
RESEARCH ARTICLE

Regulation of Autoimmune Germinal Center
Reactions in Lupus-Prone BXD2 Mice by
Follicular Helper T Cells
Young Uk Kim1,2, Hoyong Lim3,4, Ha Eun Jung1, Rick A. Wetsel1,2, Yeonseok Chung3*

1 Center for Immunology and Autoimmune Diseases, Institute of Molecular Medicine, the University of Texas
Medical School at Houston, Houston, Texas, United States of America, 2 Graduate School of Biomedical
Sciences, the University of Texas Health Science Center at Houston, Houston, Texas, United States of
America, 3 Laboratory of Immunobiology, Research Institute of Pharmaceutical Sciences, College of
Pharmacy, Seoul National University, Seoul, Republic of Korea, 4 Division of AIDS, Korea National Institute
of Health, Cheongwon, Chungbuk, Republic of Korea

* yeonseok@snu.ac.kr

Abstract
BXD2 mice spontaneously develop autoantibodies and subsequent glomerulonephritis, of-

fering a useful animal model to study autoimmune lupus. Although initial studies showed a

critical contribution of IL-17 and Th17 cells in mediating autoimmune B cell responses in

BXD2 mice, the role of follicular helper T (Tfh) cells remains incompletely understood. We

found that both the frequency of Th17 cells and the levels of IL-17 in circulation in BXD2

mice were comparable to those of wild-type. By contrast, the frequency of PD-1+CXCR5+

Tfh cells was significantly increased in BXD2 mice compared with wild-type mice, while the

frequency of PD-1+CXCR5+Foxp3+ follicular regulatory T (Tfr) cells was reduced in the for-

mer group. The frequency of Tfh cells rather than that of Th17 cells was positively correlated

with the frequency of germinal center B cells as well as the levels of autoantibodies to

dsDNA. More importantly, CXCR5+ CD4+ T cells isolated from BXD2 mice induced the pro-

duction of IgG from naïve B cells in an IL-21-dependent manner, while CCR6+ CD4+ T cells

failed to do so. These results together demonstrate that Tfh cells rather than Th17 cells con-

tribute to the autoimmune germinal center reactions in BXD2 mice.

Introduction
CD4+ T cells provide ‘help’ to B cells by inducing somatic hypermutation, class-switching and
the differentiation into memory B cells or long-lived plasma cells (PC) during germinal center
(GC) reactions [1]. CXCR5+ICOS+PD-1+ follicular T helper (Tfh) cells have recently been
shown to play crucial roles in promoting GC reactions [2] by providing IL-21and ICOS co-
stimulation which are important for the above described germinal center B cell responses, as
well as for the clonal expansion of antigen-specific B cells [3,4,5,6,7,8,9]. Therefore, Tfh cell re-
sponses are essential for the generation of effective humoral responses against invasion of in-
fectious agents. By contrast, excessive Tfh cell responses to self-antigens are shown to be
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associated with antibody–mediated autoimmune diseases, such as systemic lupus erythemato-
sus (SLE), rheumatoid arthritis (RA), Sjögren syndrome, and juvenile dermatomyositis
[10,11,12,13,14]. Recent studies by our own lab and others uncovered the existence of a novel
subset of regulatory T cells (Tfr) specialized for the regulation of germinal center reactions
[15,16,17]. These cells express Foxp3, Bcl-6 and other surface markers such as CXCR5, PD-1
and ICOS, allowing them to efficiently migrate into B cell follicles where they can directly inter-
act with Tfh cells and B cells. The importance of Tfr cells in regulating autoimmune humoral
responses remains to be determined.

Multiple animal models of experimental autoimmune lupus and arthritis have been developed
to study the pathophysiology of antibody-mediated autoimmunity. For instance, MRLlpr/lpr mice
spontaneously develop autoimmune lupus and arthritis; however, these mice are deficient in Fas
[18], which is not common in patients with lupus. NZB/W F1mice also spontaneously develop
autoimmune lupus phenotypes but do not develop arthritis symptoms. In these aspects, BXD2
mice offer a novel animal model to study complex features of antibody-mediated autoimmune
diseases. BXD2 is a recombinant inbred strain established by intercrossing a F2 of C57BL/6 and
DBA/2J strains for more than 20 generations [19,20]. BXD2mice spontaneously develop both
autoimmune lupus symptoms including glomerulonephritis and also develop erosive arthritis,
due to the excessive production of rheumatoid factor and autoantibodies [21,22,23,24]. By genet-
ic linkage analysis, BXD2mice have been shown to have several autoimmune loci such as Lbw,
Sle, Sles, Lmb and Asm2 as a result of complicated interaction of multiple genes from the original
parental B6 and DBA/2 mice [21]. In addition, CD4+ T cells of BXD2mice exhibit increased ex-
pression of CD28 which can further induce the expansion of CD86+ germinal center B cells and
activation-induced cytidine deaminase (AID) expression in B cells [24]. These multiple genetic
and immunologic features together seem to promote spontaneous autoimmune phenotypes in
BXD2mice. Since neither C57BL/6 mice nor DBA/2J mice spontaneously develop autoimmune
lupus, the BXD2 strain offers a unique tool to study the mechanism of naturally occurring auto-
immune B cell responses without any artificial genetic manipulation.

Of note, accumulating evidence suggests that IL-17 and IL-17-producing T helper (Th17)
cells might also provide B cell help during GC reactions [25,26,27,28,29,30,31]. A series of stud-
ies have demonstrated that Th17 cells reside in the spontaneous GCs and that IL-17 enhances
the formation of GCs in the BXD2 mice [23,30]. By inducing the expression of regulator of G-
protein signaling proteins on B cells, IL-17 is known to stabilize the interaction of the germinal
center B cells with nearby T cells [30,32]. In addition, IL-17 does not affect total number of Tfh
cells and their function in vitro; however, IL-17RA deficient Tfh cells in BXD2 mice are shown
to fail to localize in the GC light zone [31]. Although the Th17-related phenotypes of BXD2
mice have been well characterized, the contribution of Tfh cells to auto-reactive B cell re-
sponses in this strain has been incompletely understood. In the present study, we sought to de-
termine the relative contribution of Th17 and Tfh cells to the autoimmunity in BXD2 mice by
employing multiple in vivo and in vitro approaches. Our results strongly suggest that Tfh cell
responses rather than Th17 cells are responsible for the auto-reactive GC reactions in
BXD2 mice.

Materials and Methods

Mice
C57BL/6 and BXD2 mice were purchased from Jackson Laboratories (Bar Harbor, ME). All
mice were maintained in the specific pathogen free facilities at the vivarium of the Institute of
Molecular Medicine, the University of Texas Health Science Center at Houston and the Insti-
tute of Laboratory Animal Resources, Seoul National University. All animal experiments were
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performed using protocols approved by Institutional Animal Care and Use Committee of the
University of Texas at Houston and Seoul National University.

Flow cytometry
For cell phenotype analysis, lymphoid cells isolated from mouse spleens, peripheral lymph
nodes, and Peyer’s patches were obtained and stained with PerCp-Cy5.5-conjugated anti-CD4
(clone GK1.5, BioLegend, San Diego, CA), APC-conjugated anti-CD45R/B220 (clone RA3–
6B2, BioLegend), PE-conjugated anti-CD138 (clone 281–2, BioLegend), Alexa488 anti-GL7
(clone GL7, BD Pharmingen, San Jose, CA), PE-conjugated anti-CD95 (Fas, clone 15A7,
eBioscience, San Diego, CA), FITC-conjugated anti-CD279 (PD-1, clone J43, eBioscience),
Brilliant-Violet-421-conjugated anti-CD279 (clone 29F.1A12, BioLegend), PE-conjugated
anti-CD184 (CXCR4, clone L276F12, BioLegend), Biotin-conjugated anti-CD185 (CXCR5,
clone L138D7, BioLegend), PE or APC-conjugated Streptavidin (BioLegend), Alexa647-conju-
gated CD196 (CCR6, clone 140706, BD Pharmingen).

For intracellular cytokine staining, lymphoid cells isolated from mouse spleens, peripheral
lymph nodes, and Peyer’s patches were stimulated with PMA (100 ng/ml, Sigma-Aldrich) and
ionomycin (1 μM, Sigma-Aldrich) in the presence of Brefeldin A and Monensin (all from
eBioscience) for 4 hours, followed by staining with PerCp-Cy5.5-conjugated anti-CD4 [33].
The cells were then resuspended in permeabilization buffer (eBioscience) for 30 min at 4°C, fol-
lowed by staining with PE-conjugated anti-IL-17A (clone TC11–18H10.1, BioLegend),
Alexa488-conjugated anti-IFN-γ (clone XMG1.2, eBioscience). For IL-21 staining, after per-
meabilization, cells were stained with Alexa488-conjugated anti-IL-17A (clone TC11–18H10.1,
BioLegend), recombinant mouse IL-21R-Fc Chimera (R&D Systems), followed by APC or PE-
conjugated human Fc IgG (R&D Systems, R&D Systems, Minneapolis, MN). For Foxp3+ cell
detection, after surface staining, cells were incubated in Foxp3 staining buffer (eBioscience) for
30 min, followed by Alexa488-conjugated anti-Foxp3 (clone 150D/E4, eBioscienece). The
stained cells were analyzed by FACSAria II flow cytometer (BD Bioscience, San Jose, CA), and
the data were analyzed using FlowJo software (TreeStar, Ashland, OR).

Immunohistochemical Analysis
Mouse spleens were fixed in 4% paraformaldehyde embedded in Tissue-Tek O.C.T compound
(Sakura Finetek, Torrance, CA), and cut into 6 μm sections. The slides were incubated for 30
min with Image-iT FX Signal Enhancer (Life Technologies). After washing, slides were incu-
bated with BlockAid Blocking Solution (Life Technologies) for 30 min, and then stained with
Biotinylated Peanut Agglutinin (PNA, Vector Laboratories, Burlingame, CA), and hamster
anti-mouse CD3e (clone 145–2C11, BioXcell, West Lebanon, NH). The slides were further in-
cubated with Pacific Blue-conjugated anti-IgD (clone, 11–26c.2a, BioLegend), DyLight649-
conjugated anti-Hamster IgG (clone Poly4055, BioLegend), and DyLight594-conjugated Strep-
tavidin (Pierce Biotechnology, Rockford, IL). The slides were mounted with Fluoromount-G
(SouthernBiotech, Birmingham, AB). Images were acquired with a Nikon TE2000E fluores-
cence microscope equipped with a Photometrics Coolsnap HQ2 camera.

In vitro co-culture assay
Total B cells and CD4+ T cells were obtained by using anti-CD45R and anti-CD4MACS col-
umns (Miltenyi biotech, San Diego, CA). B220+GL7-IgD+ Naïve B cells, CD4+CXCR5+ and
CD4+CCR6+ T cells from BXD2mouse spleen were sorted by the FACSAria II (BD Biosciences).
For in vitro antibody production assay, sorted 1 × 105 Naïve B cells and diverse ratio of CXCR5+

or CCR6+ CD4 T cells or in vitro differentiated Th17 cells were co-cultured in the presence of 2
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μg/ml soluble anti-CD3e (clone 145–2C11, BioXcell) and anti-IgM (AffiniPure F(ab’)2 Fragment
Goat anti-IgM, μ chain specific, Jackson ImmunoResearch) for 7 days. For In vitro Th17 cell dif-
ferentiation, sorted CD4+CD25-CD44-CD62L+ naïve T cells from BXD2mice were stimulated
for 5 days with plate-bound of anti-CD3(1 μg/ml) and anti-CD28 (1 μg/ml), in the presence of
2 ng/ml recombinant human TGF-β, 10 ng/ml recombinant mouse IL-6 (all purchased from
Peprotech, Rocky Hill, NJ), 40 ng/ml recombinant mouse IL-23 (R&D systems), 10 μg/ml anti-
mouse IFN-γ (clone XMG 1.2, BioXcell) and 10 μg/ml anti-mouse IL-4 (clone 11B11, BioXcell).
For cytokine blockade, 10 μg/ml of recombinant human Fc-G1 (Human Fc-G1, BioXCell), anti-
IL-17A (clone 50104, R&D Systems) or recombinant mouse IL-21R-Fc Chimera (R&D Systems)
was added into the B and T cell co-culture every other day. Seven days later, the levels of murine
IgG in the culture supernatant were determined by enzyme-linked immunosorbent assay
(ELISA). For B cell proliferation assay, sorted 1 × 105 naïve B cells labeled with CFSE (carboxy-
fluorescein diacetate succinimidyl ester, Invitrogen) were co-cultured with 5 × 104 CXCR5+ or
CCR6+ CD4 T cells as described above. The percent of divided cells was determined by
flow cytometry.

ELISA
To measure the levels of antibodies to dsDNA and histone in circulation, serum was collected
from the wild type or BXD2 mice at various time points and was measured by ELISA as de-
scribed previously [21]. Briefly, ELISA plates (Greiner Bio-one, Germany) were coated with
0.01% of poly-L-lysine (Sigma-Aldrich) for 1 hour prior to coating with 5 μg/ml of calf thymus
dsDNA (Sigma-Aldrich) and 5 μg/ml histone (from calf thymus, Sigma-Aldrich) overnight at
37°C. The plates were blocked for 2 hours with PBS-Tween 20 (PBST) plus 3% milk. Sera were
diluted in PBS with 1% of FBS, were transferred to the plates and were incubated for 2 hours at
room temperature. Then the assay was performed with HRP-conjugated total IgG detection
antibody (Goat anti-mouse IgG, SouthernBiotech). To measure the levels of IgG produced by
B cells in vitro, total murine IgG was quantified in culture supernatants with a total IgG capture
antibody (Donkey anti-mouse IgG (H+L), Jackson ImmunoResearch, West Grove, PA) and
HRP-conjugated total IgG detection antibody.

Quantitative real-time RT-PCR
Total RNA was extracted from splenocytes (1×106 cells) or in vitro co-cultured cells with
TRIzol (Invitrogen) and reverse transcribed using amfiRivert reverse transcriptase (GenDe-
pot, Baker, TX) according to the manufacturer’s protocol. Gene expression was measured
with iTaq-SYBR Green Supermix (Bio-Rad Laboratories, Hercules, CA) and the ABI-PRISM
7900 detection system (Applied Biosystems, Foster City, CA). Data were normalized to ex-
pression of the β-actin gene. The primer pairs used in quantitative RT-PCR are described in
S1 Table.

Statistical analysis
Data were analyzed with GraphPad Prism 5 (GraphPad, La Jolla, CA). Statistics were calculated
with the two-tailed Student’s t-test. For correlative analyses among the percent of GL7+Fas+

germinal center B cells, the percent of T helper cell subsets, the levels of dsDNA specific auto-
antibodies, linear-regression analysis was performed. p- values below 0.05 were considered
statistically significant.
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Results

Spontaneous germinal center reactions in BXD2 mice
As a first step to determine the contribution of each T helper (Th) cell response to autoimmune
lupus in BXD2 mice, we comparatively analyzed the production of autoantibodies and the gen-
eration of spontaneous germinal center reactions between BXD2 mice and C57BL/6 (wild-
type) control mice at the age of 6 months or older. Consistent with previous reports
[21,23,30,31,34], we observed that the levels of autoantibodies to double-stranded DNA and to
histone in the sera of BXD2 mice were significantly higher than those in control mice (Fig. 1A).
Similarly, we also observed spontaneous generation of GCs in the BXD2 mice (Fig. 1B and 1C),
which was associated with increased frequency and number of GL7+Fas+ germinal center B
cells in the spleens (Fig. 1D). Increased autoantibodies and spontaneous GCs were observed as
early as 3 months of age in the BXD2 mice (data not shown). However, the frequency of
GL7+Fas+ germinal center B cells remained comparable between the two groups in other sec-
ondary lymphoid organs, such as peripheral lymph nodes and Peyer’s patches (S1A Fig).

Analysis of helper T cell subsets in BXD2 mice
We next analyzed each helper T cell subset in the spleens of BXD2 mice. The frequency of
IFN-γ-producing Th1 cells was slightly but significantly higher in the spleens of BXD2 mice
compared to control mice (Fig. 2A). In addition, due to increased cellularity in the spleens of
BXD2 mice, the absolute number of Th1 cells was remarkably higher in this group. The pro-
portion of Th1 cells were increased in most of the secondary lymphoid organs of BXD2 mice,
except Peyer’s patches (S1A Fig). However, unlike previous study [30], we observed that the
frequency of IL-17-producing Th17 cells in the spleens of BXD2 mice was comparable to that
of control mice, although the absolute number of Th17 cells appeared to be increased in the

Fig 1. Spontaneous germinal center responses in BXD2mice. (A) Auto-reactive autoantibody levels
against double-strand DNA and histone in the sera of WT and BXD2mice at the age of 6 months or older
were measured by ELISA. (B) Immunofluorescence imaging of PNA+ (red) germinal center area of the spleen
fromWT control or BXD2 mice (×4 magnification). (C) The number of GC per spleen section in theWT and
BXD2mice was enumerated by fluorescence microscopy. (D) Flow cytometry analysis of the percentage and
number of GL7+Fas+ germinal center B cells in theWT and BXD2 mice at the age of 6 months or older. Cells
were gated on B220+ B cells. Data are represented as mean ± SEM. *p< 0.05, **p< 0.01, ***p< 0.001.

doi:10.1371/journal.pone.0120294.g001
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former group (Fig. 2A). Similarly, the frequency of IL-17 secreting cells in total splenocytes of
BXD2 mice was comparable to that of control mice, ruling out any increased production of IL-
17 from non-CD4+ T cell population (S1B Fig). Despite the increased number of Th17 cells,
the levels of IL-17 in the circulation of BXD2 mice were comparable to that of control mice
(Fig. 2B). To further characterize the Th1 and Th17 cell responses, we analyzed the expression
of Th1 and Th17-associated genes by using quantitative RT-PCR. As depicted in Fig. 2C, we
observed that the levels of Il17a and RorcmRNA expression in the spleens of BXD2 mice were
comparable to those of control mice, while the levels of Tbx21 (encoding T-bet in mouse) and
Ifng were increased in the BXD2 mice.

Commensal bacteria such as segmented filamentous bacteria (SFB) can modulate Th17 cell
responses [35,36]. To test if any differences of gut microbiota between BXD2 and control mice
impact Th17 responses, we co-housed BXD2 mice with control mice for 4 weeks. The frequen-
cies of Th17 cells in both Peyer’s patches and mesenteric lymph nodes were comparable be-
tween the two groups (S1C Fig). These results together demonstrate that Th17 cell response in
BXD2 mice did not significantly differ from control mice in steady state.

Since increased Tfh cells are associated with systemic autoimmune diseases [10,11,12], we
next analyzed Tfh cell responses in the BXD2 mice. As shown in Fig. 3A, the frequency and
number of PD1+CXCR5+ Tfh cells were significantly higher in the spleens of BXD2 mice com-
pared to control mice. Moreover, the levels of Tfh cell signature genes, such as Il6, Il21, Bcl6,
Pdcd1 (encoding PD-1) and Icos were all significantly increased in the splenocytes of BXD2
mice compared with those in control mice (Fig. 3B). The frequency of Tfh cells in the other sec-
ondary lymphoid organs, except axillary lymph node and Peyer’s patches, remained compara-
ble between BXD2 and wild-type mice (S1A Fig). Extrafollicular T helper cells are proposed to
be involved in the development of antibody-mediated autoimmunity [37]. However, the fre-
quency of PD-1low extrafollicular T helper cells in BXD2 mice remained comparable to that of
control mice (S2 Fig). Collectively, these results demonstrate that the spleens of BXD2 mice
contained significantly increased Tfh cells and, to a lesser extent, Th1 cells, while the frequen-
cies of Th17 cells and PD-1low extrafollicular T helper cells were similar when compared with
control mice.

Fig 2. Th17 cells are not a major subset of T helper cells in BXD2mice. (A) Flow cytometry analysis of
the percentage and number of IFN-γ or IL-17A positive CD4+ T cells in the spleen fromWT and BXD2mice at
the age of 6 months or older. (B) IL-17A levels in the sera of WT and BXD2mice at the age of 6 months or
older were measured by ELISA. (C) Quantitative RT-PCR analysis of Th1 or Th17 cell related genes fromWT
and BXD2mice splenocytes at the age of 6 months or older. Data are representative of the analysis (A~C)
indicate mean ± SEM. *p< 0.05, **p< 0.01, ***p< 0.001 compared with BXD2-WTmice.

doi:10.1371/journal.pone.0120294.g002
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Analysis of Tfr cells in BXD2 mice
PD1+CXCR5+Foxp3+ Tfr cells have emerged as a specialized subset of regulatory T cells sup-
pressing germinal center reactions in vivo [15,16,17]. Therefore, we determined if the frequen-
cy of Tfr cells as well as the ratio of Tfh cells and germinal center B cells per Tfr cell in the
BXD2 mice differed from that of control mice. Although the frequency of total Foxp3+ T cells
was found to be higher in BXD2 mice than control mice (S3 Fig), we observed that the frequen-
cy of Tfr cells was slightly but significantly lower in the spleens of the former group (Fig. 3C).
The absolute number of Tfr cells, however, was higher in the spleens of BXD2 mice due to in-
creased spleen cellularity (Fig. 3C). As shown in Figs. 1 and 3, the numbers of germinal centers,
germinal center B cells and Tfh cells were all significantly increased in the BXD2 mice. Accord-
ingly, the ratio of germinal center B cells per Tfr cell was significantly higher in BXD2 mice
than control mice (Fig. 3D). Similarly, the ratio of Tfh cells per Tfr cell was also significantly
higher in the former group (Fig. 3D).

Correlation analysis between autoantibodies, germinal center B cells,
Th17 and Tfh cells in BXD2 mice
Our results in Figs. 2 and 3 showed no evident increase in Th17 cell responses in BXD2 mice,
which are contradictory to previous studies [30,31,34], suggesting that Th17 cell responses
might not be associated with increased autoantibodies in the BXD2 mice. To address this possi-
bility, we examined whether the levels of autoantibodies and the frequencies of germinal center
B cells are correlated with the frequencies of Th17 or Tfh cells. Linear regression analysis
showed no correlation between the frequencies of Th17 cells and those of germinal center B
cells (Fig. 4A). Similarly, no correlation was observed between the frequencies of Th17 cells
and the levels of anti-dsDNA (Fig. 4B) or between the numbers of Th17 cells and germinal cen-
ter B cells (Fig. 4C). In sharp contrast, both the frequencies of germinal center B cells and the

Fig 3. Tfh cell responses were increased in the BXD2mice. (A) Flow cytometry analysis of the
percentage and number of PD-1+CXCR5+ CD4+ T cells in the spleens of WT and BXD2 mice at the age of 6
months or older. (B) Quantitative RT-PCR analysis of Tfh cell related genes fromWT and BXD2 mouse
splenocytes at the age of 6 months or older. (C) Flow cytometry analysis of the percentage and number of
CD4+Foxp3+PD-1+CXCR5+ Tfr cells in the spleens of WT and BXD2mice at the age of 6 months or older. (D)
Ratio of Foxp3- Tfh cells to FoxP3+ Tfr cells in the mouse spleens and germinal center B cells to FoxP3+ Tfr
cells in the mouse spleen. Data are represented as mean ± SEM. *p< 0.05, **p< 0.01, ***p< 0.001.

doi:10.1371/journal.pone.0120294.g003
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levels of anti-dsDNA showed a clear positive correlation with the frequencies of Tfh cells
(Fig. 4D and 4E). Moreover, a strong correlation was observed between the number of Tfh cells
and those of germinal center B cells (Fig. 4F). In addition, the frequencies of Th1 cells appeared
to be, with a lesser extent, also positively correlated with those of germinal center B cells and
the levels of anti-dsDNA (S4 Fig). As expected, the levels of anti-dsDNA showed strong posi-
tive correlation with the frequencies of germinal center B cells (S4D Fig), while the frequencies
of Tfr cells showed no correlation with those of germinal center B cells (S4B Fig). Together,
these linear regression analyses clearly demonstrate Tfh cell responses, but not Th17 cell re-
sponses, showed a strong positive correlation with auto-reactive germinal center B cell re-
sponses in the BXD2 mice.

CXCR5+CD4+ T cells, but not CCR6+CD4+ T cells, from BXD2 mice
induce IgG production from naïve B cells in an IL-21-dependent, IL-17-
independent manner
Although previous studies described a critical contribution of Th17 cell responses to the gener-
ation of autoimmune B cell responses in BXD2 mice, our findings showed no evident correla-
tion between Th17 cells and autoantibody responses. To further determine the contribution of
Th17 cells and Tfh cells to the generation of spontaneous germinal center B cell responses in
the BXD2 mice, we sought to determine whether Th17 cells and Tfh cells isolated from BXD2
mice can trigger IgG production from naïve B cells. Expression of CCR6 and CXCR5 on CD4+

T cells are reliable markers of Th17 and Tfh cells, respectively [2,38,39]. Hence, we purified
CCR6+CD4+ T cells and CXCR5+CD4+ T cells from the spleens of 3–9 month-old BXD2 mice
(Fig. 5A). When re-stimulated with these cells, purified CXCR5+ and CCR6+ cells almost exclu-
sively expressed IL-21 and IL-17, respectively (Fig. 5A). Th17 cells are known to express IL-21
[40]; however, CCR6+CD4+ T cells from the BXD2 mice showed little expression of IL-21.
Moreover, few CXCR5+CD4+ T cells from the BXD2 mice expressed IL-17 (Fig. 5A). Consis-
tent with these results, quantitative RT-PCR analysis showed that the CXCR5+ population ex-
pressed significantly higher levels of Il21, Bcl6 and Ascl2mRNA, while the CCR6+ population
expressed higher levels of Il17a and Rorc (Fig. 5B). These results demonstrate the purified

Fig 4. Positive correlation of Tfh cells, not Th17 cells with outputs of GC responses in BXD2mice.
Linear regression analysis of the frequency of Th17 cells (A) or Tfh cells (D) with that of germinal center B
cells, and Th17 cells (B) or Tfh cells (E) with dsDNA specific autoantibody levels. Linear regression analysis
of the number of Th17 cells (C) or Tfh cells (F) with that of germinal center B cells. Pearson correlation
coefficients (r2) between the percent of T helper cell subset and of germinal center B cells or those of T helper
cell subset and dsDNA specific autoantibodies levels are indicated in each graph.

doi:10.1371/journal.pone.0120294.g004
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CCR6+ and CXCR5+ populations among the CD4+ T cells represented Th17 cells and Tfh cells
in the BXD2 mice.

To determine the role of each CD4+ T cell subset from the BXD2 mice on the activation and
differentiation of B cells, the purified T cells were cultured with B220+GL7-IgD+ naïve B cells
isolated from BXD2 mice in the presence of anti-CD3 and anti-IgM for 7 days. As depicted in
Fig. 5C, we found that CXCR5+CD4+ T cells efficiently stimulated B cells to produce IgG even
when lower number of T cells was used (B:T cell ratio = 10:5). By contrast, CCR6+CD4+ T cells
failed to do so, even when higher number of T cells was used (B:T cell ratio = 10:10) (Fig. 5C).
To test the role of each helper T cell population on B cell expansion, we labeled B cells with
CFSE before co-culturing them with T cells. Addition of CXCR5+ T cells induced significant
B cell proliferation while CCR6+ T cells failed to do so (S5A Fig). Similarly, addition of Th17
cells differentiated in vitro from naïve BXD2 T cells did not induce IgG production from co-
cultured naïve B cells in our experimental setting (S5B&C Fig). To determine the role of IL-17
and IL-21 in this process, anti-IL-17 or IL-21R-Fc fusion protein was added into the culture.
As shown in Fig. 5D, addition of IL-21R-Fc almost completely abolished the production of IgG
from naïve B cells co-cultured with CXCR5+CD4+ T cells of BXD2 mice, while addition of
anti-IL-17 showed no effect. These results strongly suggest that CXCR5+CD4+ T cells in the
BXD2 mice were responsible for the enhanced autoantibodies and germinal center B cell re-
sponses through an IL-21 dependent, IL-17-independent mechanism, while CCR6+CD4+ T
cells played little role in the activation of auto-reactive B cells in BXD2 mice in our
experimental setting.

Fig 5. IL-21-producing CXCR5+CD4+ T cells of BXD2mice, not IL-17-producing CCR6+CD4+ T cells,
provide B cell help for IgG production. (A) CXCR5+ CD4+ T cells and CCR6+ CD4+ T cells were sorted and
subjected to intracellular cytokine staining. (B) Quantitative RT-PCR analysis of Tfh or Th17 cell related gene
expression in the CXCR5+ and CCR6+ CD4+ T cells from BXD2mice (C) Naïve B cells (B220+IgD+GL7-) from
BXD2mice were co-cultured with CXCR5+ or CCR6+ CD4+ T cells fromBXD2mice for 7days. The total IgG
levels were measured by ELISA (D) Different cytokine blocking reagents, isotype control antibody (Iso Hu-Fc),
Rat anti mouse IL-17A antibody (α-IL-17A), or recombinant mouse IL-21 receptor Fc chimera (IL-21R-Fc) were
added (10 μg/ml, every other day) into the cell culture described in (C) and the levels of total IgG were measured
by ELISA. Data are represented asmean ± SEM. *p< 0.05, **p< 0.01, ***p< 0.001, ###p< 0.001
comparing 10:10–10:5 ratio of B:T co-culture condition.

doi:10.1371/journal.pone.0120294.g005
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Discussion
Understanding the pathogenesis of autoimmunity is important not only for understanding the
pathogenesis but also for the development of effective therapeutics for the treatment of the detri-
mental immune disorders in humans. However, the role of Th17 cells and Tfh cells in the devel-
opment of antibody-mediated autoimmune diseases such as lupus and arthritis has been
incompletely understood. In this study, we aimed to determine the correlation and contribution
of Th17 and Tfh cells in the development of autoimmune B cell responses in the BXD2 mouse
model of lupus. Our results demonstrate that Tfh cells are associated with increased autoim-
mune B cell responses, while Th17 cells play little role in this process because (i) there were no
clear differences in the frequency of IL-17-producing Th17 cells, the level of IL-17 in circulation,
or Th17-related gene expression between BXD2 mice andWT control mice, (ii) the frequency
of Tfh cells, the ratio of Tfh cells per Tfr cell, and Tfh related gene expression were all increased
in BXD2mice compared to control mice, (iii) Tfh cells but not Th17 cells showed strong posi-
tive correlation with the frequency germinal center B cells and the levels of autoantibody to
dsDNA, (iv) CXCR5+CD4+ T cells isolated from BXD2mice stimulated naïve B cells to produce
IgG, while CCR6+CD4+ T cells failed to do so, and (v) blockade of IL-21 but not Il-17 abolished
the production of IgG induced by CXCR5+CD4+ T cells in vitro. Thus Tfh cells are responsible
for the enhanced autoantibodies and germinal center B cell responses through an IL-21 depen-
dent mechanism in BXD2 mice.

Strong correlation between increased Tfh responses and antibody-mediated systemic auto
immunity, such as SLE, has been reported in both humans and experimental animals. Thus it
seems reasonable to surmise that unnecessary aggressive Tfh cell responses are responsible for
the onset of such antibody-mediated immune disorders [13,41,42]. In addition, SLE patients
are known to exhibit increased levels of IL-17 in circulation when compared with healthy con-
trols [43]. However, a recent study showed that the frequency of circulating Tfh cells rather
than Th17 cells was correlated with disease activities in patients with SLE [11]. In addition,
other studies argued that although serum levels of IL-17 were increased in SLE patients, there
was no strong correlation between IL-17 levels and disease activity [44,45,46]. Therefore the
role of IL-17/Th17 cells and auto-reactive B cell responses remains controversial.

The role of IL-17 in the auto-reactive autoimmune B cell responses has been well character-
ized in the BXD2 animal model of lupus [30,31,32]. The levels of IL-17 and the frequency of
Th17 cells were shown to be elevated in the secondary lymphoid organs of BXD2 mice. The in-
creased IL-17 was proposed to impact B cell chemotactic ability and stabilize the interaction of
the germinal center B cells with nearby T cells [30,32]. IL-17 was also shown to facilitate the lo-
calization of Tfh cells in GC, but not the frequency and function of Tfh cells [31]. Nevertheless,
our present study showed no evident association of Th17 cells and IL-17 in the generation of
autoimmune B cell responses in BXD2 mice. For instance, the frequency of Th17 cells and the
levels of IL-17 in circulation were comparable between BXD2 mice and control mice. Accord-
ingly, Tfh cells but not Th17 cells showed a strong positive correlation with the levels of auto-
antibodies as well as the size of spontaneous germinal center B cell responses. By using a co-
culture system, we clearly demonstrated that IL-21 rather than Il-17 was essential for triggering
the production of IgG from naïve B cells. Therefore, our results support the idea that Tfh cells
rather than Th17 cells are responsible for the development of auto-reactive B cell responses.
This discrepancy on the role of Th17 cells in autoimmune B cell responses in BXD2 mice is not
clear at the moment. One possible explanation is that differences in diet or gut microenviron-
ment may result in different levels of Th17 responses in steady state. For instance, segmented
filamentous bacteria (SFB) induce the generation of Th17 cells [35]. All mice in the present
study were obtained from Jackson Laboratory, known to be SFB free [35], and maintained in a
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barrier facility. In addition, the frequency of Th17 cells in gut-associated lymphoid tissues of
BXD2 mice was comparable to that of control mice even after 4 weeks of co-housing. Therefore
the discrepancy of Th17 cell immunity between previous studies and our study is not likely be-
cause BXD2 mice harbored less Th17-inducing gut microbiota than control mice in the present
study. Our finding strongly suggest that without increasing Th17- or IL-17 responses, autoim-
mune Tfh cell responses and auto-reactive B cell responses could be induced in BXD2 mice.

Tfr cells reside in B cell follicles and are known to be increased upon immunization with for-
eign protein antigen [15,16,17]. These cells inhibit germinal center reactions and production of
isotype-switched immunoglobulin, although the mechanism of suppression is poorly under-
stood. Interestingly, despite the fact that the frequencies of Tfh cells and germinal center B cells
were increased in the BXD2 mice, the frequency of Tfr cells in the same mice appeared to be
lower than that in control mice. As a consequence, the ratio of germinal center B cells per Tfr
cell or Tfh cells per Tfr cell were all significantly increased in the BXD2 mice. This finding sug-
gests that the suppression of germinal center B cell responses by Tfr cells is likely less efficient
in the BXD2 mice, which might contribute to uncontrolled spontaneous germinal center reac-
tions and subsequent development of a lupus phenotype in this strain.

We also observed increased IFN-γ-producing Th1 cells in BXD2 mice. Interestingly, Sanroque
mice, which develop autoimmune lupus symptoms, exhibited increased IFN- γ. The enhanced
IFN-γ was shown to trigger the accumulation of Tfh and GCs in this animal model [47]. Since
IFN-γ has been known to be associated with autoimmune lupus, the increase of Th1 cells in
BXD2 mice might play a role in the development of auto-reactive autoantibodies. Future studies
will be needed to determine the role of Th1 responses in the generation of autoimmune germinal
center B cell responses in animal models of lupus as well as in humans. Since IL-12 and IFN-γ can
negatively regulate Th17 cell responses [48,49], it will be interesting to study the role increased
Th1 responses in Th17 and Tfh cell responses as on the onset of autoimmunity in BXD2mice.

Although IL-17 provides B cell help during GC reactions, many studies including our study,
suggest that IL-21 has a direct role in GC responses and further induces B cell activation and
differentiation. Currently, there are many on-going autoimmune disease clinical trials targeting
IL-21 and its signaling pathway [50]. On the other hand, IL-17 has not yet been therapeutically
targeted in human SLE or other related autoimmune diseases [43]. Therefore, our finding
strongly supports that targeting Tfh cells or IL-21 rather than Th17 cells or IL-17 might be a
better therapeutic approach. In summary, increase in Tfh cells rather than Th17 cells is corre-
lated with auto-reactive autoimmune disease in BXD2 mice, and thus targeting Tfh cells, such
as blocking IL-21, rather than Th17 cells, would be beneficial for the treatment of antibody-me-
diated autoimmune diseases in humans.

Supporting Information
S1 Table. Real time PCR primers used in this study.
(PDF)

S1 Fig. CD4+ T cell phenotypes in the secondary lymphoid organs of BXD2 mice. (A) Flow
cytometric analysis of GL7+Fas+ GC B cells, PD-1+CXCR5+ CD4+ T cells, CD4+Foxp3+PD-
1+CXCR5+ Tfr cells, IFN-γ+ Th1 or IL-17A+ Th17 cells in the indicated lymphoid organs from
WT and BXD2 mice. (iLN: inguinal lymph node, aLN: axillary lymph node, mLN: mesenteric
lymph node, PP: Peyer’s patch) (B) Frequency of IFN-γ+ or IL-17A+ cells in whole splenocytes
of WT and BXD2 mice. (C) Percentage of Th17 cells in the mesenteric lymph nodes and
Peyer’s patches from co-housed WT and BXD2 mice. Data are represented as mean ± SEM.
�p< 0.05, ��p< 0.01, ���p< 0.001.
(TIF)
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S2 Fig. Analysis of PD-1low extrafollicular T helper cells in BXD2 mice. (A) Flow cytometric
analysis of PD-1lowCXCR5+ CD4+ T cells in the spleens of WT and BXD2 mice at the age of 3
months. (B) Flow cytometric analysis of PD-1lowCXCR4+CXCR5- CD4+ T cells in the spleens
of WT and BXD2 mice at the age of 3 to 4 months. Data are represented as mean ± SEM.
�p< 0.05, ��p< 0.01, ���p< 0.001.
(TIF)

S3 Fig. Analysis of Foxp3+ T cells in BXD2 mice. The percentage and absolute number of
Foxp3+ CD4+ T cells in the spleens of WT and BXD2mice. Data are represented as mean ± SEM.
�p< 0.05, ��p< 0.01, ���p< 0.001.
(TIF)

S4 Fig. Linear regression analysis between Th1/Tfr cells and germinal center B cells. Linear
regression analysis of the frequency of Th1 cells with GC B cells (A), the frequency of Tfr cells
with germinal center B cells (B), Th1 cells with dsDNA specific autoantibody levels (C), Linear
regression analysis of germinal center B cells with dsDNA specific autoantibody levels (D).
Pearson correlation coefficients (r2) between the percent of T indicated helper T cell subset and
of germinal center B cells or those of indicated T cell subset and dsDNA specific autoantibodies
levels are indicated at each graph.
(TIF)

S5 Fig. CXCR5+CD4+ T cells of BXD2 mice, not CCR6+CD4+ T nor in vitro differentiated
Th17 cells, provide B cell help for IgG production. (A) Proliferation of CFSE labeled naïve
B cells (B220+IgD+GL7-) from BXD2 mice obtained from the co-cultured with CXCR5+ or
CCR6+ CD4 T cells from BXD2 mice for 7days. (B) Cytokines expression in in vitro differenti-
ated Th17 cells 5 days after stimulation from naïve (CD4+CD25-CD44-CD62L+) CD4 T cells of
BXD2 mice. (C) Naïve B cells (B220+IgD+GL7-) from BXD2 were co-cultured with in vitro dif-
ferentiated Th17 cells described in (B) for 7 days and the levels of total IgG were measured by
ELISA. Data are represented as mean ± SEM. �p< 0.05, ��p< 0.01, ���p< 0.001.
(TIF)

Acknowledgments
We thank Dr. Amy L. Hazen for assistance with cell sorting, Dr. Zhengmei Mao for assistance
with immunofluorescence staining and microscopy and Dr. Stacey L. Mueller-Ortiz for critical
reading of the manuscript.

Author Contributions
Conceived and designed the experiments: YUK HL RAW YC. Performed the experiments:
YUK HL HEJ. Analyzed the data: YUK YC. Wrote the paper: YUK RAW YC.

References
1. Ma CS, Deenick EK, Batten M, Tangye SG. The origins, function, and regulation of T follicular helper

cells. J Exp Med. 2012; 209:1241–53. doi: 10.1084/jem.20120994 PMID: 22753927

2. Crotty S. Follicular helper CD4 T cells (TFH). Annu Rev Immunol. 2011; 29:621–63. doi: 10.1146/
annurev-immunol-031210-101400 PMID: 21314428

3. Linterman MA, Beaton L, Yu D, Ramiscal RR, Srivastava M, Hogan JJ, et al. IL-21 acts directly on B
cells to regulate Bcl-6 expression and germinal center responses. J Exp Med. 2010; 207(2):353–63.
Epub 2010/02/10. doi: 10.1084/jem.20091738 PMID: 20142429

4. Zotos D, Coquet JM, Zhang Y, Light A, D'Costa K, Kallies A, et al. IL-21 regulates germinal center B cell
differentiation and proliferation through a B cell-intrinsic mechanism. J Exp Med. 2010; 207(2):365–78.
Epub 2010/02/10. doi: 10.1084/jem.20091777 PMID: 20142430

Tfh Responses in BXD2Mice

PLOS ONE | DOI:10.1371/journal.pone.0120294 March 13, 2015 12 / 15

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0120294.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0120294.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0120294.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0120294.s006
http://dx.doi.org/10.1084/jem.20120994
http://www.ncbi.nlm.nih.gov/pubmed/22753927
http://dx.doi.org/10.1146/annurev-immunol-031210-101400
http://dx.doi.org/10.1146/annurev-immunol-031210-101400
http://www.ncbi.nlm.nih.gov/pubmed/21314428
http://dx.doi.org/10.1084/jem.20091738
http://www.ncbi.nlm.nih.gov/pubmed/20142429
http://dx.doi.org/10.1084/jem.20091777
http://www.ncbi.nlm.nih.gov/pubmed/20142430


5. Ozaki K, Spolski R, Ettinger R, Kim HP, Wang G, Qi CF, et al. Regulation of B cell differentiation and
plasma cell generation by IL-21, a novel inducer of Blimp-1 and Bcl-6. Journal of immunology. 2004;
173(9):5361–71. Epub 2004/10/21. PMID: 15494482

6. Ettinger R. IL-21 induces differentiation of human naive and memory B cells into antibody-secreting
plasma cells. J Immunol. 2005; 175:7867–79. PMID: 16339522

7. Good KL, Bryant VL, Tangye SG. Kinetics of human B cell behavior and amplification of proliferative re-
sponses following stimulation with IL-21. Journal of immunology. 2006; 177(8):5236–47. Epub 2006/
10/04. PMID: 17015709

8. Bryant VL. Cytokine-mediated regulation of human B cell differentiation into Ig-secreting cells: predomi-
nant role of IL-21 produced by CXCR5+ T follicular helper cells. J Immunol. 2007; 179:8180–90. PMID:
18056361

9. Kuchen S, Robbins R, Sims GP, Sheng C, Phillips TM, Lipsky PE, et al. Essential role of IL-21 in B cell
activation, expansion, and plasma cell generation during CD4+ T cell-B cell collaboration. Journal of im-
munology. 2007; 179(9):5886–96. Epub 2007/10/20. PMID: 17947662

10. Simpson N. Expansion of circulating T cells resembling follicular helper T cells is a fixed phenotype that
identifies a subset of severe systemic lupus erythematosus. Arthritis Rheum. 2010; 62:234–44. doi: 10.
1002/art.25032 PMID: 20039395

11. Feng X. Inhibition of aberrant circulating Tfh cell proportions by corticosteroids in patients with systemic
lupus erythematosus. PLoS ONE. 2012; 7:e51982. doi: 10.1371/journal.pone.0051982 PMID:
23284839

12. Ma J. Increased frequency of circulating follicular helper T cells in patients with rheumatoid arthritis.
Clin Dev Immunol. 2012; 2012:827–480.

13. Sweet RA, Lee SK, Vinuesa CG. Developing connections amongst key cytokines and dysregulated
germinal centers in autoimmunity. Curr Opin Immunol. 2012; 24(6):658–64. Epub 2012/11/06. doi: 10.
1016/j.coi.2012.10.003 PMID: 23123277

14. Zhang X, Ing S, Fraser A, Chen M, Khan O, Zakem J, et al. Follicular helper T cells: new insights into
mechanisms of autoimmune diseases. Ochsner J. 2013; 13(1):131–9. Epub 2013/03/28. PMID:
23531878

15. Chung Y. Follicular regulatory T cells expressing Foxp3 and Bcl-6 suppress germinal center reactions.
Nature Med. 2011; 17:983–8. doi: 10.1038/nm.2426 PMID: 21785430

16. Linterman MA. Foxp3+ follicular regulatory T cells control the germinal center response. Nature Med.
2011; 17:975–82. doi: 10.1038/nm.2425 PMID: 21785433

17. Wollenberg I. Regulation of the germinal center reaction by Foxp3+ follicular regulatory T cells. J Immu-
nol. 2011; 187:4553–60. doi: 10.4049/jimmunol.1101328 PMID: 21984700

18. Watanabe-Fukunaga R, Brannan CI, Copeland NG, Jenkins NA, Nagata S. Lymphoproliferation disor-
der in mice explained by defects in Fas antigen that mediates apoptosis. Nature. 1992; 356
(6367):314–7. Epub 1992/03/26. PMID: 1372394

19. Morse HC III, Chused TM, Hartley JW, Mathieson BJ, Sharrow SO, Taylor BA. Expression of xenotropic
murine leukemia viruses as cell-surface gp70 in genetic crosses between strains DBA/2 and C57BL/6.
The Journal of experimental medicine. 1979; 149(5):1183–96. Epub 1979/05/01. PMID: 221612

20. Taylor BA, Wnek C, Kotlus BS, Roemer N, MacTaggart T, Phillips SJ. Genotyping new BXD recombi-
nant inbred mouse strains and comparison of BXD and consensus maps. Mammalian genome: official
journal of the International Mammalian Genome Society. 1999; 10(4):335–48. Epub 1999/03/24. PMID:
10087289

21. Mountz JD, Yang P, Wu Q, Zhou J, Tousson A, Fitzgerald A, et al. Genetic segregation of spontaneous
erosive arthritis and generalized autoimmune disease in the BXD2 recombinant inbred strain of mice.
Scandinavian journal of immunology. 2005; 61(2):128–38. Epub 2005/02/03. PMID: 15683449

22. Wu Y, Liu J, Feng X, Yang P, Xu X, Hsu HC, et al. Synovial fibroblasts promote osteoclast formation by
RANKL in a novel model of spontaneous erosive arthritis. Arthritis and rheumatism. 2005; 52
(10):3257–68. Epub 2005/10/04. PMID: 16200600

23. Hsu HC, Zhou T, Kim H, Barnes S, Yang P, Wu Q, et al. Production of a novel class of polyreactive
pathogenic autoantibodies in BXD2mice causes glomerulonephritis and arthritis. Arthritis and rheuma-
tism. 2006; 54(1):343–55. Epub 2005/12/31. PMID: 16385526

24. Hsu HC, Wu Y, Yang P, Wu Q, Job G, Chen J, et al. Overexpression of activation-induced cytidine de-
aminase in B cells is associated with production of highly pathogenic autoantibodies. Journal of immu-
nology. 2007; 178(8):5357–65. Epub 2007/04/04. PMID: 17404321

25. Mitsdoerffer M, Lee Y, Jager A, Kim HJ, Korn T, Kolls JK, et al. Proinflammatory T helper type 17 cells
are effective B-cell helpers. Proceedings of the National Academy of Sciences of the United States of
America. 2010; 107(32):14292–7. Epub 2010/07/28. doi: 10.1073/pnas.1009234107 PMID: 20660725

Tfh Responses in BXD2Mice

PLOS ONE | DOI:10.1371/journal.pone.0120294 March 13, 2015 13 / 15

http://www.ncbi.nlm.nih.gov/pubmed/15494482
http://www.ncbi.nlm.nih.gov/pubmed/16339522
http://www.ncbi.nlm.nih.gov/pubmed/17015709
http://www.ncbi.nlm.nih.gov/pubmed/18056361
http://www.ncbi.nlm.nih.gov/pubmed/17947662
http://dx.doi.org/10.1002/art.25032
http://dx.doi.org/10.1002/art.25032
http://www.ncbi.nlm.nih.gov/pubmed/20039395
http://dx.doi.org/10.1371/journal.pone.0051982
http://www.ncbi.nlm.nih.gov/pubmed/23284839
http://dx.doi.org/10.1016/j.coi.2012.10.003
http://dx.doi.org/10.1016/j.coi.2012.10.003
http://www.ncbi.nlm.nih.gov/pubmed/23123277
http://www.ncbi.nlm.nih.gov/pubmed/23531878
http://dx.doi.org/10.1038/nm.2426
http://www.ncbi.nlm.nih.gov/pubmed/21785430
http://dx.doi.org/10.1038/nm.2425
http://www.ncbi.nlm.nih.gov/pubmed/21785433
http://dx.doi.org/10.4049/jimmunol.1101328
http://www.ncbi.nlm.nih.gov/pubmed/21984700
http://www.ncbi.nlm.nih.gov/pubmed/1372394
http://www.ncbi.nlm.nih.gov/pubmed/221612
http://www.ncbi.nlm.nih.gov/pubmed/10087289
http://www.ncbi.nlm.nih.gov/pubmed/15683449
http://www.ncbi.nlm.nih.gov/pubmed/16200600
http://www.ncbi.nlm.nih.gov/pubmed/16385526
http://www.ncbi.nlm.nih.gov/pubmed/17404321
http://dx.doi.org/10.1073/pnas.1009234107
http://www.ncbi.nlm.nih.gov/pubmed/20660725


26. Peters A, Pitcher LA, Sullivan JM, Mitsdoerffer M, Acton SE, Franz B, et al. Th17 cells induce ectopic
lymphoid follicles in central nervous system tissue inflammation. Immunity. 2011; 35(6):986–96. Epub
2011/12/20. doi: 10.1016/j.immuni.2011.10.015 PMID: 22177922

27. Hirota K, Turner JE, Villa M, Duarte JH, Demengeot J, Steinmetz OM, et al. Plasticity of Th17 cells in
Peyer's patches is responsible for the induction of T cell-dependent IgA responses. Nature immunolo-
gy. 2013; 14(4):372–9. Epub 2013/03/12. doi: 10.1038/ni.2552 PMID: 23475182

28. Barbosa RR, Silva SP, Silva SL, Melo AC, Pedro E, Barbosa MP, et al. Primary B-cell deficiencies re-
veal a link between human IL-17-producing CD4 T-cell homeostasis and B-cell differentiation. PLoS
ONE. 2011; 6(8):e22848. Epub 2011/08/10. doi: 10.1371/journal.pone.0022848 PMID: 21826211

29. Doreau A, Belot A, Bastid J, Riche B, Trescol-Biemont MC, Ranchin B, et al. Interleukin 17 acts in syn-
ergy with B cell-activating factor to influence B cell biology and the pathophysiology of systemic lupus
erythematosus. Nature immunology. 2009; 10(7):778–85. Epub 2009/06/02. doi: 10.1038/ni.1741
PMID: 19483719

30. Hsu HC, Yang P, Wang J, Wu Q, Myers R, Chen J, et al. Interleukin 17-producing T helper cells and in-
terleukin 17 orchestrate autoreactive germinal center development in autoimmune BXD2 mice. Nature
immunology. 2008; 9(2):166–75. Epub 2007/12/25. PMID: 18157131

31. Ding Y, Li J, Wu Q, Yang P, Luo B, Xie S, et al. IL-17RA Is Essential for Optimal Localization of Follicu-
lar Th Cells in the Germinal Center Light Zone To Promote Autoantibody-Producing B Cells. Journal of
immunology. 2013; 191(4):1614–24. Epub 2013/07/17. doi: 10.4049/jimmunol.1300479 PMID:
23858031

32. Xie S, Li J, Wang JH, Wu Q, Yang P, Hsu HC, et al. IL-17 activates the canonical NF-kappaB signaling
pathway in autoimmune B cells of BXD2mice to upregulate the expression of regulators of G-protein
signaling 16. Journal of immunology. 2010; 184(5):2289–96. Epub 2010/02/09. doi: 10.4049/jimmunol.
0903133 PMID: 20139273

33. Chung Y, Chang SH, Martinez GJ, Yang XO, Nurieva R, Kang HS, et al. Critical regulation of early
Th17 cell differentiation by interleukin-1 signaling. Immunity. 2009; 30(4):576–87. Epub 2009/04/14.
doi: 10.1016/j.immuni.2009.02.007 PMID: 19362022

34. Hsu HC, Yang P, Wu Q, Wang JH, Job G, Guentert T, et al. Inhibition of the catalytic function of activa-
tion-induced cytidine deaminase promotes apoptosis of germinal center B cells in BXD2mice. Arthritis
and rheumatism. 2011; 63(7):2038–48. Epub 2011/02/10. doi: 10.1002/art.30257 PMID: 21305519

35. Ivanov II, Atarashi K, Manel N, Brodie EL, Shima T, Karaoz U, et al. Induction of intestinal Th17 cells by
segmented filamentous bacteria. Cell. 2009; 139(3):485–98. Epub 2009/10/20. doi: 10.1016/j.cell.
2009.09.033 PMID: 19836068

36. Brestoff JR, Artis D. Commensal bacteria at the interface of host metabolism and the immune system.
Nature immunology. 2013; 14(7):676–84. Epub 2013/06/20. doi: 10.1038/ni.2640 PMID: 23778795

37. Odegard JM, Marks BR, DiPlacido LD, Poholek AC, Kono DH, Dong C, et al. ICOS-dependent extrafol-
licular helper T cells elicit IgG production via IL-21 in systemic autoimmunity. J Exp Med. 2008; 205
(12):2873–86. Epub 2008/11/05. doi: 10.1084/jem.20080840 PMID: 18981236

38. Annunziato F, Cosmi L, Santarlasci V, Maggi L, Liotta F, Mazzinghi B, et al. Phenotypic and functional
features of human Th17 cells. The Journal of experimental medicine. 2007; 204(8):1849–61. Epub
2007/07/20. PMID: 17635957

39. Acosta-Rodriguez EV, Rivino L, Geginat J, Jarrossay D, Gattorno M, Lanzavecchia A, et al. Surface
phenotype and antigenic specificity of human interleukin 17-producing T helper memory cells. Nature
immunology. 2007; 8(6):639–46. Epub 2007/05/09. PMID: 17486092

40. Nurieva R, Yang XO, Martinez G, Zhang Y, Panopoulos AD, Ma L, et al. Essential autocrine regulation
by IL-21 in the generation of inflammatory T cells. Nature. 2007; 448(7152):480–3. Epub 2007/06/22.
PMID: 17581589

41. King C, Tangye SG, Mackay CR. T follicular helper (TFH) cells in normal and dysregulated immune re-
sponses. Annu Rev Immunol. 2008; 26:741–66. Epub 2008/01/05. doi: 10.1146/annurev.immunol.26.
021607.090344 PMID: 18173374

42. Vinuesa CG, Sanz I, Cook MC. Dysregulation of germinal centres in autoimmune disease. Nat Rev
Immunol. 2009; 9(12):845–57. Epub 2009/11/26. doi: 10.1038/nri2637 PMID: 19935804

43. Martin JC, Baeten DL, Josien R. Emerging role of IL-17 and Th17 cells in systemic lupus erythemato-
sus. Clinical immunology. 2014; 154(1):1–12. Epub 2014/05/27. doi: 10.1016/j.clim.2014.05.004 PMID:
24858580

44. Zhao XF, Pan HF, Yuan H, ZhangWH, Li XP, Wang GH, et al. Increased serum interleukin 17 in pa-
tients with systemic lupus erythematosus. Molecular biology reports. 2010; 37(1):81–5. Epub 2009/04/
07. doi: 10.1007/s11033-009-9533-3 PMID: 19347604

Tfh Responses in BXD2Mice

PLOS ONE | DOI:10.1371/journal.pone.0120294 March 13, 2015 14 / 15

http://dx.doi.org/10.1016/j.immuni.2011.10.015
http://www.ncbi.nlm.nih.gov/pubmed/22177922
http://dx.doi.org/10.1038/ni.2552
http://www.ncbi.nlm.nih.gov/pubmed/23475182
http://dx.doi.org/10.1371/journal.pone.0022848
http://www.ncbi.nlm.nih.gov/pubmed/21826211
http://dx.doi.org/10.1038/ni.1741
http://www.ncbi.nlm.nih.gov/pubmed/19483719
http://www.ncbi.nlm.nih.gov/pubmed/18157131
http://dx.doi.org/10.4049/jimmunol.1300479
http://www.ncbi.nlm.nih.gov/pubmed/23858031
http://dx.doi.org/10.4049/jimmunol.0903133
http://dx.doi.org/10.4049/jimmunol.0903133
http://www.ncbi.nlm.nih.gov/pubmed/20139273
http://dx.doi.org/10.1016/j.immuni.2009.02.007
http://www.ncbi.nlm.nih.gov/pubmed/19362022
http://dx.doi.org/10.1002/art.30257
http://www.ncbi.nlm.nih.gov/pubmed/21305519
http://dx.doi.org/10.1016/j.cell.2009.09.033
http://dx.doi.org/10.1016/j.cell.2009.09.033
http://www.ncbi.nlm.nih.gov/pubmed/19836068
http://dx.doi.org/10.1038/ni.2640
http://www.ncbi.nlm.nih.gov/pubmed/23778795
http://dx.doi.org/10.1084/jem.20080840
http://www.ncbi.nlm.nih.gov/pubmed/18981236
http://www.ncbi.nlm.nih.gov/pubmed/17635957
http://www.ncbi.nlm.nih.gov/pubmed/17486092
http://www.ncbi.nlm.nih.gov/pubmed/17581589
http://dx.doi.org/10.1146/annurev.immunol.26.021607.090344
http://dx.doi.org/10.1146/annurev.immunol.26.021607.090344
http://www.ncbi.nlm.nih.gov/pubmed/18173374
http://dx.doi.org/10.1038/nri2637
http://www.ncbi.nlm.nih.gov/pubmed/19935804
http://dx.doi.org/10.1016/j.clim.2014.05.004
http://www.ncbi.nlm.nih.gov/pubmed/24858580
http://dx.doi.org/10.1007/s11033-009-9533-3
http://www.ncbi.nlm.nih.gov/pubmed/19347604


45. Cheng F, Guo Z, Xu H, Yan D, Li Q. Decreased plasma IL22 levels, but not increased IL17 and IL23 lev-
els, correlate with disease activity in patients with systemic lupus erythematosus. Annals of the rheu-
matic diseases. 2009; 68(4):604–6. Epub 2009/03/17. doi: 10.1136/ard.2008.097089 PMID: 19286907

46. Vincent FB, Northcott M, Hoi A, Mackay F, Morand EF. Clinical associations of serum interleukin-17 in
systemic lupus erythematosus. Arthritis research & therapy. 2013; 15(4):R97. Epub 2013/08/24.

47. Lee SK, Silva DG, Martin JL, Pratama A, Hu X, Chang PP, et al. Interferon-gamma excess leads to
pathogenic accumulation of follicular helper T cells and germinal centers. Immunity. 2012; 37
(5):880–92. Epub 2012/11/20. doi: 10.1016/j.immuni.2012.10.010 PMID: 23159227

48. Zielinski CE, Mele F, Aschenbrenner D, Jarrossay D, Ronchi F, Gattorno M, et al. Pathogen-induced
human TH17 cells produce IFN-gamma or IL-10 and are regulated by IL-1beta. Nature. 2012; 484
(7395):514–8. Epub 2012/04/03. doi: 10.1038/nature10957 PMID: 22466287

49. Harrington LE, Hatton RD, Mangan PR, Turner H, Murphy TL, Murphy KM, et al. Interleukin 17-producing
CD4+ effector T cells develop via a lineage distinct from the T helper type 1 and 2 lineages. Nature immu-
nology. 2005; 6(11):1123–32. Epub 2005/10/04. PMID: 16200070

50. Spolski R, LeonardWJ. Interleukin-21: a double-edged sword with therapeutic potential. Nature re-
views Drug discovery. 2014; 13(5):379–95. Epub 2014/04/23. doi: 10.1038/nrd4296 PMID: 24751819

Tfh Responses in BXD2Mice

PLOS ONE | DOI:10.1371/journal.pone.0120294 March 13, 2015 15 / 15

http://dx.doi.org/10.1136/ard.2008.097089
http://www.ncbi.nlm.nih.gov/pubmed/19286907
http://dx.doi.org/10.1016/j.immuni.2012.10.010
http://www.ncbi.nlm.nih.gov/pubmed/23159227
http://dx.doi.org/10.1038/nature10957
http://www.ncbi.nlm.nih.gov/pubmed/22466287
http://www.ncbi.nlm.nih.gov/pubmed/16200070
http://dx.doi.org/10.1038/nrd4296
http://www.ncbi.nlm.nih.gov/pubmed/24751819

