechanisms that lead to antibody-mediated
autoimmunity. We resolved the question of whether
CXCR5 expression on CD41 cells is required for their
entry into GCs and help for (auto)antibody production
(a subject that has been controversial) (12,15–17). We

clarify the relevance of bona fide CXCR51 Tfh cells for
optimal GC formation, autoantibody production, and
disease development. Their function was, however, not
absolute and could be substituted in the presence of suf-
ficient levels of inflammation and noncognate CD41

cell bystander effects. Moreover, we examined the influ-
ence of unrelated background GCs. Our data do not
support the concept that ongoing GC reactions may co-
opt unrelated CD41 cells and induce autoimmunity.

The complete abrogation of the autoaggressive B
cell response using SAP-deficient self-reactive CD41

cells from KRN-Tg mice underlines the requirement of
long-lasting T cell–B cell interactions (9,10) and GC for-
mation (12) for autoantibody production and arthritis
induction. In contrast, CXCR5 expression on CD41

cells was not vital; nevertheless, bona fide CXCR51 Tfh
cells were necessary to support a GC reaction of maxi-
mal magnitude. It is possible that in normal or auto-
immune GC reactions, CXCR52 CD41 cells do get
recruited, potentially through their coupling with
CXCR51 B cells. The observation that CXCR5 defi-
ciency in autoreactive antigen-specific CD41 cells only
mildly affected the GC response in WT mouse recipi-
ents, while the latter was almost completely abrogated
in CD282/2 mouse recipients but restored by adjuvant
CFA, shows how multiple factors work in tandem to
shape the outcome of a GC response. The clinical rele-
vance for that (i.e., multiple factors work in tandem) is
reflected in studies of the association between infections
or other environmental factors and autoimmunity
(37–39). We assume that such environmental factors
may also differ between animal facilities and partly
explain the incongruity between studies investigating
the importance of CXCR5 on CD41 cells for GC for-
mation and antibody secretion (12,15–17).

Additionally, varied genetic backgrounds may play a
role (e.g., SLAM family sequence polymorphisms that alter
susceptibility to autoimmunity). The SLAM family includes
9 proteins that are expressed as costimulatory molecules on
various immune cells and modulate their activity, function,
and differentiation (40–43). In humans, SLAM locus poly-
morphisms were shown to correlate with increased suscepti-
bility to systemic lupus erythematosus and RA (44,45). In
mice, 2 stable haplotypes of this locus were identified: hap-
lotype 1, which is represented by C57BL/6 mice, and haplo-
type 2, which is represented by autoimmune-prone strains
such as NZB/NZW or NOD/Lt mice. Generally, haplotype
2–associated susceptibility alleles drive autoimmunity when
they are present in combination with polymorphic genes in
the C57BL/6 genome (43,46,47). In our study, background
differences in Ag71/2 mice (recipients) are unlikely to influ-
ence arthritis development. Moreover, the mutant/gene-
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targeted mice used in our study were on a pure C57BL/6
background, which should exclude an autoimmune pheno-
type due to SLAM locus transfer from 129v to a C57BL/6
background.

We speculate that CD41 cell bystander effects
and ICOS signaling are likely important molecular mech-
anisms, because they were reduced in CD282/2 mice and
boosted by CFA. In accordance with our data, a recent
study showed that activated noncognate CD41 cells trig-
gered GC formation and autoantibody production (27).
Also, ICOS expression is sustained in chronic autoinflam-
matory conditions (33,35,48). The importance of ICOS
for the development of GCs (49–51) and Tfh cell differ-
entiation (9,52) has been demonstrated in numerous
studies. Additionally, a novel role for ICOS was recently
observed. Xu et al reported that developing Tfh cells
require ICOSL signals from bystander B cells that do not
present antigen but collectively form an ICOS-engaging
field for their follicular recruitment (30). Similarly, it
appears possible that increased ICOS provision by non-
cognate T cells may favor an ICOS-engaging field and
trigger autoimmunity by increasing the motility of self-
reactive B cells and T cells toward B cell follicles. Such a
concept is intriguing but requires further studies, ideally
using ICOSL and ICOS deficiency in the endogenous
and/or antigen-specific T cell compartment.

The mechanisms of action of CFA are versatile
and likely to exceed the effects on bystander CD41 cell
activation and ICOS expression, as described above.
CFA induces an inflammatory environment by promot-
ing accumulation, expansion, and activation of cells
involved in innate and adaptive immunity and a release
of inflammatory cytokines (39,53) that may exert trigger-
ing effects. In the current study, CFA also increased the
critical mass of autoreactive CD41 cells from CXCR52/

2.KRN-Tg mice in lymphoid organs. The mechanism(s)
remain unclear, and ICOS–ICOSL effects may play a
role. An additional important role was recently attributed
to interferon-g (IFNg) in CFA-dependent disease mod-
els (54), because IFNg excess leads to pathogenic accu-
mulation of Tfh cells and GCs in lupus (55). Moreover,
CFA strongly stimulates antigen-presenting cells, which
may trigger activation and expansion of transferred
autoreactive cells and support their entry into follicular
GCs by CCR7 down-regulation. GC formation may also
be alleviated by CFA through stimulatory effects on B
cells, mediated in an extrinsic manner (inflammatory
cytokines) and/or an intrinsic manner (Toll-like receptor
stimulation).

We also examined a potential contribution of
unrelated background GCs that may arise from constant
exposure of the organism to environmental stimuli. Our

theory was that CXCR5-deficient CD41 cells, when
paired with leading cognate B cells (15,16,56), could col-
onize unrelated preexisting GCs and thereby overcome
their intrinsic migration defects and obviate the require-
ment to reconstruct a new GC environment. An implica-
tion would be that animals with many more GCs,
perhaps as a result of ongoing infections, would be more
likely to support T cell–B cell conjugates and full GC
reactions. The results of two-photon laser-scanning
microscopy studies of GC dynamics (57,58) support
such a model. In these studies, GCs are described as
open structures that are continuously patrolled by B
cells scanning for cognate antigens trapped on FDCs. B
cells with a competitive advantage in antigen-binding
affinity could join a preexisting GC (58). Moreover, the
plastic environment of GCs could be “hijacked” by het-
erologous T cell or B cell specificities that are unrelated
to the original evoking antigen (57,59). Importantly,
invasion was most efficient when T cell help was shared
by different heterologous immune responses (57). Such
a concept appeared intriguing, but our results did not
support it. It must also be considered that in principle
the opposite scenario seems possible, i.e., that preexist-
ing GCs hinder rather than facilitate the development
of new GCs. Accordingly, in certain experimental mod-
els of autoimmunity, microbial stimuli are indispensable
for disease development, whereas in other models dis-
ease is enhanced by a germ-free environment (60).

In summary, we demonstrate that the outcome
of an autoreactive GC response depends not only on the
quality and quantity of cognate CD41 cell help but also
on different external influences. Therefore, in the future
it will be necessary to determine environmental stimuli
and evaluate their contributions to the initiation and
perpetuation of autoimmunity. Special attention must
be paid to the use of immunization strategies and adju-
vants. Although use of adjuvants is common, little is
known about the exact mechanism of action. In individ-
uals with an adverse genetic makeup, the immune stim-
ulatory effects of adjuvants may promote autoimmunity.
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