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T Follicular Helper Cells Regulate Humoral Response for
Host Protection against Intestinal Citrobacter rodentium
Infection

Xue Bai,* Xinxin Chi,* Qin Qiao,* Shan Xie,* Siyuan Wan,* Lu Ni,* Pengzhi Wang,*

Wei Jin,* and Chen Dong*,†

Citrobacter rodentium colonizes at the colon and causes mucosal inflammation in mice. Previous studies have revealed the

importance of the innate and adaptive immune response for controlling C. rodentium infection. In the present study, we examined

the role of T follicular helper (Tfh) cells in intestinal C. rodentium infection using mice with Bcl6 deficiency in T cells. Tfh cells

were absolutely required at the late, but not the early, phase to control infection. Compared with control mice, we observed

systemic pathogen dissemination and more severe colitis in Tfh-deficient mice. Furthermore, the susceptibility of Tfh-deficient

mice correlated with an impaired serum IgG1 response to infection, and serum Abs from infected wild-type mice protected

Tfh-deficient mice from infection. The transfer of wild-type Tfh cells also restored the levels of IgG1 and led to effective clearance

of the pathogens in Tfh-deficient mice. Moreover, during C. rodentium infection, IL-21– and IL-4–producing Tfh cells were

increased obviously in wild-type mice, correlating with IgG1 as the major isotype in germinal center B cells. Taken together,

our work highlights the requirement and the function of Tfh cells in regulating humoral response for the host protection against

C. rodentium infection. The Journal of Immunology, 2020, 204: 2754–2761.

I
ntestinal inflammation caused by pathogenic bacteria is a
common and important health problem (1). The mouse model
of Citrobacter rodentium infection provides a powerful tool

for understanding the causes of pathogenesis and host responses to
intestinal pathogens. It provides a mimicry for human bacterial
colitis caused by enterohemorrhagic or enteropathogenic Escherichia
coli (2, 3). Both species of bacteria can induce attaching and
effacing lesions and cause severe diarrhea and even kidney
failure (2–4).
Various types of immune cells together confer the host defense

against C. rodentium, including, but not limited to, type 3 innate
lymphoid cells (ILCs) (5) and adaptive immune cells comprising
T and B lymphocytes (6–9). CD4+ T cell–dependent humoral
immunity is critical for controlling the systemic spread of
C. rodentium infection (7). Notably, pathogen-specific IgG
Abs—but not IgM or IgA—are required for pathogen clearance
and host survival (9). However, better understanding of which

subsets of CD4+ T cells and Ab subclasses control C. rodentium
and protect the host is needed.
T follicular helper (Tfh) cells, as a crucial subset of CD4+

T cells, specialize in helping B cells regulate Ab responses (10,
11). Tfh cells are required for germinal center (GC) reactions,
which result in the production of high-affinity Abs. In host de-
fense, Tfh cells play vital roles in controlling viral infection (12–
14) and autoimmunity (15, 16). However, whether Tfh cells are
involved in immune responses against intestinal infection is not
studied.
In this study, we used mice with conditional deletion of Bcl6

in T cells to investigate the role of Tfh cells during the course of
C. rodentium infection. Our results demonstrate that Tfh cells are
required for pathogen-specific Ab response that protects mice
from C. rodentium infection in the late phase. Interestingly,
C. rodentium infection results in induction of IL-21– and IL-4–
producing Tfh cells, possibly underscoring IgG1 production in
GC B cells.

Materials and Methods
Mice

All experiments were performed according to protocols approved by the
Tsinghua Institutional Animal Care and Use Committee. The Bcl6fl/fl mice,
which had been reported previously (17), were backcrossed with C57BL/6
mice for at least eight generations and crossed with CD4cre mice.

C. rodentium infection

We grew C. rodentium strain DBS 100 on MacConkey agar and cultured it
in Luria broth overnight. According to a different experiment, 3- to 5-wk-old
mice were used. They were fasted 8 h prior to oral gavage with a low dose
(53 108 CFU) or a high dose (23 109 CFU) per mouse. We calculated the
bacterial titers in the blood or homogenous liquids from livers and spleens
after culturing them on MacConkey agar.

Flow cytometry and Abs

Unless indicated, all Abs were obtained from BD Biosciences. Single-cell
suspensions were prepared with a 70-mm cell strainer. Before surface
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staining, cells were stained with a viability dye and incubated with
CD16/CD32 Ab to block unspecific staining. For cytokine staining, the
cells were cultured with PMA (50 ng/ml), ionomycin (500 ng/ml), and
Golgistop for 4 h. After surface staining, cells were fixed, permeabilized,
and incubated with intracellular staining Abs. The following Abs were
used: anti-CD3e (Thermo Fisher Scientific), anti-CD4, anti-CD44 (BioLegend),
anti-CXCR5-biotin, anti-B220, anti–PD-1, anti-CD95 (Thermo Fisher
Scientific), anti-GL7 (Thermo Fisher Scientific), anti-IgG1, anti-IgG2a
(BioLegend), anti-IgG2b (BioLegend), anti-IgA (Thermo Fisher Scientific),
anti–IFN-g, anti–IL-4, anti-CD45 (Thermo Fisher Scientific), antilineage
mixture (Thermo Fisher Scientific), anti-CD90 (Thermo Fisher Scientific),
anti-RORgt, anti-Nkp46 (BioLegend), anti-KLRG1, BV421-Streptavidin
(BioLegend), and anti-human-IgG (BioLegend). For IL-21 staining, cells
were incubated with mouse IL-21R human Fc (R&D Systems) for 1 h in
room temperature. After washed twice with buffer, cells were then stained
with PE-labeled anti-human IgG Fc.

C. rodentium Ig ELISA

We detected the titers of C. rodentium–specific Ig. We coated 96-well
plates with C. rodentium protein extract at 10 mg/ml in PBS (18) and left
them overnight at 4˚C. After washing, we blocked the plates with 2% BSA
in PBS for 1 h then added serially diluted sera or feces supernatants
and then incubated overnight at 4˚C. The plates were washed then
incubated with HRP conjugate Abs for 1 h at room temperature. They
were detected by adding TMB substrate and measuring the absorbance
at 450 nm.

Serum and IgG transfer

Five-week-old C57BL/6 donor mice were infected with C. rodentium 3 wk
prior to inoculating the Bcl6fl/fl/CD4cre recipient mice. On days 3, 4, and
6 after the inoculation of the Bcl6fl/fl/CD4cre mice, whole blood was col-
lected from the donors. Their sera were sterilized through a 0.22-mm filter
before immediate use. The Bcl6fl/fl/CD4cre recipients received 250 ml of
serum or PBS via tail vein injection. For IgG purification and transfer
experiment, IgG was purified with Protein G 4FF Chromatography Column
(Yeasen Biotech) and sterilized with a 0.22-mm filter again. Protein
concentration was measured with Nanodrop at 280 nm. Three-week-old
Bcl6fl/fl/CD4cre mice were inoculated with C. rodentium, and received
400 mg of IgG or PBS with i.v. injection on days 3 and 4 postinfection.

Tfh cell sorting and transfer

To obtain Tfh cells, 5-wk-old C57BL/6 donor mice were inoculated with
C. rodentium, and cells were isolated from spleens and mesenteric lymph
nodes (MLNs) on day 8 postinfection. CD4+ T cells were first enriched
with CD4 microbeads (Miltenyi Biotec) following the manufacturer instruc-
tion. Afterwards, B2202CD11c2CD3+CD4+CD44+CXCR5+PD1+ Tfh cells
were further sorted using FACSAria sorter, with purity .98%. A total of
0.4 million cells were injected i.v. into Bcl6fl/fl/CD4cre mice 24 h prior
to C. rodentium inoculation. Bcl6fl/fl/CD4cre control mice received PBS
instead of Tfh cells.

Histological analysis

Distal sections of colon were fixed in 4% paraformaldehyde, and remaining
feces were removed. Tissue sections were stained with H&E. Slides were
examined with a Nikon microscope, and images were collected with
NIS-Elements software. Samples were scored (0–5) based on the inflam-
matory cellular infiltration, mucosal erosion, crypt ulceration, loss of crypts,
and goblet cells.

Lamina propria cell isolation

Colons were cut open longitudinally and feces were removed. They were
subsequently incubated with constant shaking in RPMI 1640 with addition
of 1 mM DTT and 2 mM EDTA at 37˚C for 30 min to further remove
epithelial cells. The colon pieces were then washed twice with harvesting
media and digested with 0.5 mg/ml collagenase D, 1 mg/ml Dispase, and
DNase I in RPMI 1640 at 37˚C for 30 min. The digested colon was filtered
with a 100-mm cell strainer, dissolved in 40% Percoll, and layered over
80% Percoll in a 15-ml tube. After centrifugation at 2500 rpm and 25˚C for
30 min, lamina propria lymphocytes were collected from the interface
between 40 and 80% Percoll.

Real-time RT-PCR

Total RNAwas isolated frommouse colon and reverse transcribed to cDNA.
We conducted RT-PCR with Yeasen quantitative PCR SYBR Green Master
Mix. The expression levels were obtained on a Bio-Rad CFX 96 Thermal

Cycler. For analysis, samples were normalized against b-actin and reported
according to the 22ΔΔCT method.

Statistical analysis

Data were analyzed and graphed by GraphPad Prism 8, GraphPad Software.
Mantel–Cox test was used for survival analysis. Data were analyzed
by Mann–Whitney U test for comparisons of groups with nonnormal
distributed variables. For normal distribution data, Student t test was
performed. A p value # 0.05 was considered significant.

Results
Tfh cells are essential for protection against C. rodentium
infection at the late phase

Previous research has demonstrated that both ab T cells and
B cells are important for protecting the host against C. rodentium
infection (6–9), but the mechanism by which they function is
unclear. In this study, we specifically assessed the importance of
Tfh cells in the course of C. rodentium infection. Following
C. rodentium infection, CXCR5+PD-1+ Tfh cells developed clearly
in the MLNs and spleens (Supplemental Fig. 1A, 1B). These results
suggest that Tfh cells may be important in host defense to the
infection. We next sought to determine the role of Tfh cells in
regulating C. rodentium infection using Bcl6fl/fl/CD4cre mice
whose Tfh cells were selectively deficient (17). These mice showed
deficiency of GC B cells and a reduction in the numbers of
both IgG1+ and IgA+ B cells in the MLNs in the resting state
(Supplemental Fig. 2A–C). Following oral infection with a
high dose of C. rodentium, four out of five Tfh-deficient mice
succumbed to death after 13–21 d, whereas there was no mortality
in the littermate controls (Fig. 1A). From day 12 postinfection,
Tfh-deficient mice began to show obvious body weight loss
compared with control mice, although there was no weight loss
in either group during the first week of infection (Fig. 1B).
Consistent with the markedly higher mortality and increased
weight loss observed in the Tfh-deficient mice, we detected the
systemic dissemination of C. rodentium in these mice, as evidenced
by elevated C. rodentium titers in the blood, liver, and spleen on
day 14 postinfection (Fig. 1C–E). In contrast, we did not find
any difference between these two groups on day 4 postinfection
(Supplemental Fig. 3A–C). These results together indicate a defect
in Bcl6fl/fl/CD4cre mice in protection against C. rodentium infec-
tion at the late but not early phase of infection.
At day 14 postinfection, Tfh-deficient mice exhibited more severe

diarrhea, hemafecia, and worsened colon shortening than control mice
(Fig. 1F). Moreover, C. rodentium infection induced severe colitis in
Tfh-deficient mice, characterized by leukocyte infiltration in the
lamina propria and submucosa, mucosal erosion, and loss of crypts,
which was mild in control mice (Fig. 1G). Therefore, these results
indicate that Tfh-deficient mice were sensitive to C. rodentium
infection with more severe colitis at the late phase of infection.

Mice lacking Tfh cells exhibit impaired serum IgG1 response
against C. rodentium

Because Tfh-deficient mice shared similar pathogen burdens and
body weights as the control mice on day 4 postinfection, we
reasoned that they may have no defect in the innate immunity to
C. rodentium infection. To address this, we sacrificed mice on
day 4 following infection for analysis. Between these two groups
of mice, we observed comparable expression of various cytokines,
including IL-22, TNF-a, IL-b, IL-6, IFN-g, IL-17A, IL-17F, and
IL-10, in the colon (Supplemental Fig. 3D–K) as well as similar
cell numbers for ILC1, ILC2, and ILC3 (data not shown). These
results indicate that Tfh cells are not required for the innate immunity
to C. rodentium infection.
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The Ab response to infection varies depending on the types of
infectious pathogens (12, 19, 20). Although B cells and IgG Abs
are critical for protection against C. rodentium (9), it is not clear
which IgG subclasses are involved. To assess whether Tfh cells
facilitate the production of class-switched Abs (21) to control
C. rodentium infection, we collected sera on day 14 postinfection
and examined C. rodentium–specific Ab responses. Bcl6-sufficient
mice produced substantial amounts of IgG, IgA, and IgM against
C. rodentium, whereas in mice lacking Bcl6 in T cells, IgG1 was
significantly reduced; however, IgG2a, IgG2b, IgG3, IgA, and
IgM levels were comparable in both groups of mice (Fig. 2A–F).
Furthermore, there was no difference in secreted IgA or IgM levels
in the feces between two groups (Fig. 2G, 2H). This suggests that
Tfh cell–dependent serum IgG1 is important for protection against
C. rodentium infection.
To further understand the regulation of serum IgG1 production in

C. rodentium infection, we sacrificed mice to examine the responses
of both T cells and B cells in caecal patches, MLNs, and spleens. In
contrast to infected control mice, activated CD4+CD44+ T cells
were obviously reduced in the infected knockout mice (data not
shown). Tfh cells accounted for this difference: Bcl6-deficient mice
were impaired dramatically in their Tfh cell response to infection
(Fig. 3A, 3B). In addition, CD95+GL7+ GC B cells and IgG1+

B cells expanded in response to infection in the control mice but
were almost completely absent in mice with Bcl6-deficient T cells

(Fig. 3C–F). Therefore, our results demonstrate that C. rodentium–
induced IgG1 response is dependent on Tfh cells, which might be
important for protection against infection at the late phase.

Serum Abs from infected normal mice protect Tfh-deficient
mice from C. rodentium infection

Our above observations indicate that the susceptibility of
Tfh-deficient mice correlated with impaired serum IgG1 response
to infection. Therefore, we further determined whether serum Abs
can protect Bcl6fl/fl/CD4cre mice during infection. We adoptively
transferred the sera or purified IgG from infected wild-type
mice to infected Bcl6fl/fl/CD4cre mice. All Tfh-deficient mice
receiving serum treatment survived. Furthermore, purified IgG
from infected wild-type mice also protected all the recipient
knockout mice, whereas 7 out of 10 mice receiving PBS died
(Fig. 4A).
Next, we sought to determine the effect of Ab treatment on

bacterial burdens in the target organs. We sacrificed mice at day 14
posttransfer. Compared with Bcl6fl/fl/CD4cre mice that received no
IgG treatment, less-severe weight loss and improved bacterial
clearance in the target organs were found in Bcl6fl/fl/CD4cre mice
that received IgG treatment (Fig. 4B–E). In addition, colon length

FIGURE 2. Impaired serum IgG1 response to C. rodentium infection

in Tfh-deficient mice. We orally inoculated mice with a low dose of

C. rodentium. The levels of C. rodentium–specific IgG1, IgG2a, IgG2b,

IgG3, IgA, and IgM (A–F) in the sera, IgA, and IgM in feces (G and H)

were detected by ELISA, using serial dilutions. Four mice in each group

were used. Data are presented as mean 6 SEM and derived from three

independent experiments. **p # 0.01, Mann–Whitney U test.

FIGURE 1. Tfh cells are required for protection against C. rodentium

infection. (A–G) Weaning-age Bcl6(fl/fl)/CD4cre mice and their control lit-

termates were orally inoculated with a high dose of C. rodentium. Survival

time (A) and body weight change (B) are shown. (C–E) C. rodentium titers

were measured in blood, liver, and spleen homogenate cultures at day 14

postinfection. (F) Images of colons at day 14 postinfection. Colon lengths

were measured. (G) The histological changes in the colon were analyzed

on day 14 postinfection. Tissue sections were stained with H&E. Scale

bars, 100 mm. (B–G) Four mice in each group were used. Data are shown

as mean 6 SEM and are from three independent experiments. *p # 0.05,

**p # 0.01, (A) Mantel–Cox test, (B–G) Mann–Whitney U test.
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shortening and histology scores were also significantly improved
to the similar levels as in infected wild-type mice (Fig. 4F, 4G).

Collectively, these results confirm that impaired humoral immune

response resulted from Tfh deficiency in Bcl6fl/fl/CD4cre mice

renders their susceptibility to C. rodentium infection.

Transfer of Tfh cells restores IgG1 levels and offers protection
in C. rodentium–infected Tfh-deficient mice

Because Tfh deficiency correlated with impaired IgG1 production
in Bcl6fl/fl/CD4cre mice, we sought to determine whether transfer
of Tfh cell is sufficient to restore IgG1 levels and re-establish

FIGURE 3. Tfh-deficient mice exhibit impaired GC and IgG1 response in MLN, spleen, and caecal patch to pathogens. We orally inoculated 3- to 4-wk-old

mice with a low dose of C. rodentium and sacrificed the mice at day 7 postinfection to analyze immune response in caecal patches. For analysis on MLNs and

spleens, mice were sacrificed at day 9 postinfection. Flow cytometric analysis of B2202CD4+CXCR5+PD1+ Tfh cells (A–C), B220+CD95+GL7+ GC B cells

(D–F), and B220+IgG1+ cells (G–I) in MLNs, spleens, and caecal patches. We calculated the cell numbers. Each point represents an individual mouse. Data

are shown as mean 6 SEM and derived from two independent experiments. *p # 0.05, Mann–Whitney U test.

The Journal of Immunology 2757



resistance in these mice to infection. CXCR5+PD-1+ Tfh cells
were sorted from the spleens and MLNs of infected wild-type
mice and adoptively transferred into Bcl6fl/fl/CD4cre recipient
mice, which were subsequently challenged with C. rodentium 24 h
later. At day 14 postinfection, mice receiving Tfh cell transfer had
restored GC B cells and IgG1-producing B cells in MLNs and
spleens (Fig. 5A, 5B). The serum IgG1 levels were also recovered
(Fig. 5C). In addition, Tfh cell transfer resulted in less worsened
weight loss (Fig. 5D) and improved bacterial clearance in target
organs (Fig. 5E–G) compared with the mice without Tfh cell
transfer. Consistently, the reduced pathogen burden in mice following
Tfh cell transfer was accompanied by improved colon length
shortening and reduced pathology scores in the colon compared
with the control mice without cell transfer. (Fig. 5H, 5I). As a
control, transfer of total CD4+ T cells from naive wild-type mice
was ineffective in restoring the IgG1 levels and failed in improving
protection against C. rodentium infection (data not shown). There-
fore, these results establish a central role of Tfh cells in regulating
protective IgG1 response following C. rodentium infection.

IL-21 and IL-4 are produced in Tfh cells during infection

To understand the functional mechanisms of Tfh cells in C. rodentium
infection, we measured Ab isotype class switching in GC B cells.
We found that IgG1+ GC B cells were increased by ∼4-fold in
MLNs and spleens following infection, whereas IgG2a and IgG2b
production in GC B cells was only modestly increased (Fig. 6A–C).
This observation indicates that IgG1 may be a major isotype in GC
B cells following C. rodentium infection. In addition, we measured
IgG2a and IgG2b responses in MLNs and spleens in mice lacking
Bcl6 in T cells following infection. In contrast to almost absent
levels of IgG1, the production of IgG2a and IgG2b in B cells from
MLNs and spleens was normal in these mice (Supplemental Fig.
4A, 4B). This finding is consistent with our results in Fig. 2 showing
comparable levels of IgG2 in sera between mice with or without Tfh
cells. Thus, IgG2a and IgG2b can be induced in mice without Tfh
response following C. rodentium infection. These results support
the notion that Tfh-dependent IgG1 production may be a major
response of GC B cells following C. rodentium infection.
It is known that IL-21 and IL-4 promote the production of

IgG1 by B cells (22, 23), whereas IgG2 response is facilitated by
IFN-g–producing cells (24). To determine whether Tfh cells
produce cytokines to facilitate the production of IgG1 Ab to
control C. rodentium infection, we measured IL-21, IL-4, and
IFN-g in Tfh cells fromMLNs and spleens. In CD4 T cells, IL-21 was
mainly expressed by CXCR5+PD-1+ Tfh cells. Upon C. rodentium
infection, we found IL-21 and IL-4 expression in Tfh cells was
increased obviously in wild-type mice (Fig. 6D, 6E). In con-
trast, IFN-g+ Tfh cells were only altered significantly in spleens
following infection (Fig. 6F). In conclusion, our findings suggest
IL-21 and IL-4 production in Tfh cells may be a major mecha-
nism underlying Tfh cell–driven IgG1 production by GC B cells
following C. rodentium infection.

Discussion
The main goal of this study is to assess the role of Tfh cells in the
pathogenesis of intestinal infection using C. rodentium in mice.
Although previous studies reported CD4+ T cell–dependent hu-
moral immunity is critical for controlling the systemic spread of
C. rodentium infection (6, 7), the subset of CD4+ T cells as well as
the underlying functional mechanisms in control of C. rodentium
infection remain to be elucidated. In this study, we provide the first
evidence, to our knowledge, that Tfh cells are essential in
protection against C. rodentium infection. We found that Tfh
cells expanded in the MLNs and spleens following C. rodentium
infection. As C. rodentium initially colonized at cecum, we ex-
amined GC response in caecal patches to infection. Different from
what happened in MLNs and spleens, the size of caecal patch and
the total lymphocytes within caecal patches decreased gradually
from day 7 to 14 postinfection. One possible explanation might be
that these cells may migrate into other sites, such as other gut-
associated lymphoid tissues and MLNs. Although we did not find
significant expansion of Tfh cells localized in caecal patch fol-
lowing infection, the increase of GC B cells in this structure also
indicated the role of GC response to C. rodentium infection.
Moreover, the susceptibility of Bcl6fl/fl/CD4cre mice at the late phase
of infection demonstrates that protective adaptive immunity requires
a systemic Tfh cell response. Additionally, the normal response at
the early phase of infection in mice with conditional ablation of
Bcl6 in T cells indicates that Tfh cells are not required for the
innate immunity to C. rodentium infection.
Infections with virus or bacteria may result in the formation of

Tfh cells, which localize in B cell follicles to provide the necessary
signals for Ab production. During this process, the isotypes of the

FIGURE 4. Serum Ab from infected wild-type mice protect Tfh-deficient

mice from C. rodentium infection. The weaning-age Bcl6(fl/fl)/CD4cre mice

were orally inoculated with a high dose of C. rodentium and received sera or

purified IgG from acutely infected wild-type mice i.v. for treatment. As parallel,

mice received PBS i.v. instead as controls. Survival time (A) and body weight

change (B) are shown. (C–E) C. rodentium titers were measured in blood, liver,

and spleen homogenate cultures at day 14 postinfection. (F) Images of

colons at day 14 postinfection. Colon lengths were measured. (G) The

histological changes in the colon were analyzed on day 14 postinfection.

Tissue sections were stained with H&E. Scale bars, 100 mm. (B–G) Four

mice in each group were used. Data are shown as mean 6 SEM and are

from two independent experiments. *p# 0.05, (A) Mantel–Cox test, (B–G)

Mann–Whitney U test.
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Ab responses are pathogen dependent and differ from those elicited
by the Ags. IgG2 are known as effective virus-neutralizing Abs
that provide protective responses (12, 19). Recent research indi-
cates that IgG1, but not IgG2a, is required in immune protection
against Salmonella typhimurium (20). It has been unclear which
Ab isotype is required for the protection against C. rodentium. In
the current study, we found that the susceptibility of Tfh-deficient
mice to infection correlated with the defective production of
IgG1, whereas the levels of IgG2, IgG3, IgM, and IgA were
comparable between groups, suggesting that Tfh-dependent IgG1
response may be important in controlling C. rodentium infection.
Our results support one previous study reporting that IgA, IgM,
and IgG3 are not required for eradication of C. rodentium (9).
In another study, sera from infected IFN-g2/2 mice can protect
100% of T cell–deficient mice to C. rodentium infection, which
suggests that IFN-g–dependent IgG2 is dispensable for protection
against C. rodentium infection (6). In contrast, we analyzed the
adaptive immune responses in caecal patch, MLN, and spleen to
infection and found the almost absent levels of Tfh, GC B, and
IgG1+ B cells in Tfh-deficient mice, which underscored the absent
level of IgG1 in sera.

Furthermore, the ability of transferred immune sera or purified
IgG in restoring the systemic immunity in infected Bcl6fl/fl/CD4cre

mice demonstrates Tfh-dependent protective Abs are critical for
the pathogen clearance. The adoptive transfer of Tfh cells from
infected mice but not naive mice restored IgG1 levels in sera and
protected the Bcl6fl/fl/CD4cre recipient mice from the pathogens in
infecting organs. The lack of protection by total CD4+ T cells
from naive wild-type mice might be because C. rodentium
Ag-specific Tfh cells had not been generated. In contrast, Tfh cells
in the infected wild-type mice were mostly Ag specific and could
directly migrate to GC to provide the necessary signals to help the
production of high-affinity C. rodentium–specific IgG1 Ab. These
observations underscore the crucial role of Tfh cells in inducing
IgG1 response following C. rodentium infection.
Previous studies have shown that cytokines play vital roles in Ab

class switching. IL-21 and IL-4 are essential for the production of
IgG1, whereas IFN-g contributes to the generation of IgG2 Ab
(22–24). Tfh cell is the main producer of IL-21 and IL-4 from
T cells (10), indicating the potential effect on IgG1 class switching
from GC B cells. Th1 cell (19) and Th1-like Tfh cell (12) could be
the important mediators of IgG2 class switching to viral infection.

FIGURE 5. Transfer of Tfh cells restores IgG1 levels and protects Tfh-deficient mice from C. rodentium infection. The weaning-age Bcl6(fl/fl)/CD4cre

mice received i.v. treatment with CXCR5+PD1+ Tfh cells in MLNs and spleens from infected wild-type mice and were orally inoculated with a high dose of

C. rodentium 24 h later. In parallel, mice received PBS i.v. instead as controls. (A) Flow cytometric analysis of B220+CD95+GL7+ GC B cells in MLNs and

spleens. (B) Flow cytometric analysis of IgG1+B220+ cells in MLNs and spleens. We calculated the cell numbers. Each point represents an individual

mouse. (C) The levels of C. rodentium–specific IgG1 in the sera were detected by ELISA, using serial dilutions. (D) Body weight changes are shown. (E–G)

C. rodentium titers were measured in blood, liver, and spleen homogenate cultures at day 14 postinfection. (H) Images of colons at day 14 postinfection.

Colon lengths were measured. (I) The histological changes in the colon were analyzed on day 14 postinfection. Tissue sections were stained with

H&E. Four mice in each group were used. Data are shown as mean 6 SEM and are from two independent experiments. *p # 0.05, **p # 0.01, (A–I)

Mann–Whitney U test.
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FIGURE 6. IL-21 and IL-4 production by Tfh cells in C. rodentium infection. We orally inoculated 3- to 4-wk-old mice with a low dose of C. rodentium.

We sacrificed the mice at day 9 postinfection to see the immune responses in MLNs and spleens. Flow cytometric analysis of IgG1+ GC B cells (A), IgG2a+

GC B cells (B), IgG2b+ GC B cells (C), IL-21+ Tfh cells (D), IL-4+ Tfh cells (E), and IFN-g+ Tfh cells (F) in MLNs and spleens are shown. We calculated

the cell numbers. Each point represents an individual mouse. Data are shown as mean 6 SEM and derived from two independent experiments. *p # 0.05,

**p # 0.01, t test.
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In the current study, we detected substantial levels of IL-21 and
IL-4 in Tfh cells during C. rodentium infection, correlating with
the increase of IgG1 production from GC B cells. Meanwhile,
IFN-g expression in Tfh cells and IgG2 from GC B cells were
moderate in response to C. rodentium infection. Our findings are in
line with the previous report that the humoral response in IFN-g2/2

mice was sufficient to protect CD4+ T cell–deficient mice from in-
fection with C. rodentium (6). Our results also suggest that IL-21 and
IL-4 production may be a major function in Tfh cells, resulting in
IgG1 class switching in GC B cells following C. rodentium infection.
In summary, our data demonstrate that Tfh cells are crucial at

the late phase of intestinal C. rodentium infection and function to
promote protective systemic humoral responses. These findings
may suggest new, effective therapy for intestinal infection.
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