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Only CXCR5+ Th cells control B cell responses

Breitfeld et al., JEM, 2000
Schaerli et al., JEM, 2000

In vitro culture of human T lymphocytes 
and autologous B cells

bone-marrow chimera
in which all T cells are CXCR5 deficient

Arnold et al., EJI, 2007
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2nd signal: 
Expression of co-stimulatory molecules

Ø CD28 and OX40 engagements lead to 
CXCR5 expression by Th cells and GC formation

Ø CD40L-CD40 interactions lead to 
B cell survival and BCR isotype switch

Walker et al., JEM, 1999
Han et al., JI, 1995

DC/Tfh

B/Tfh
GC-B/Tfh



Impaired primary Ab responses and GC formation 
in ICOS-/- mice challenged with T-cell-dependent Ag

McAdam et al., Nature, 2001
Tafuri et al., Nature, 2001

Dong et al, Nature 2001

2nd signal: 
Expression of co-stimulatory molecules

DC/Tfh
GC-B/Tfh



Ø SAP deficiency in T cells leads to impaired GC formation
Ø SAP is important to induce a prolonged T-B interaction

Crotty et al., Nature, 2003
Veillette et al., PNAS, 2008

Qi et al, Nature 2008

2nd signal: 
Expression of co-stimulatory molecules

B/Tfh



PD-1, an inhibitory molecule, 
which allows positionning in GC

Shi et al., Immunity, 2018



Cytokine production by Tfh cells: IL-21

Ø High production of IL-21 by Tfh cells
Ø IL-21R is expressed by B cells
Ø IL21R-/- mice have impaired class switch

Ozaki et al, Science 2002



Strength of Tfh cell/GC B cell interaction regulates
entry into Plasma cell or recycling GC fate

Ise et al, Immunity 2018



Genetic program of Tfh cells

Tfh express a distinct signature when compared to Th1, 
Th2, Th17, Tem and Tcm

Kim et al., JEM, 2001
Chtanova et al., JI, 2004

Nurieva et al., Immunity, 2008



Bcl-6 is required for Tfh cell formation

Jonhston et al., Science, 2009
Nurieva et al., Science, 2009

Yu et al., Immunity, 2009
Kitano et al., Immunity, 2011

Choi et al., Immunity, 2011
Lee et al., JEM 2011

In vivo differentiation of Tfh and GC B cells
in bone-marrow chimera

Tfh

GC B cells



Tfh differentiation

IL-6 and IL-21 promote Tfh cell differentiation in vitro and in vivo

Nurieva et al., Immunity, 2008
Vogelzang et al., Immunity, 2008

In vitro culture of 
stimulated T lymphocytes

In vivo differentiation of Tfh and GC B cells
in deficient animals

TFH

GC B 
cells



Ballesteros-Tato et al, Immunity, 2012
Johnston et al, J Exp Med, 2012

IL-2 inhibits Tfh cell differentiation in vitro and in vivo

Tfh differentiation



Fazilleau N et al., Immunity, 2009

Tfh differentiation



Unfortunately, 
it is not that trivial…



Tfh can secrete cytokines 
associated to other Th lineages

Tfh cells can secrete IFN-g, IL-4, IL-17 and TGF-b
that will control isotype switch

Vijayanand et al., Immunity , 2012
Tsuji et al. Science, 2009

Bauquet et al., Nature Immunol, 2009
Fazilleau et al., Nature  Immunol, 2009
Reinhardt et al., Nature Immunol, 2009

IL-17 secreting GC Th cells IL-4 secreting GC Th cells



Tfh progressively differentiate to regulate the GC response

Weinstein et al., Nature Immunol, 2016
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Tfh cell preferentially express high-affinity TCR
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DiToro et al, Science, 2018

Differential IL-2 expression defines
developmental fates Tfh vs non Tfh

IL2 reporter mice



Linterman et al., Nature Medicine, 2011
Chung et al., Nature Medicine, 2011 
Amé-Thomas et al., Leukemia, 2011

Wollenberg et al., Journal of Immunology, 2011

Some Tfh express Foxp3 Tfr participate to GC reaction

Regulation of B cell reponse
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Distinct functin of Tfr cells

Botta et al, Nat Immunol 2017
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Bcl-6hiCXCR5hiFoxp3+CD4+ T cells as TFR cells. TFR cell development 
requires SLAM-associated protein (SAP)-mediated interaction with 
B cells21. As such, the frequency and number of Bcl-6hiCXCR5hi TFR 
cells were decreased in SAP-deficient (B6.Sh2d1a−/−) mice relative to 
B6 mice (Fig. 1d,e). Finally, to determine whether Foxp3+ cells home 
to germinal centers (GCs) following influenza infection, we examined 
the placement of Foxp3+ cells relative to B cell follicles and GCs in 
sections of mLNs obtained from mice infected with influenza for 30 
d (Supplementary Fig. 1a). As expected, we identified CD4+Foxp3+ 
cells in the B cell follicles, the interfollicular area and inside the GCs 
(Supplementary Fig. 1a,b). These results indicate that bona fide TFR 
cells develop following influenza virus infection.

We next infected B6 mice with influenza and enumerated TFR cells 
and conventional Treg cells in the mLN at different times after infec-
tion (Fig. 1f–h). Bcl-6hiCXCR5hi TFR cells were barely detectable at 

the peak of the infection (day 7–15), but largely accumulated during 
the late phase of the primary response (day 30–60) (Fig. 1f,g). In 
contrast, conventional Treg cells rapidly expanded between days 3 
and 7 (Fig. 1h). Notably, the paucity of TFR cells at the peak of the 
infection was not a result of a lack of GC B cells, as GC B cells were 
easily detected at day 10, continued to expand through day 15 and 
declined thereafter (Fig. 1i,j). We also observed that Bcl-6hiCXCR5hi 
TFH cells (Fig. 1k,l) peaked between days 7 and 15 after infection, and 
subsequently contracted between days 15 and 30. Thus, in contrast 
with GC cells, TFH cells and conventional Treg cells, TFR cells fail to 
accumulate at the peak of the infection.

To further confirm this conclusion, we evaluated the presence of 
Foxp3+ cells in the GCs at days 10 and 30 after infection by immu-
nohistochemistry (Supplementary Fig. 1c). Foxp3+ cells were easily 
detected in the B cell follicles, interfollicular area and GCs on day 
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Figure 1 Kinetics of the TFR cell response to influenza. (a–c) B6 mice were infected with PR8 and cells from the mLN were analyzed by flow cytometry 
30 d after infection. (a) Expression of Bcl-6 and CXCR5 in FoxP3+CD69hi and FoxP3+CD69lo CD4+ T cells. Expression of PD-1 (b) and GL-7 (c) on 
Bcl-6loCXCR5lo and Bcl-6hiCXCR5hi FoxP3+CD69hi CD4+ T cells. Data are representative of five independent experiments (3–5 mice per experiment). 
(d,e) B6 and B6.Sh2d1a−/− mice were infected with PR8 and the frequency (d) and number (e) of FoxP3+CD69hiCD4+ T cells with a Bcl-6hiCXCR5hi 
TFR cell phenotype were evaluated in the mLN 30 d after infection. Data are representative of three independent experiments (mean o s.d. of 3–5 
mice per group). ***P < 0.001. P values were determined using a two-tailed Student’s t test. (f–l) B6 mice were infected with PR8 and cells from 
the mLN were analyzed by flow cytometry at the indicated time points. Frequency (f) and number (g) of Bcl-6hiCXCR5hi TFR cells. Representative 
plots were gated on FoxP3+CD69hiCD19−CD4+ T cells. (h) Number of FoxP3+CD69hi Treg cells with a Bcl-6loCXCR5lo phenotype. Frequency (i) and 
number (j) of CD19+CD138−PNAhiCD95hi GC B cells. Frequency (k) and number (l) of Bcl-6hiCXCR5hi TFH cells. Representative plots were gated on 
CD4+FoxP3−CD19− T cells. Data are shown as the mean o s.d. (n = 4–5 mice per time point). Data are representative of three independent experiments. 
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B cells21. As such, the frequency and number of Bcl-6hiCXCR5hi TFR 
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B6 mice (Fig. 1d,e). Finally, to determine whether Foxp3+ cells home 
to germinal centers (GCs) following influenza infection, we examined 
the placement of Foxp3+ cells relative to B cell follicles and GCs in 
sections of mLNs obtained from mice infected with influenza for 30 
d (Supplementary Fig. 1a). As expected, we identified CD4+Foxp3+ 
cells in the B cell follicles, the interfollicular area and inside the GCs 
(Supplementary Fig. 1a,b). These results indicate that bona fide TFR 
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infection was not a result of a lack of GC B cells, as GC B cells were 
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To further confirm this conclusion, we evaluated the presence of 
Foxp3+ cells in the GCs at days 10 and 30 after infection by immu-
nohistochemistry (Supplementary Fig. 1c). Foxp3+ cells were easily 
detected in the B cell follicles, interfollicular area and GCs on day 

g

Time (days post-infection)

T
F

R
 c

el
ls

(×
10

3 )

3 7 10 15 30 60
0

2

4

6

8

a b c d

T
F

R
 c

el
ls

 (
×1

03 )

Sh2d1a–/–B6
0

2

5

7

10 ***

e

h

0

10

20

30

40

B
cl

-6
lo

C
X

C
R

5lo

 T
re

g 
ce

lls
 (

×1
04 )

3 7 10 15 30 60
Time (days post-infection)

j

3 7 10 15 30 60

G
C

 B
 c

el
ls

(×
10

6 )

0

2

1

Time (days post-infection)

l

0

10

20
25

15

T
F

H
 c

el
ls

 (
×1

04 )

3 7 10 15 30 60

5

Time (days post-infection)

0

0

Day 3 Day 7 Day 10 Day 15 Day 30 Day 60f

CXCR5

0.69% ± 0.5 0.29% ± 0.2 1.3% ± 0.5 1.91% ± 0.1 5.91% ± 0.9 5.16% ± 0.7

102

102

103

103

104

104

105

105 0 102 103 104 105 0 102 103 104 105 0 102 103 104 105 0 102 103 104 105 0 102 103 104 105

0
102

103

104

105

0
102

103

104

105

0
102

103

104

105

0
102

103

104

105

0
102

103

104

105

B
cl

-6

Time

k

0

0
102

102

103

103

104

104

105

105 0 102 103 104 105 0 102 103 104 105 0 102 103 104 105 0 102 103 104 105 0 102 103 104 105

0
102

103

104

105

0
102

103

104

105

0
102

103

104

105

0
102

103

104

105

0
102

103

104

105

B
cl

-6

0.12% ± 0.03 4.26% ± 0.7 5.72% ± 0.7 5.61% ± 1.6 1.92% ± 0.74.14% ± 0.3

Day 3 Day 7 Day 10 Day 15 Day 30 Day 60

CXCR5

Time

0 103 104 105

0
102

103

104

105

0

0

102

102

103

103

104

104

105

105

102

103
104
105

C
D

69

CD4+CD19–

0

1021031041050

TFR

Bc-l6lo

CXCR5lo

B
cl

-6

Foxp3

CXCR5

0
20
40
60
80

100
P

er
ce

nt
ag

e 
of

 m
ax

GL7
0 102 103 104 105

Sh2d1a–/–

0
102
103

104
105

0
102

103

104
105

0 102 103104105 0 102 103104105

B
cl

-6
CXCR5

B6

6.01% ± 0.9 2.31% ± 0.5

0
20
40
60
80

100

PD-1

P
er

ce
nt

ag
e 

of
 m

ax

0

TFR

Bcl-6loCXCR5lo

102 103 104 105

F
A

S

PNA

i

0
102

103

104

105

0102 103 104 105 0 102 103 104 105 0 102 103 104 105 0 102 103 104 105 0 102 103 104 105 0 102 103 104 105

0
102

103

104

105

0
102

103

104

105

0
102

103

104

105

0
102

103

104

105

0
102

103

104

105

Day 3 Day 7 Day 10 Day 15 Day 30 Day 60

0.15% ± 0.1 0.98% ± 0.2 5.21% ± 1.2 12.42% ± 1.9 6.93% ± 3.19.22% ± 1.7

Time

Figure 1 Kinetics of the TFR cell response to influenza. (a–c) B6 mice were infected with PR8 and cells from the mLN were analyzed by flow cytometry 
30 d after infection. (a) Expression of Bcl-6 and CXCR5 in FoxP3+CD69hi and FoxP3+CD69lo CD4+ T cells. Expression of PD-1 (b) and GL-7 (c) on 
Bcl-6loCXCR5lo and Bcl-6hiCXCR5hi FoxP3+CD69hi CD4+ T cells. Data are representative of five independent experiments (3–5 mice per experiment). 
(d,e) B6 and B6.Sh2d1a−/− mice were infected with PR8 and the frequency (d) and number (e) of FoxP3+CD69hiCD4+ T cells with a Bcl-6hiCXCR5hi 
TFR cell phenotype were evaluated in the mLN 30 d after infection. Data are representative of three independent experiments (mean o s.d. of 3–5 
mice per group). ***P < 0.001. P values were determined using a two-tailed Student’s t test. (f–l) B6 mice were infected with PR8 and cells from 
the mLN were analyzed by flow cytometry at the indicated time points. Frequency (f) and number (g) of Bcl-6hiCXCR5hi TFR cells. Representative 
plots were gated on FoxP3+CD69hiCD19−CD4+ T cells. (h) Number of FoxP3+CD69hi Treg cells with a Bcl-6loCXCR5lo phenotype. Frequency (i) and 
number (j) of CD19+CD138−PNAhiCD95hi GC B cells. Frequency (k) and number (l) of Bcl-6hiCXCR5hi TFH cells. Representative plots were gated on 
CD4+FoxP3−CD19− T cells. Data are shown as the mean o s.d. (n = 4–5 mice per time point). Data are representative of three independent experiments. 

1250  VOLUME 18 NUMBER 11 NOVEMBER 2017 NATURE IMMUNOLOGY

A RT I C L E S

Bcl-6hiCXCR5hiFoxp3+CD4+ T cells as TFR cells. TFR cell development 
requires SLAM-associated protein (SAP)-mediated interaction with 
B cells21. As such, the frequency and number of Bcl-6hiCXCR5hi TFR 
cells were decreased in SAP-deficient (B6.Sh2d1a−/−) mice relative to 
B6 mice (Fig. 1d,e). Finally, to determine whether Foxp3+ cells home 
to germinal centers (GCs) following influenza infection, we examined 
the placement of Foxp3+ cells relative to B cell follicles and GCs in 
sections of mLNs obtained from mice infected with influenza for 30 
d (Supplementary Fig. 1a). As expected, we identified CD4+Foxp3+ 
cells in the B cell follicles, the interfollicular area and inside the GCs 
(Supplementary Fig. 1a,b). These results indicate that bona fide TFR 
cells develop following influenza virus infection.

We next infected B6 mice with influenza and enumerated TFR cells 
and conventional Treg cells in the mLN at different times after infec-
tion (Fig. 1f–h). Bcl-6hiCXCR5hi TFR cells were barely detectable at 

the peak of the infection (day 7–15), but largely accumulated during 
the late phase of the primary response (day 30–60) (Fig. 1f,g). In 
contrast, conventional Treg cells rapidly expanded between days 3 
and 7 (Fig. 1h). Notably, the paucity of TFR cells at the peak of the 
infection was not a result of a lack of GC B cells, as GC B cells were 
easily detected at day 10, continued to expand through day 15 and 
declined thereafter (Fig. 1i,j). We also observed that Bcl-6hiCXCR5hi 
TFH cells (Fig. 1k,l) peaked between days 7 and 15 after infection, and 
subsequently contracted between days 15 and 30. Thus, in contrast 
with GC cells, TFH cells and conventional Treg cells, TFR cells fail to 
accumulate at the peak of the infection.

To further confirm this conclusion, we evaluated the presence of 
Foxp3+ cells in the GCs at days 10 and 30 after infection by immu-
nohistochemistry (Supplementary Fig. 1c). Foxp3+ cells were easily 
detected in the B cell follicles, interfollicular area and GCs on day 

g

Time (days post-infection)

T
F

R
 c

el
ls

(×
10

3 )
3 7 10 15 30 60

0

2

4

6

8

a b c d

T
F

R
 c

el
ls

 (
×1

03 )

Sh2d1a–/–B6
0

2

5

7

10 ***

e

h

0

10

20

30

40

B
cl

-6
lo

C
X

C
R

5lo

 T
re

g 
ce

lls
 (

×1
04 )

3 7 10 15 30 60
Time (days post-infection)

j

3 7 10 15 30 60

G
C

 B
 c

el
ls

(×
10

6 )

0

2

1

Time (days post-infection)

l

0

10

20
25

15

T
F

H
 c

el
ls

 (
×1

04 )

3 7 10 15 30 60

5

Time (days post-infection)

0

0

Day 3 Day 7 Day 10 Day 15 Day 30 Day 60f

CXCR5

0.69% ± 0.5 0.29% ± 0.2 1.3% ± 0.5 1.91% ± 0.1 5.91% ± 0.9 5.16% ± 0.7

102

102

103

103

104

104

105

105 0 102 103 104 105 0 102 103 104 105 0 102 103 104 105 0 102 103 104 105 0 102 103 104 105

0
102

103

104

105

0
102

103

104

105

0
102

103

104

105

0
102

103

104

105

0
102

103

104

105

B
cl

-6

Time

k

0

0
102

102

103

103

104

104

105

105 0 102 103 104 105 0 102 103 104 105 0 102 103 104 105 0 102 103 104 105 0 102 103 104 105

0
102

103

104

105

0
102

103

104

105

0
102

103

104

105

0
102

103

104

105

0
102

103

104

105

B
cl

-6

0.12% ± 0.03 4.26% ± 0.7 5.72% ± 0.7 5.61% ± 1.6 1.92% ± 0.74.14% ± 0.3

Day 3 Day 7 Day 10 Day 15 Day 30 Day 60

CXCR5

Time

0 103 104 105

0
102

103

104

105

0

0

102

102

103

103

104

104

105

105

102

103
104
105

C
D

69

CD4+CD19–

0

1021031041050

TFR

Bc-l6lo

CXCR5lo

B
cl

-6

Foxp3

CXCR5

0
20
40
60
80

100

P
er

ce
nt

ag
e 

of
 m

ax

GL7
0 102 103 104 105

Sh2d1a–/–

0
102
103

104
105

0
102

103

104
105

0 102 103104105 0 102 103104105

B
cl

-6

CXCR5

B6

6.01% ± 0.9 2.31% ± 0.5

0
20
40
60
80

100

PD-1

P
er

ce
nt

ag
e 

of
 m

ax

0

TFR

Bcl-6loCXCR5lo

102 103 104 105

F
A

S

PNA

i

0
102

103

104

105

0102 103 104 105 0 102 103 104 105 0 102 103 104 105 0 102 103 104 105 0 102 103 104 105 0 102 103 104 105

0
102

103

104

105

0
102

103

104

105

0
102

103

104

105

0
102

103

104

105

0
102

103

104

105

Day 3 Day 7 Day 10 Day 15 Day 30 Day 60

0.15% ± 0.1 0.98% ± 0.2 5.21% ± 1.2 12.42% ± 1.9 6.93% ± 3.19.22% ± 1.7

Time

Figure 1 Kinetics of the TFR cell response to influenza. (a–c) B6 mice were infected with PR8 and cells from the mLN were analyzed by flow cytometry 
30 d after infection. (a) Expression of Bcl-6 and CXCR5 in FoxP3+CD69hi and FoxP3+CD69lo CD4+ T cells. Expression of PD-1 (b) and GL-7 (c) on 
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number (j) of CD19+CD138−PNAhiCD95hi GC B cells. Frequency (k) and number (l) of Bcl-6hiCXCR5hi TFH cells. Representative plots were gated on 
CD4+FoxP3−CD19− T cells. Data are shown as the mean o s.d. (n = 4–5 mice per time point). Data are representative of three independent experiments. 

TFH GC B cells TFR

TFR prevent the expansion of self-reactive B cell clones
(Influenza infection)

Tfr cells promote GC response through the 
production of IL-10
(LCMV infection)

Laidlaw et al, Sci Immunol 2017

Laidlaw et al., Sci. Immunol. 2, eaan4767 (2017)     20 October 2017

S C I E N C E  I M M U N O L O G Y  |  R E S E A R C H  A R T I C L E

2 of 10

cells transcribing its mRNA express Thy1.1 on their cell surface (29 ). 
Our previous work validated that Thy1.1+ cells produce IL-10 during 
LCMV infection (30 ). Although Tfr cell numbers initially declined af-
ter LCMV infection, their number increased from day 5 onward, mir-
roring the kinetics of Tfh and pre-Tfh cells and GC B cells [Fig. 1A, 
gated as in fig. S1, A and B, and as previously described (31–35 )]. The 
ratio of Tfr cells to Tfh cells or GC B cells peaked at day 5 after infection 
and progressively declined at days 8 and 12 as the increase in Tfh cell 
and GC B cell numbers outpaced that of Tfr cells (Fig. 1B) (9 , 10 ). 
There was an increased percentage of Thy1.1+ cells within the Tfr cell 
population relative to non-Tfr Treg cells at days 5 and 8 after infection, 
suggesting that IL-10 secretion may be a mechanism by which Tfr cells 
regulate the emerging GC response within the follicle (Fig. 1C). De-
tection of Thy1.1+ Treg cells within the GC by immunofluorescence 
was impeded because of technical complications related to the dis-
rupted splenic architecture at days 5 and 8 after infection and the dim-
ness of Thy1.1 expression. Only a small percentage of Tfh cells or GC 
B cells were competent to express IL-10, with their percentages de-
clining over time (fig. S1C). They also made less of this cytokine on a 
per-cell basis relative to Tfr and non-Tfr Treg cells, suggesting that these 
cells, in comparison with Tfr or Treg cells, are not an important source 
of IL-10 for the GC response.

To evaluate the importance of Treg cell–derived IL-10 in the GC 
response, we generated mice that specifically deleted Il10  in Foxp3- 
expressing Treg cells, as previously described (29 ). Il10 f/fFoxp3-Cre mice 
displayed no sign of overt disease at steady state and did not show 
any consistent trend toward differences in basal percentages of GC 
B cells, Tfh cells, or Tfr cells (fig. S2). There was also no difference in 
the Tfr-to-Tfh and Tfr-to-GC B cell ratios in the spleen, peripheral and 
mesenteric lymph nodes, and Peyer’s patches. We evaluated the B cell 
response after acute LCMV infection of these animals in comparison 
with IL-10 intact ones. Although this response appeared similar in the 
two groups at day 8 after infection, a statistically significant decrease in 
the per centage and number of B cells with an activated phenotype 
(IgDlo) and of those cells with a GC phenotype (GL7+CD95+) emerged 

over time in mice in which Treg cells lacked Il10  expression, with this dif-
ference peaking at day 15 after infection (Fig. 2A and fig. S3A). These 
mutant mice also displayed reduced GC size as determined by confocal 
imaging of splenic sections (Fig. 2B). We found that mice lacking Treg 
cell–derived IL-10 had a reduced percentage and number of plasmablasts 
(CD138+B220int cells) compared with their IL-10 intact counterparts, 
albeit a similar number of cells with a GC-dependent memory B cell 
phenotype (B220+IgDloGL7−CD38+CD95+ cells) (Fig. 2C) (36 , 37 ). 
They also had reduced serum titers of LCMV-specific IgG2a and IgG1 
(Fig. 2D), with a similar number of LCMV-specific memory B cells 
(Fig. 2E). No defects in GC B cell or plasmablast numbers were evident 
in mice immunized with NP-OVA [(4-hydroxy-3-nitrophenyl)acetyl- 
ovalbumin] in complete Freund’s adjuvant (fig. S3B). There were also 
no apparent defects in GC B cell or plasmablast numbers in LCMV- 
infected IL-10 −/− mice or in mice treated with an anti–IL-10 antibody, 
suggesting that IL-10 production by different cell types may play op-
posing roles in the regulation of the GC response (fig. S4, A and B) 
(38 ). Together, these data indicate that IL-10 specifically produced 
by Treg cells is important in promoting plasmablast differentiation 
and the development of the GC after viral infection.

Tfr cell–derived IL-10 promotes the GC response
These findings did not distinguish between the roles of Tfr cell–derived 
IL-10 and IL-10 produced by Bcl6− Treg cells in regulating the GC re-
sponse. Follicular nonresident Treg cells can modulate the GC response 
as early as day 3 after immunization and likely serve as precursors 
for Tfr cells (14 ). To discriminate between these possibilities, mixed 
bone marrow chimeras (mBMCs) were generated, in which Il10  was 
specifically ablated in Bcl6-expressing Tfr cells via generation of 50:50 
Il10 f/fFoxp3-Cre:Bcl6 f/fFoxp3-Cre and control 50:50 Il10 f/f:Bcl6 f/fFoxp3-
Cre chimeras (Fig. 3A) (12). In the absence of Tfr cell–derived IL-10, 
there was a significantly reduced percentage of IgDlo B cells at day 15 
after LCMV infection and reduced percentages of GC B cells and 
plasmablasts (CD138+B220int) in comparison with control chimeras. 
The importance of Tfr cell–derived IL-10 was further tested using 
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Fig. 1. Tfr cells robustly secrete IL-10 after acute viral infection. Analysis of the Treg cell response after LCMV infection in IL-10 reporter (10BiT Thy1.1) mice. (A) Quan-
tification of the number of Tfr cells, non-Tfr Treg cells, pre-Tfh cells, Tfh cells, and GC B cells at days 0, 5, 8, and 12 after infection. Populations are defined as follows: Tfr cells, 
CD4+Ly6C−PSGL1loCXCR5hiPD1hiFoxp3+; non-Tfr Treg cells, CD4+CXCR5int-loPD1int-loFoxp3+; pre-Tfh cells, CD4+CD44hiLy6C−PSGL1loCXCR5intPD1intFoxp3−; Tfh cells, 
CD4+CD44hiLy6C−PSGL1loCXCR5hiPD1hiFoxp3−; and GC B cells, B220+IgDloGL7+CD95+. (B) Quantification of the ratio of Tfr cells to Tfh cells or GC B cells at days 0, 5, 8, and 
12 after infection. (C) Representative plot of IL-10 expression (assessed as Thy1.1) by Tfr cells (left) and non-Tfr Treg cells (middle) from mice as described in (A). Right: Frequency 
of Thy1.1+ cells in Tfr cells and non-Tfr Treg cells at days 0, 5, 8, and 12 after LCMV Armstrong infection. Statistical analyses were performed using unpaired two-tailed 
Student’s t test (*P < 0.05; **P < 0.01; ***P < 0.001). Data are from two experiments representative of four experiments with three to six mice per time point after LCMV 
Armstrong infection.
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cells transcribing its mRNA express Thy1.1 on their cell surface (29 ). 
Our previous work validated that Thy1.1+ cells produce IL-10 during 
LCMV infection (30 ). Although Tfr cell numbers initially declined af-
ter LCMV infection, their number increased from day 5 onward, mir-
roring the kinetics of Tfh and pre-Tfh cells and GC B cells [Fig. 1A, 
gated as in fig. S1, A and B, and as previously described (31–35 )]. The 
ratio of Tfr cells to Tfh cells or GC B cells peaked at day 5 after infection 
and progressively declined at days 8 and 12 as the increase in Tfh cell 
and GC B cell numbers outpaced that of Tfr cells (Fig. 1B) (9 , 10 ). 
There was an increased percentage of Thy1.1+ cells within the Tfr cell 
population relative to non-Tfr Treg cells at days 5 and 8 after infection, 
suggesting that IL-10 secretion may be a mechanism by which Tfr cells 
regulate the emerging GC response within the follicle (Fig. 1C). De-
tection of Thy1.1+ Treg cells within the GC by immunofluorescence 
was impeded because of technical complications related to the dis-
rupted splenic architecture at days 5 and 8 after infection and the dim-
ness of Thy1.1 expression. Only a small percentage of Tfh cells or GC 
B cells were competent to express IL-10, with their percentages de-
clining over time (fig. S1C). They also made less of this cytokine on a 
per-cell basis relative to Tfr and non-Tfr Treg cells, suggesting that these 
cells, in comparison with Tfr or Treg cells, are not an important source 
of IL-10 for the GC response.

To evaluate the importance of Treg cell–derived IL-10 in the GC 
response, we generated mice that specifically deleted Il10  in Foxp3- 
expressing Treg cells, as previously described (29 ). Il10 f/fFoxp3-Cre mice 
displayed no sign of overt disease at steady state and did not show 
any consistent trend toward differences in basal percentages of GC 
B cells, Tfh cells, or Tfr cells (fig. S2). There was also no difference in 
the Tfr-to-Tfh and Tfr-to-GC B cell ratios in the spleen, peripheral and 
mesenteric lymph nodes, and Peyer’s patches. We evaluated the B cell 
response after acute LCMV infection of these animals in comparison 
with IL-10 intact ones. Although this response appeared similar in the 
two groups at day 8 after infection, a statistically significant decrease in 
the per centage and number of B cells with an activated phenotype 
(IgDlo) and of those cells with a GC phenotype (GL7+CD95+) emerged 

over time in mice in which Treg cells lacked Il10  expression, with this dif-
ference peaking at day 15 after infection (Fig. 2A and fig. S3A). These 
mutant mice also displayed reduced GC size as determined by confocal 
imaging of splenic sections (Fig. 2B). We found that mice lacking Treg 
cell–derived IL-10 had a reduced percentage and number of plasmablasts 
(CD138+B220int cells) compared with their IL-10 intact counterparts, 
albeit a similar number of cells with a GC-dependent memory B cell 
phenotype (B220+IgDloGL7−CD38+CD95+ cells) (Fig. 2C) (36 , 37 ). 
They also had reduced serum titers of LCMV-specific IgG2a and IgG1 
(Fig. 2D), with a similar number of LCMV-specific memory B cells 
(Fig. 2E). No defects in GC B cell or plasmablast numbers were evident 
in mice immunized with NP-OVA [(4-hydroxy-3-nitrophenyl)acetyl- 
ovalbumin] in complete Freund’s adjuvant (fig. S3B). There were also 
no apparent defects in GC B cell or plasmablast numbers in LCMV- 
infected IL-10 −/− mice or in mice treated with an anti–IL-10 antibody, 
suggesting that IL-10 production by different cell types may play op-
posing roles in the regulation of the GC response (fig. S4, A and B) 
(38 ). Together, these data indicate that IL-10 specifically produced 
by Treg cells is important in promoting plasmablast differentiation 
and the development of the GC after viral infection.

Tfr cell–derived IL-10 promotes the GC response
These findings did not distinguish between the roles of Tfr cell–derived 
IL-10 and IL-10 produced by Bcl6− Treg cells in regulating the GC re-
sponse. Follicular nonresident Treg cells can modulate the GC response 
as early as day 3 after immunization and likely serve as precursors 
for Tfr cells (14 ). To discriminate between these possibilities, mixed 
bone marrow chimeras (mBMCs) were generated, in which Il10  was 
specifically ablated in Bcl6-expressing Tfr cells via generation of 50:50 
Il10 f/fFoxp3-Cre:Bcl6 f/fFoxp3-Cre and control 50:50 Il10 f/f:Bcl6 f/fFoxp3-
Cre chimeras (Fig. 3A) (12). In the absence of Tfr cell–derived IL-10, 
there was a significantly reduced percentage of IgDlo B cells at day 15 
after LCMV infection and reduced percentages of GC B cells and 
plasmablasts (CD138+B220int) in comparison with control chimeras. 
The importance of Tfr cell–derived IL-10 was further tested using 
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Fig. 1. Tfr cells robustly secrete IL-10 after acute viral infection. Analysis of the Treg cell response after LCMV infection in IL-10 reporter (10BiT Thy1.1) mice. (A) Quan-
tification of the number of Tfr cells, non-Tfr Treg cells, pre-Tfh cells, Tfh cells, and GC B cells at days 0, 5, 8, and 12 after infection. Populations are defined as follows: Tfr cells, 
CD4+Ly6C−PSGL1loCXCR5hiPD1hiFoxp3+; non-Tfr Treg cells, CD4+CXCR5int-loPD1int-loFoxp3+; pre-Tfh cells, CD4+CD44hiLy6C−PSGL1loCXCR5intPD1intFoxp3−; Tfh cells, 
CD4+CD44hiLy6C−PSGL1loCXCR5hiPD1hiFoxp3−; and GC B cells, B220+IgDloGL7+CD95+. (B) Quantification of the ratio of Tfr cells to Tfh cells or GC B cells at days 0, 5, 8, and 
12 after infection. (C) Representative plot of IL-10 expression (assessed as Thy1.1) by Tfr cells (left) and non-Tfr Treg cells (middle) from mice as described in (A). Right: Frequency 
of Thy1.1+ cells in Tfr cells and non-Tfr Treg cells at days 0, 5, 8, and 12 after LCMV Armstrong infection. Statistical analyses were performed using unpaired two-tailed 
Student’s t test (*P < 0.05; **P < 0.01; ***P < 0.001). Data are from two experiments representative of four experiments with three to six mice per time point after LCMV 
Armstrong infection.
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cells transcribing its mRNA express Thy1.1 on their cell surface (29 ). 
Our previous work validated that Thy1.1+ cells produce IL-10 during 
LCMV infection (30 ). Although Tfr cell numbers initially declined af-
ter LCMV infection, their number increased from day 5 onward, mir-
roring the kinetics of Tfh and pre-Tfh cells and GC B cells [Fig. 1A, 
gated as in fig. S1, A and B, and as previously described (31–35 )]. The 
ratio of Tfr cells to Tfh cells or GC B cells peaked at day 5 after infection 
and progressively declined at days 8 and 12 as the increase in Tfh cell 
and GC B cell numbers outpaced that of Tfr cells (Fig. 1B) (9 , 10 ). 
There was an increased percentage of Thy1.1+ cells within the Tfr cell 
population relative to non-Tfr Treg cells at days 5 and 8 after infection, 
suggesting that IL-10 secretion may be a mechanism by which Tfr cells 
regulate the emerging GC response within the follicle (Fig. 1C). De-
tection of Thy1.1+ Treg cells within the GC by immunofluorescence 
was impeded because of technical complications related to the dis-
rupted splenic architecture at days 5 and 8 after infection and the dim-
ness of Thy1.1 expression. Only a small percentage of Tfh cells or GC 
B cells were competent to express IL-10, with their percentages de-
clining over time (fig. S1C). They also made less of this cytokine on a 
per-cell basis relative to Tfr and non-Tfr Treg cells, suggesting that these 
cells, in comparison with Tfr or Treg cells, are not an important source 
of IL-10 for the GC response.

To evaluate the importance of Treg cell–derived IL-10 in the GC 
response, we generated mice that specifically deleted Il10  in Foxp3- 
expressing Treg cells, as previously described (29 ). Il10 f/fFoxp3-Cre mice 
displayed no sign of overt disease at steady state and did not show 
any consistent trend toward differences in basal percentages of GC 
B cells, Tfh cells, or Tfr cells (fig. S2). There was also no difference in 
the Tfr-to-Tfh and Tfr-to-GC B cell ratios in the spleen, peripheral and 
mesenteric lymph nodes, and Peyer’s patches. We evaluated the B cell 
response after acute LCMV infection of these animals in comparison 
with IL-10 intact ones. Although this response appeared similar in the 
two groups at day 8 after infection, a statistically significant decrease in 
the per centage and number of B cells with an activated phenotype 
(IgDlo) and of those cells with a GC phenotype (GL7+CD95+) emerged 

over time in mice in which Treg cells lacked Il10  expression, with this dif-
ference peaking at day 15 after infection (Fig. 2A and fig. S3A). These 
mutant mice also displayed reduced GC size as determined by confocal 
imaging of splenic sections (Fig. 2B). We found that mice lacking Treg 
cell–derived IL-10 had a reduced percentage and number of plasmablasts 
(CD138+B220int cells) compared with their IL-10 intact counterparts, 
albeit a similar number of cells with a GC-dependent memory B cell 
phenotype (B220+IgDloGL7−CD38+CD95+ cells) (Fig. 2C) (36 , 37 ). 
They also had reduced serum titers of LCMV-specific IgG2a and IgG1 
(Fig. 2D), with a similar number of LCMV-specific memory B cells 
(Fig. 2E). No defects in GC B cell or plasmablast numbers were evident 
in mice immunized with NP-OVA [(4-hydroxy-3-nitrophenyl)acetyl- 
ovalbumin] in complete Freund’s adjuvant (fig. S3B). There were also 
no apparent defects in GC B cell or plasmablast numbers in LCMV- 
infected IL-10 −/− mice or in mice treated with an anti–IL-10 antibody, 
suggesting that IL-10 production by different cell types may play op-
posing roles in the regulation of the GC response (fig. S4, A and B) 
(38 ). Together, these data indicate that IL-10 specifically produced 
by Treg cells is important in promoting plasmablast differentiation 
and the development of the GC after viral infection.

Tfr cell–derived IL-10 promotes the GC response
These findings did not distinguish between the roles of Tfr cell–derived 
IL-10 and IL-10 produced by Bcl6− Treg cells in regulating the GC re-
sponse. Follicular nonresident Treg cells can modulate the GC response 
as early as day 3 after immunization and likely serve as precursors 
for Tfr cells (14 ). To discriminate between these possibilities, mixed 
bone marrow chimeras (mBMCs) were generated, in which Il10  was 
specifically ablated in Bcl6-expressing Tfr cells via generation of 50:50 
Il10 f/fFoxp3-Cre:Bcl6 f/fFoxp3-Cre and control 50:50 Il10 f/f:Bcl6 f/fFoxp3-
Cre chimeras (Fig. 3A) (12). In the absence of Tfr cell–derived IL-10, 
there was a significantly reduced percentage of IgDlo B cells at day 15 
after LCMV infection and reduced percentages of GC B cells and 
plasmablasts (CD138+B220int) in comparison with control chimeras. 
The importance of Tfr cell–derived IL-10 was further tested using 
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Fig. 1. Tfr cells robustly secrete IL-10 after acute viral infection. Analysis of the Treg cell response after LCMV infection in IL-10 reporter (10BiT Thy1.1) mice. (A) Quan-
tification of the number of Tfr cells, non-Tfr Treg cells, pre-Tfh cells, Tfh cells, and GC B cells at days 0, 5, 8, and 12 after infection. Populations are defined as follows: Tfr cells, 
CD4+Ly6C−PSGL1loCXCR5hiPD1hiFoxp3+; non-Tfr Treg cells, CD4+CXCR5int-loPD1int-loFoxp3+; pre-Tfh cells, CD4+CD44hiLy6C−PSGL1loCXCR5intPD1intFoxp3−; Tfh cells, 
CD4+CD44hiLy6C−PSGL1loCXCR5hiPD1hiFoxp3−; and GC B cells, B220+IgDloGL7+CD95+. (B) Quantification of the ratio of Tfr cells to Tfh cells or GC B cells at days 0, 5, 8, and 
12 after infection. (C) Representative plot of IL-10 expression (assessed as Thy1.1) by Tfr cells (left) and non-Tfr Treg cells (middle) from mice as described in (A). Right: Frequency 
of Thy1.1+ cells in Tfr cells and non-Tfr Treg cells at days 0, 5, 8, and 12 after LCMV Armstrong infection. Statistical analyses were performed using unpaired two-tailed 
Student’s t test (*P < 0.05; **P < 0.01; ***P < 0.001). Data are from two experiments representative of four experiments with three to six mice per time point after LCMV 
Armstrong infection.
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another approach in which mBMCs were generated using SAP- 
deficient (SAP−/−) mice in place of Bcl6f/fFoxp3-Cre (Fig. 3B). SAP is 
required for Tfr cell differentiation (8, 9). Again, we found that loss of 
Tfr cell–derived IL-10 resulted in decreased percentages of IgDlo B cells, 
GC B cells, and plasmablasts. These data indicate that Tfr cell–derived 
IL-10 supports B cell differentiation and the GC response.

IL-10 signals via B cells to promote the GC response
There are multiple pathways by which Treg cell–derived IL-10 could 
modulate the GC response, including acting directly on B cells or 
indirectly through Tfh cells or dendritic cells (DCs) (39, 40). To assess 
which cell populations were responsive to IL-10 signaling, we stimu-
lated splenocytes from LCMV-infected mice with IL-10 and deter-
mined phospho-STAT3 (pSTAT3) in GC B cells, DCs, and Tfh cells. 
Although both GC B cells and DCs displayed robust pSTAT3 expres-
sion relative to unstimulated controls, Tfh cells were poorly responsive, 
suggesting that IL-10 does not act directly upon them to regulate the 
GC response (Fig. 4A). Consistent with this finding, we determined 
that the LCMV-specific CD4+ T cell response against the immuno-
dominant GP66–77 epitope was similar be tween control mice and those 
lacking Treg cell–derived IL-10 at day 8 after infection (fig. S5A). 
The LCMV-specific T helper 1 (TH1) (CD44hiPSGL1hiLy6C+ cells) and 
Tfh (CD44hiPSGL1loLy6C−CXCR5+PD1+ cells) responses, as well as the 
percentages of Treg (Foxp3+CD4+ cells) and Tfr cells, were also similar 
between the groups (fig. S5B) (31).

To identify the cell population that IL-10 was acting upon to reg-
ulate the GC response, we generated mice in which the Il10ra gene 
was deleted specifically on B cells, DCs, or T cells (22). The B cell re-
sponse in these mice was then assessed at day 15 after LCMV infection. 
Although the B cell response in mice in which T cells could not sense 
IL-10 was comparable with control mice, Il10raf/fCd19-Cre mice dis-
played a significant decrease in the percentages of activated and GC 

B cells compared with Il10raf/f controls (Fig. 4B). Il10raf/fCd11c-Cre 
mice also had a reduced percentage of IgDlo B cells but an equivalent 
fraction of these cells with a GC phenotype, indicating that although 
IL-10 may partially act through DCs to promote B cell activation, this 
pathway does not account for the defect in the GC response (Fig. 4B). 
Together, these findings suggest that Treg cell–derived IL-10 can act 
directly on B cells to promote their activation and differentiation into 
GC B cells.

Treg cell–derived IL-10 drives GC B cells to adopt a dark  
zone phenotype
To help understand how Treg cell–derived IL-10 influenced the fate 
of GC B cells, we performed RNA sequencing (RNA-seq) analysis 
to evaluate the gene expression profile of GC B cells isolated from 
Il10f/fFoxp3-Cre and control Il10f/f mice at day 12 after LCMV infection. 
There were 138 differentially expressed genes (DEGs) in GC B cells 
between the two groups, with 84 genes up-regulated and 54 genes down- 
regulated in the Il10f/fFoxp3-Cre mice compared with controls (Padj < 0.1) 
(Fig. 5A and fig. S6A). Among the DEGs were a number of genes 
used to distinguish dark zone and light zone GC B cells, including 
Cxcr4 and Cd83 (6, 41). Gene set enrichment analysis (GSEA) was used 
to detect genome-wide changes and identified a significant enrich-
ment for a light zone GC B cell signature in GC B cells isolated from 
Il10f/fFoxp3-Cre mice (Fig. 5, B and C, and fig. S6B). The dark zone is 
the proliferative compartment of the GC and the predominant site of 
Ig gene somatic hypermutation, in contrast to the light zone where 
GC B cells have a largely nonproliferative state and compete for the 
T cell help necessary to induce dark zone reentry (42–44). GC B cells 
isolated from Il10f/fFoxp3-Cre compared with control mice were also 
highly impaired in gene sets associated with translational activity 
(Fig. 5C). Together, these findings suggest that Treg cell–derived IL-10 
promotes GC B cells to adopt a dark zone phenotype.
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was further strengthened by the strong expansion of NP-specific 
GFP     +      B cells in the PP and not in the MLN after a single oral 
immunization in our B1-8 hi  NP-specific IgH knock-in B-cell 
transfer model system. 

 Previous studies have clearly indicated that gut IgA B-cell 
responses against TD antigens largely emanate from the PP, 
rather than the MLN or ILF, although anti-bacterial IgA 
responses against, e.g.,  Salmonella  may be stimulated in ILFs in 
the absence of the PP and MLN. 24,40,41  We found no evidence 
for the ILF being a site for initiation of a specific IgA response 
to a TD antigen following oral immunization. This observation 
also agrees well with previous studies, which have demonstrated 
that ILFs develop as a consequence of bacterial colonization and 
perturbed functions in the PP, such as deficiency in activation-
induced cytidine deaminase, which will lead to hyperplasia 
of ILFs, as will intrauterine treatment with LT  !  R-Ig fusion 
protein to ablate PP development. 24,42,43  Hence, it is unlikely 
that ILFs are involved in generating IgA responses against TD 
antigens following oral immunizations, although they have 
been found to host significant IgA CSR, probably driven by 
bacterial antigens. 17,38  

 In contrast, we found  V H 186.2-IgA  gene expression in cPs, 
suggesting that these organized lymphoid tissues were indeed 
involved in TD-specific IgA responses. Apart from one study 

of intrarectal immunization with ovalbumin admixed with CT 
adjuvant, little has been published on cPs and their role in gut 
IgA responses. 9,40  That study demonstrated that cP-depleted 
mice failed to respond with IgA antibodies following immu-
nization, but whether the IgA B-cell response emanated from 
cPs was not directly investigated. One reason for the few pub-
lications on cPs may be that, contrary to PPs, they cannot be 
identified by macroscopic inspection and, therefore, only careful 
microscopic dissection of the tissue will allow the study of cPs. 
This restricts the analysis of specific B-cell responses, requiring 
microscopic analysis of labeled tissue sections. From this 
work, we could appreciate that each colon had 1 – 3 cPs, which 
were clearly well-organized secondary lymphoid structures. 
In the literature, they are described mostly in the context of 
inflammatory lesions and appear to be dependent on LT  !  R 
signaling, similar to PPs. 44  Gene sequence analysis revealed 
that the NP-specific  V H 186.2-IgA  responses were clonally 
related to those observed in PPs, suggesting that cPs are an intri-
cate part of the IgA inductive system in the GALT. Whether 
cPs and PPs perform different functions will be the focus of 
further studies. 

 Following oral immunization, we observed specific plasma 
cells along the entire small and large intestines. By sequenc-
ing  V   H   186.2-IgA  genes in many different tissues, organized 

No immunization NP-CT × 1 NP-CT × 2 NP-CT × 3

  Figure 9             A model for how synchronized, oligoclonal, and high-affinity gut IgA responses develop after oral immunization. Before immunization, very 
few hapten (4-hydroxy-3-nitrophenyl)acetyl (NP)-specific B cells exist in the gut-associated lymphoid tissue (GALT) or lamina propria (LP). However, 
early on after an oral priming immunization with NP-cholera toxin (CT)-responding B cells are expanded and distributed to multiple Peyer ’ s patches 
(PPs), where they can undergo additional expansion and affinity maturation after the second and third oral immunization before migrating to the 
mesenteric lymph node (MLN), and subsequently being seeded into the LP of the small and large intestines. Whereas an oral priming will attract many 
antigen-specific B cells (orange, green, blue), occasionally a high-affinity clone (red) will be generated in a germinal center (GC) and distributed to 
pre-existing GCs in multiple PPs. Owing to affinity maturation, the high-affinity clone (red) will be selected and expanded in the GC by re-exposure 
to antigen and quickly dominate the response in mutiple PPs. After a third immunization, predominantly high-affinity clones (red) have migrated to 
the gut LP, resulting in a synchronized production of high-affinity IgA antibodies.   

Re-utilization of GCs in multiple PPs results in highly synchronized, 
oligoclonal, and affinity-matured gut IgA responses

Bergqvist et al Mucosal Immunol 2013 
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Biram et al, Nat Immunol 2019

BCR affinity controls GC infiltration but neither proliferation nor early
plasmablast formation in the SED

ARTICLESNATURE IMMUNOLOGY

To examine whether B cells physically interact with helper  
T cells in the SED, we performed whole-mount staining of CD4+ 
cells within intact PPs dissected from AicdaCre/+Rosa26Stop-tdTomato/+ 
mice. Using TPLSM, CD4+ T cells were detected in close contact 
with polyclonal tdTomato+ B cells, which typically respond to food 
and bacterial antigens20 (Fig. 3d). Similar results were obtained by 
visualization of transferred B1-8hi tdTomato+ B cells (derived from 

IghB1-8hiRosa26tdTomato/+ mice) in wild-type hosts 4 d after NP-CT 
administration (Fig. 3d). These observations suggest that CD4+  
T cells regulate B cell functions in the SED by forming physical con-
tacts with B cells.

To characterize CD4+ T cells in the SED, we labeled immune 
cells in situ within the SED and examined their identity by flow 
cytometric analysis31,32. For this, we generated mixed-bone marrow  
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Foxp3-Regulated Microbiota Induces Maturation of Gut Immune System
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Figure 2. Foxp3+ T Cell Migration into PP GCs Is Critical for Regulation of Microbiota
(A) Total numbers of CD4+ T cells isolated from LILP and SILP.

(B) Hematoxylin-eosin staining sections of LI fromCd3e–/–mice transferred with indicated CD4+ T cells. Note that CD25+ T cells prevented themassive infiltration

of inflammatory cells regardless of their Bcl6 expression. At least four mice per group were analyzed and representative data are shown.

(C) The change of body weight (presented as percent of original weight) ofCd3e–/–mice transferred with indicated CD4+ T cells. Mean ± SEM for three to fivemice

per group.

(D) Colitis score for Cd3e–/– mice transferred with indicated T cells. Each point represents an individual mouse.

(E) Frequency of IFN-g+, TNF-a+, and IL-10+CD4+ T cells from SILP of Cd3e–/– mice transferred with the indicated CD4+ T cell subsets or from WT mice.

Means ± SEM for four to six mice per group.

(F) Diversity of bacterial species as indicated by Chao1 rarefaction measure based on 1–3,000 sequences in Cd3e–/– mice transferred with indicated CD4+ T cell

subsets; four mice per group were analyzed.

(G) Communities clustered by principal coordinates analyses of the unweighted and weighted UniFrac distances (which measure qualitative and quantitative

differences between microbial communities, respectively).

(H) Species diversity (numbers of OTUs/3,000 sequences) in cecal contents from WT or Cd3e–/– mice 10–12 weeks after the transfer of indicated CD4+ T cell

subsets. Mean ± SEM from four to seven mice per group.

Two-tailed unpaired Student’s t test was used to compare between the indicated mouse groups and (A and E) Cd3e–/– mice transferred with naive CD4+ T cells,

(C) Cd3e–/– mice transferred with naive T cells along with CD25+ WT T cells or CD25+Bcl6yfp/yfp T cells, (D) other transferred mouse groups, (F) Cd3e–/– mice

transferred with naive CD4+ T cells together with CD25+ WT T cells, or (H) WT mice; ***p < 0.001; **p < 0.01; *p < 0.05; N.S., no significant difference. See also

Figure S2.
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the adoption of a TFH cell phenotype by, Treg cells and TH17 cells 
isolated from lymph nodes and spleen. We isolated Treg cells from B6 
(CD45.1+) mice on the basis of high CD25 expression, which cor-
related well with Foxp3 expression (Fig. 5a). We cotransferred equal 
numbers of CD45.1+ Treg cells and eYFP+ TH17 cells into Tcra–/– hosts 
and, 3 months later, found transferred Treg cells mainly in lymph 
nodes, whereas transferred eYFP+ cells had homed to the lamina 
propria and PP of the small intestine (Fig. 5b). Donor CD45.1+ Treg 
cells retained their Foxp3 expression, but there was no indication that 
donor eYFP+ TH17 cells acquired Foxp3 expression in any location in 
the adoptive host (Fig. 5c). Furthermore, whereas 15–30% of TH17 
cells deviated to a TFH cell profile in PP, Treg cells did not acquire a 
TFH cell profile in any of the tissues examined (Fig. 5d). As the poor 
homing of lymph node–derived Treg cells to intestinal tissues might 
have precluded acquisition of a TFH cell phenotype in PP, we isolated  
Treg cells with high expression of red fluorescent protein (RFP) from 
the lamina propria and PP of Foxp3RFP mice (which have sequence 
encoding an RFP reporter knocked into the Foxp3 locus) and trans-
ferred those cells into Tcra–/– hosts. Although we observed efficient 

homing of donor RFPhi Treg cells into PP, those cells did not acquire 
a TFH cell profile in the adoptive hosts (Fig. 5e). Furthermore, adop-
tive transfer of Treg cells did not induce GC B cells or IgA production 
(Fig. 5f,g). Together these data suggested that the promotion of class 
switching to IgA in GC B cells in PP was a function of TFH cells 
derived from former TH17 cells, whereas Treg cells neither adopted a 
TFH cell profile nor supported IgA production.

Class switching to IgA in intact mice depends on TH17 cells
After transfer into Tcra–/– hosts, transferred eYFP+ TH17 cells 
expanded their populations substantially, which resulted in IgA 
production that far exceeded that seen in B6 (Tcra-sufficient) mice 
at steady state (Fig. 4 d). In Tcra–/– hosts, lymphopenia may have 
resulted in unimpeded recognition of and response to the commensal 
flora by transferred TH17 cells. However, adoptive transfer of eYFP+ 
TH17 cells into intact wild-type hosts, which have full niches of  
intestinal TH17 cells and TFH cells, does not lead to efficient engraft-
ment of the small number of donor cells that can be isolated for  
transfer from unmanipulated mice. The minimal difference between 
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We next analyzed TH17 and TFH gene signatures in sorted 
CXCR5+eYFP+ T cells isolated from PP, lymph node eYFP+ TH17 cells 
and non-TH17 eYFP– CXCR5+ T cells (TFH cells) isolated from PP, 
as well as naive CD4+ T cells, all from nonimmune Il17aCreR26ReYFP 
mice. The eYFP+ CD4+ T cells with a TFH cell surface phenotype 
had downregulated their expression of Rorc mRNA (which encodes 
RORGt) and Il17a mRNA (which encodes IL-17A) and upregulated 
their expression of the TFH signature genes Bcl6 and Il21, similar to 
non-TH17 TFH cells isolated from PP (Fig. 2 d). Together these data 
demonstrated that the plasticity of TH17 cells in deviating toward a 
TFH cell–like phenotype was continuous in the environment of the 
PP under steady-state conditions.

IL-23 independence of intestinal TH17 cell homeostasis
The plasticity of TH17 cells in autoimmune settings is very depend-
ent on IL-23 (ref. 12). To determine whether IL-23 is similarly 
involved in the plasticity of intestinal TH17 cells in developing 
into TFH cells, we analyzed Il17aCreR26ReYFP mice crossed onto 
a background with genetic deficiency in the p19 subunit of IL-23 
(an Il23a-deficient (Il23a–/–) background). First, and in contrast 
to the well-defined role of IL-23 in the maintenance of TH17 cells 
in autoimmune settings, IL-23 was dispensable for the survival of 
intestinal TH17 cells, as similar numbers of TH17 cells were present 
in the lymph nodes and PP of Il23a+/+ and Il23a–/– Il17aCreR26ReYFP 
mice (Fig. 3 a). Furthermore, the phenotypic conversion to a  
TFH cell phenotype occurred to the same extent in Il23a+/+ and Il23a–/–  
Il17aCreR26ReYFP mice (Fig. 3 b), and TH17 cells with the TFH phe-
notype in Il23a–/– Il17aCreR26ReYFP mice upregulated the expression 
of Bcl6 and Il21 similar to TH17 cells from Il23a+/+ Il17aCreR26ReYFP 
mice (Fig. 3 c). In contrast, in accordance with published observa-
tions12, TH17 cells were unable to deviate toward expression of inter-
feron-G and did not express IL-22 in Il23a–/– Il17aCreR26ReYFP mice 
(Fig. 3 d). These data indicated that the steady-state population of 
TH17 cells in the intestine had features distinct from those of TH17 
cells elicited by immunization in the periphery.

‘Ex-TH17’ cells in PP induce IgA production by GC B cells
The dependence of intestinal TH17 cells on commensal bacteria raised 
the possibility that TFH cells developing from gut-homing former  
TH17 cells may be specialized for helping B cell IgA responses in  
PP GCs. We therefore analyzed B cell expression of Aicda, which 
encodes AID, the cytidine deaminase required for somatic hypermuta-
tion, gene conversion and class-switch recombination of genes encod-
ing immunoglobulins. There was little Aicda expression in lymph node 
B cells of C57BL/6 (B6) mice, in line with the absence of GCs in mice 
kept under specific pathogen–free conditions. B cells in PP, however, 
are continuously stimulated by the commensal flora and had high 
expression of Aicda (Fig. 4a). In absence of T cells in Tcra–/– hosts, 
Aicda expression was very low (Fig. 4a), as no GC B cells develop 
in the absence of T cell help. Transfer of eYFP+ TH17 cells, however, 
reconstituted Aicda expression to the amount in B6 mice (Fig. 4a).

Furthermore, B cell expression of the GC markers GL-7 and CD95, 
as well as expression of IgA, which we detected on B cells from  
B6 mice but not those from Tcra–/– mice, was induced in B cells in  
PP of Tcra–/– mice after transfer of TH17 cells (Fig. 4b,c). 
Immunohistochemistry of tissue from the PP of a Tcra–/– mouse given 
transfer of eYFP+ TH17 cells showed that eYFP+ formerly TH17 cells 
were indeed situated in the GC (Supplementary Fig. 1 ). As a result, 
the concentration of IgA, but not that of other immunoglobulin iso-
types, was much higher in serum from Tcra–/– mice that had received 
TH17 cells than in Tcra–/– mice that had not received adoptively trans-
ferred TH17 cells or those that had received non-TH17 (eYFP–CD44hi) 
effector cells (Fig. 4d). These data suggested that intestinal TH17 cells 
deviating toward a TFH profile in PP may have been responsible for 
the induction of T cell–dependent IgA responses.

Regulatory T cells are not associated with induction of IgA
Published reports have suggested that regulatory T cells (Treg cells) 
expressing the transcirption factor Foxp3 might adopt a TFH cell 
 phenotype in PP8,18–20 . As those studies focused on Treg cells isolated 
from lymphoid organs, we first compared the homing of, as well as 
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intestine (Figure 2). Furthermore, recently it was shown that complex
bacterial communities are also required for conversion of CD4þ

T cells into cytotoxic yet protective CD8þ T cells in the intraepithelial
cell compartment in gut.98

Another intriguing issue is whether the presence of certain species
of bacteria is sufficient for effective IgA production (by ‘effective’ we
understand IgAs capable to support complex and balanced bacterial
communities in their specific location along the gut). Interestingly,
some bacterial species present in the gut, even when abundant and
persistent, do not appear to be able to induce detectable IgA
responses,99 and mono-colonization, even with the most potent
activators of immunity like SFB, does not stimulate IgA synthesis in
PPs as efficiently as normal diversified bacterial colonization.93 These
results suggest that a certain level of bacterial complexity is required
for appropriate IgA responses. Similarly, colonization of germ-free
mice with 17 strains of Clostridium was more efficient in inducing
Foxp3þ T-cell expansion than colonization with one strain alone.96

The diversity of bacterial species that efficiently induce one or
another subset of CD4þ or CD8þ T cells and effective IgAs, and how
they achieve these effects—either directly through their structural
components or indirectly through the metabolites they produce—will
likely be uncovered by future studies. We will also need to obtain more
information of biogeography of microbial communities, which is
critical to understand how bacteria communicate with different
components of the immune system. Clearly we are just beginning to
dissect the feedback mechanisms between complex and dynamic
bacterial communities to equally complex and dynamic immune cell
populations. Further studies are also required to understand how the
immune system modulates the host–microbe interactions and how all
major regulatory networks of the body, namely immune, endocrine and
neurologic systems integrate with microbiota to achieve homeostasis.
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GC reaction acting as TFR cells. Other bacteria, like SFB, can promote the differentiation of Th17 cells, which are thought to generate TFH in PP. However,
how and where Th17 cells become TFH cells is not known. Besides, TFH cells from distinct origins might generate IgAs with different affinity to the antigen,
but how these IgAs regulate the gut microbiota remains unclear.
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