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SUMMARY

Following infection, inflammatory cues upregulate
core transcriptional programs to establish path-
ogen-specific protection. In viral infections, T follic-
ular helper (TFH) cells express the prototypical T
helper 1 transcription factor T-bet. Several studies
have demonstrated essential but conflicting roles
for T-bet in TFH biology. Understanding the basis
of this controversy is crucial, as modulation of
T-bet expression instructs TFH differentiation and ul-
timately protective antibody responses. Comparing
influenza and LCMV viral infections, we demonstrate
that the role of T-bet is contingent on the environ-
mental setting of TFH differentiation, IL-2 signaling,
and T cell competition. Furthermore, we demonstrate
that T-bet expression by either TFH or GC B cells
independently drives antibody isotype class switch-
ing. Specifically, T cell-specific loss of T-bet pro-
motes IgG1, whereas B cell-specific loss of T-bet
inhibits IgG2a/c switching. Combined, this work
highlights that the context-dependent induction of
T-bet instructs the development of protective,
neutralizing antibodies following viral infection or
vaccination.
INTRODUCTION

Germinal centers (GCs) are specialized microstructures formed

during immune responses and are the cornerstone of protective

adaptive immunity.Within GCs, T follicular helper (TFH) cells pro-

vide B cells with signals essential for B cell differentiation into
1758 Cell Reports 28, 1758–1772, August 13, 2019 ª 2019 The Autho
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isotype-switched antibody-secreting cells. Multiple cytokines

and cellular interactions coordinate the expression of a core

group of transcription factors that regulate both GC T and

B cell differentiation, identity, and function (Good-Jacobson

and Groom, 2018). Principally, during both TFH and GC B cell

differentiation, Bcl6 upregulation occurs with the reciprocal

downregulation of its agonist, B lymphocyte-induced protein-1

(Blimp1) (Crotty et al., 2010; Johnston et al., 2009). In TFH cells,

Bcl6 is a transcriptional repressor that acts via multiple mecha-

nisms to functionally activate TFH signature genes and inhibit

the different effector T helper (TH) fates (Hatzi et al., 2015; Nur-

ieva et al., 2009; Yu et al., 2009). Despite Bcl6-mediated repres-

sion of alternative TH fates, TFH differentiation occurs in parallel

with other TH cells. Following viral infection, several prototypical

TH1 cell molecules are simultaneously expressed by TFH cells.

Notably, this includes co-expression and binding of Bcl6 and

the TH1 lineage-specifying transcription factor T-bet (Johnston

et al., 2009; Lu et al., 2011; L€uthje et al., 2012; Nakayamada

et al., 2011; Oestreich et al., 2011). This interplay is functionally

relevant, as T-bet physically recruits Bcl6 to suppress transcrip-

tion of target genes and blocks the Bcl6 DNA-binding domain,

thus establishing appropriate gene expression in TH1 cells (Oes-

treich et al., 2011, 2012). Similarly, Bcl6 and T-bet can also be

co-expressed in B cells following viral infection (Kallies and

Good-Jacobson, 2017; Piovesan et al., 2017; Stone et al.,

2019). Therefore, the balance in the ratios of different lineage-

defining transcription factors may independently alter GC cell

function. How extrinsic factors such as distinct infections

instruct transcription factor expression and balance is not under-

stood, however, this critically determines cellular differentiation

outcomes and ultimately immunological protection.

T-bet is an essential regulator of cellular differentiation and

function within multiple lineages. T-bet is the lineage-defining

transcription factor for TH1 cells, and it is also highly expressed

in CD8+ CTLs, as well as some B and innate lymphoid cell
rs.
creativecommons.org/licenses/by-nc-nd/4.0/).

mailto:groom@wehi.edu.au
https://doi.org/10.1016/j.celrep.2019.07.034
http://crossmark.crossref.org/dialog/?doi=10.1016/j.celrep.2019.07.034&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


0 4 10 14

18 21

8

PSGL-1 

Z
sG

re
en

_T
-b

et

0-10
3

10
3

10
4

10
5

0

10
3

10
4

10
5

27.9 19.1

TH1 cells

TFH cells

0-10
3

10
3

10
4

10
5

0

10
3

10
4

10
5

38.1 17.1

0-10
3

10
3

10
4

10
5

0

10
3

10
4

10
5

43.1 50.7

0-10
3

10
3

10
4

10
5

0

10
3

10
4

10
5

39.3 35.4

0-10
3

10
3

10
4

10
5

0

10
3

10
4

10
5

38.5 56.4

0-10
3

10
3

10
4

10
5

0

10
3

10
4

10
5

22.118.5

0-10
3

10
3

10
4

10
5

0

10
3

10
4

10
5

12.6 27.7

A

D

CD138 

0 10
4

10
5

10
6

0

10
2

10
3

10
4

10
5

14.5 16.3

0 10
4

10
5

10
6

0

10
2

10
3

10
4

10
5

16.5 25.7

0 10
4

10
5

10
6

0

10
2

10
3

10
4

10
5

83.261.7

0 10
4

10
5

10
6

0

10
2

10
3

10
4

10
5

71.552.9

0 10
4

10
5

10
6

0

10
2

10
3

10
4

10
5

39.3 59.5

0 10
4

10
5

10
6

0

10
2

10
3

10
4

10
5

34.6 44.9

0 10
4

10
5

10
6

0

10
2

10
3

10
4

10
5

43.339.6

G

PSGL-1 
T-bet+ TFH cells

0 4 10 14 18 218
10

8

6

4

2

0

to
ta

l c
ou

nt
s 

(x
10

4 )

T-bet+ TH1 cells

0 4 10 14 18 218

5

0

10

15

20

to
ta

l c
ou

nt
s 

(x
10

4 )

0

40

20

60

80

100

0 4 10 14 18 218

T-bet+ TFH cells

fr
eq

ue
nc

y

T-bet+ TH1 cells

0 4 10 14 18 218

0

20

40

60

80

100

fr
eq

ue
nc

y

E F

Plasma cells

GC B cells

0 4 10 148

18 21 CD138 

Z
sG

re
en

_T
-b

et

H I

0 4 10 14 18 218

0

40

20

60

80

100
T-bet+ GC B cells 

fr
eq

ue
nc

y

T-bet+ Plasma cells

0 4 10 14 18 218

0

40

20

60

80

100

fr
eq

ue
nc

y

0 4 10 14 18 218

2

4

6

8

10

0

T-bet+ GC B cells

to
ta

l c
ou

nt
s 

(x
10

5 )

T-bet+ Plasma cells

0 4 10 14 18 218

2

4

6

0

to
ta

l c
ou

nt
s 

(x
10

5 )

B

C
100μm

IgD
GL7
CD35
T-bet

4 8 14

LZ

LZ

LZ

LZ

DZ
DZ

DZ
DZ

100μm

IgD
GL7
CD35
T-bet

100μm

IgD
GL7
CD35
T-bet

100μm

IgD
GL7
CD4
T-bet

100μm

IgD
GL7
B220
T-bet

100μm

IgD
T-bet

100μm

IgD
T-bet

100μm

GL7
T-bet

(legend on next page)

Cell Reports 28, 1758–1772, August 13, 2019 1759



subsets (Kallies and Good-Jacobson, 2017). Following viral

infection, T cells exhibit graded induction of T-bet expression,

which corresponds with their functional capacity. In CD8+

T cells, T-bet functions as a molecular switch between effector

and memory differentiation (Intlekofer et al., 2007; Joshi et al.,

2007). High expression of T-bet induces and cooperates with

Zeb2 to enact a unique transcriptional program that forces

effector cell differentiation (Dominguez et al., 2015). In TFH cell

differentiation, the role of T-bet is less clear and is an area of

active investigation. As T-bet-Bcl6 complexes can inhibit Bcl6

DNA binding, it has been proposed that expression of T-bet

during CD4+ T cell activation intrinsically tips the balance of dif-

ferentiation in favor of TH1 cells (Oestreich et al., 2012). This hy-

pothesis is supported by initial studies in T-bet-deficient animals

showing an increased accumulation of TFH cells and reciprocal

loss of TH1 cells in vitro and following Toxoplasma gondii orPlas-

modium berghei ANKA infections (Nakayamada et al., 2011;

Ryg-Cornejo et al., 2016). In contrast, T-bet was shown to pro-

mote both TH1 and TFH cell differentiation following lymphocytic

choriomeningitis virus (LCMV) infection (Wang et al., 2019;Wein-

stein et al., 2018). How extrinsic factors underpin these conflict-

ing results in the role of T-bet within differentiating TFH cells and

GC biology has not been established.

TFH cytokine signals play an essential role in tailoring effective

GC responses (Reinhardt et al., 2009). IL-21 is the cardinal TFH-

derived cytokine and along with IFNg, IL-4, and IL-10 mediates

B cell class switching and affinity maturation (L€uthje et al.,

2012; Miyauchi et al., 2016; Ramiscal and Vinuesa, 2013). For

example, T cell-derived IFNg induces T-bet in B cells, leading

to the upregulation of a broad anti-viral gene expression program

(Barnett et al., 2016; Peng et al., 2002; Rubtsova et al., 2013).

Together with IL-21, this promotes TH1-skewed antibody-pro-

ducing cells and drives isotype switching of antibody to IgG2a

(named IgG2c in C57BL/6 mice and hereinafter referred to as

IgG2a/c) (L€uthje et al., 2012; Miyauchi et al., 2016; Peng et al.,

2002; Stone et al., 2019). Switching of antibody to the IgG2a/c

isotype mediates clearance of virus and protection against lethal

influenza infection (Huber et al., 2006; Miyauchi et al., 2016). In

addition, the combined induction of both IgG2a/c and IgG1 is

required for optimal vaccine efficacy more than neutralization

alone (Huber et al., 2006). The specific external and transcrip-

tional regulators that oversee this balance of antibody class

switch following infection are not fully understood.

In this study, we determine the timing and level of expression

of T-bet in GC T and B cells following influenza infection using

ZsGreen_T-bet reporter mice (Zhu et al., 2012). We show that

both T-bet+ T and B cells are found within GC structures
Figure 1. T and B GC Cells Express T-bet Following Influenza Infection

ZsGreen_T-bet reporter mice were infected with influenza and dLNs analyzed.

(A–C) Representative confocal micrograph at indicated days p.i. T-bet+ cells (ye

T-bet+GL7+ cell at d4 p.i. Dashed lines mark GC regions, bottom panels show T

(cyan) (B) and co-stained with B220 (cyan) (C).

(D) Representative flow cytometry plots showing frequency of T-bet+ TFH (r

PSGL-1+Ly6c+) at indicated days p.i.

(E and F) Frequency (E) and total numbers (F) of T-bet+ TFH and TH1 cells.

(G) Flow cytometry plots showing frequency of T-bet+ GC B cells (red, B220+IgD

(H and I) Frequency (H) and total numbers (I) of T-bet+ GC B and plasma cells.

In (E), (F), (H), and (I), data are pooled from three independent experiments. Data
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throughout influenza infection, but T-bet levels in the GC do

not reach those observed in non-GC effector T cell populations.

Given the conflicting literature on the function of T-bet in humoral

immunity, we sought to dissect the factors that control these

divergent outcomes. We demonstrate that the role of T-bet is

contingent on the environmental setting of TFH differentiation,

whereby changes in pathogen and T cell competition for antigen

alters the kinetics and intensity of T-bet induction, IL-2 produc-

tion, and consumption and the outcome of T-bet deficiency.

Furthermore, to elucidate the function of T-bet individually in

GC T and B cells, we use T-betfl/fl animals crossed to Cre-ex-

pressing animals for each cell type to identify the downstream

outcomes of T-bet deficiency. We show that T-bet acts indepen-

dently in GC T and B cells to enact isotype switching following

influenza infection. This revealed that expression in TFH cells di-

rects switching away from IgG1 isotypes, while expression

within GC B cells directs switching toward IgG2a/c. Thus, our

data demonstrate that T-bet expression within the different

cellular compartments of GCs works together to mediate effi-

cient isotype switching that will effectively neutralize virus.

RESULTS

T-bet-Expressing Cells Are Located within GC
Structures following Influenza Infection
To characterize the expression of T-bet following influenza infec-

tion, we made use of the ZsGreen_T-bet reporter mouse, which

faithfully reports the expression of Tbx21 transcript (Zhu et al.,

2012). Tbx21 transcription has previously been shown to be

repressed by Bcl6, but despite this, we found considerable

reporter expression within the GC structures of the draining

mediastinal lymph node (dLN) at day 8 (d8) following intranasal

infection with influenza A HKx31 (H3N2) (Figure 1A). This expres-

sion was seen early in infection, with T-bet+GL7+ cells detected

at d4, prior to established GC structures. T-bet expression was

observed following the establishment of GCs d8 and d14 post-

infection (p.i). T-bet-expressing cells were present in both the

CD35+ FDC-marked light zone (LZ; GL7+IgD�CD35+) and to a

lesser extent within the dark zone (DZ; GL7+IgD�CD35�) (Fig-
ure 1A, bottom panels). Furthermore, co-staining with CD4 and

B220 showed that both GC T and B cells were positive for

Tbx21 expression (Figures 1B and 1C). We next identified in

more detail the T-bet-expressing subsets within GCs using

flow cytometry. For this we tracked the upregulation and

expression of T-bet+ cells in dLN during influenza infection.

Polyclonal T cell responses were tracked using the gating

strategy of Marshall et al. (2011) to identify dLN TH1 cells
llow) in GC LZ (IgD�GL7+CD35+) and DZ (IgD�GL7+CD35+). Arrow indicates

-bet+ cells without GC markers (A). Day 8 p.i. T-bet+ GC co-stained with CD4

ed, CD44+PSGL-1� Ly6c� PD-1+ CXCR5+) and T-bet+ TH1 (blue, CD44+

�CD95+CD38�) and plasma cells (blue, B220lo CD138+).

are mean ± SEM.
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(CD44+PSGL-1+Ly6c+) and TFH cells (CD44+PSGL-1�Ly6c�

PD-1+CXCR5+) (Marshall et al., 2011). As expected, TH1 cells

rapidly upregulated high levels of Tbx21, which peaked at d8–

d14 of infection (Figures 1D–1F). T-bet expression within the

TFH compartment followed a similar kinetic to that of TH1 cells,

peaking between d8–d10 of infection. However, TFH cells

showed 1–2 logs lower ZsGreen_T-bet reporter expression

than the peakMFI of TH1 cells (Figure 1D). This lower expression

of T-bet within the TFH compartment is reminiscent of the

graded T-bet expression found within the CD8+ T cell compart-

ment, which determines cell fate decisions between effector

and memory differentiation (Intlekofer et al., 2007; Joshi et al.,

2007). We next identified the kinetics of T-bet induction in

GC+ B cells (B220+IgD�CD95+ CD38�) and plasma cells

(B220loCD138+) in dLNs. Within both B cell populations, Tbx21

transcripts peaked at d8 following infection (Figures 1G–1I).

Similar to TFH cells, T-bet+ B cells expressed a lower level of

ZsGreen_T-bet reporter expression than seen in TH1 cells (Fig-

ure 1G). Potentially, the lower expression of Tbx21 within TFH,

GC B, and plasma cells may indicate a common mechanism of

transcriptional repression that is not present in TH1 and CD8+

T cells (Figures 1D and 1G and data not shown).

T Cell-Specific T-bet Expression Promotes the
Accumulation of TH1 Cells with Reciprocal Loss of TFH
Cells
As we had observed T-bet expression in GC T and B cells at the

peak of the influenza inflammatory response, we next dissected

the role of T-bet during TH1 and TFH differentiation in vivo at d8

following infection. Initially, we used intact T-bet-deficient

(Tbx21�/�) animals to confirm previous results that indicated

Tbx21 deficiency promotes TFH cell differentiation in vivo (Fig-

ure S1) (Nakayamada et al., 2011; Ryg-Cornejo et al., 2016).

TFH differentiation in vivo is a dynamic, multi-step process that

relies on interactions with both dendritic cells and B cells

(Groom, 2015; Qi, 2016). To determinewhether these differences

were T cell intrinsic, we investigated mice lacking T-bet in all

T cells (Tbx21fl/flxCD4Cre, Tbx21DT) following influenza infec-

tion. Tbx21DT and CD4Cre controls were infected, and poly-

clonal T cell responses were assessed (Figures 2A–2D). This

analysis confirmed that T cell-specific Tbx21 deficiency does

indeed promote the accumulation of TFH cells with a reciprocal

loss of TH1 cell differentiation. Furthermore, using MHCII I-Ab-

restricted tetramers, we identified CD4+ T cells specific for the

immunodominant epitope NP311-325 of influenza A virus. We

found no differences in the frequency or numbers of NP311

tetramer+ cells following infection between CD4Cre controls

and Tbx21DT animals (Figures 2E and 2F). Similar to that

observed in the polyclonal population, within the NP311 tetramer+
Figure 2. T Cell-Specific Tbx21 Deficiency Promotes TFH Differentiatio

CD4cre and Tbx21DT mice were infected with influenza, and dLN CD4+CD44+ p

(A–D) Representative flow cytometry plots of polyclonal CD4+CD44+ (A and C

(CD44+PSGL-1+Ly6c+) (A and B) and TFH (CD44+PSGL-1�Ly6c�PD1+CXCR5+)
(E and F) Plots (E) and frequency and total number (F) of NP311 CD4

+ T cells.

(G–J) Plots (G and I) and frequency and total number (H and J) of TH1 (NP311
+CD

(I and J).

Data are representative of three independent experiments, n = 3–5 mice/group.
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cells, TH1 showed a reduced accumulation, while non-TH1 fre-

quency and TFH numbers were increased (Figures 2G–2J).

Combined, these results demonstrate that T-bet acts as a

molecular switch that determines CD4+ T cell differentiation

between TFH and TH1 effector cells.

The Role of T-bet in CD4+ T Cell Differentiation Is
Context and Competition Dependent
In contrast to our data, STAT4-dependent induction of T-bet in

CD4+ T cells has been shown to promote the differentiation of

both TH1 and TFH cell differentiation following LCMV infection,

and in the absence of Tbx21, both TH1 and TFH differentiation

is limited (Wang et al., 2019; Weinstein et al., 2018). We were

intrigued as to how these divergent results may arise and sought

to replicate this experimental model. Antigen-specific Smarta

TCR Tg cells (STg; specific for the LCMV immunodominant

epitope GP66–77) and Tbx21DT STg cells were transferred into

wild-type hosts prior to LCMV (Armstrong) intravenous infection.

Splenic STg TH1 and TFH cells were determined in vivo at d8

following infection (Figures 3A–3D). Following transfer of cells,

the frequency of TH1 cells was significantly decreased in

Tbx21DT STg cells, with a reciprocal increase in the number of

non-TH1 cells (STg+CD44+PSGL-1�Ly6c�) (Figures 3A and

3B). Despite the accumulation of activated, non-TH1 cells, these

cells failed to upregulate TFH markers PD-1 and CXCR5, result-

ing in a deficiency of both TH1 and TFH cells and a complete

deficiency in effector CD4+ T cell differentiation. These results

are consistent with recent work (Weinstein et al., 2018) but

contrast with our findings in intact Tbx21DT following influenza

infection (Figure 2). Thus, T-bet mediates divergent CD4+ T cell

differentiation outcomes, which are contingent on the infectious

and experimental setting.

Fate decisions between TH1 and TFH can be determined by

multiple factors, including antigen affinity and signal strength,

in addition to T cell competition for both antigen and environ-

mental cytokines (DiToro et al., 2018; Qi, 2016; Ramiscal and Vi-

nuesa, 2013). These environmental cues lead to the upregulation

and balance of multiple transcription factors that regulate CD4+

T cell differentiation (Good-Jacobson and Groom, 2018; Oes-

treich et al., 2012). It therefore seemed likely that changes in

these conditions during an infection could alter the outcome of

T-bet deficiency during TFH cell differentiation. To gain insight

into the factors that determine the role of T-bet during T cell acti-

vation and differentiation, we altered key experimental parame-

ters to understand how viral infection and T cell competition

affect TFH differentiation following viral infection. Given that

Tbx21DT STg cells were transferred into a competitive environ-

ment with wild-type cells, we reasoned that this competition

may significantly alter the outcome of T-bet deficiency following
n following Influenza Infection

olyclonal and antigen-specific cells were analyzed at d8 p.i.

) with frequency and total number (B and D) of natural repertoire of TH1

(C and D).

44+PSGL-1+Ly6c+) (G and H) and TFH (NP311
+ PSGL-1�Ly6c�PD-1+CXCR5+)

Data are mean ± SEM.
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Figure 3. T-bet Regulates TFH Differentiation in a Context-Dependent Manner following LCMV Infection

(A–D) STg and Tbx21DT STg were transferred into Ly5.1xLy5.2 F1 mice subsequently infected with LCMV, and splenic STg cells were analyzed at d8

p.i. Representative flow cytometry plots (A and C) and frequency and total number (B and D) of TH1 (CD44+PSGL-1+Ly6c+) (A and B) and TFH

(CD44+PSGL-1�Ly6c�PD-1+CXCR5+) (C and D) in indicated mice.

(legend continued on next page)
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LCMV infection (Figure 3C). To address this question, Tbx21DT

animals were infected with LCMV, and splenic CD4+ T cells spe-

cific for the MHCII I-Ab-restricted immunodominant epitope

GP66–77 of LCMV were assessed at d8 following infection. In

these conditions, without competing wild-type T cells, the role

of T-bet again resembled what we had observed for influenza

infection in both Tbx21�/� and Tbx21DTmice, in which TH1 cells

failed to accumulate with a reciprocal increase in the frequency

of TFH cells (Figures 3G–3J). We next altered the T cell compe-

tition environment of Tbx21DT mice in influenza infection using a

50:50 BM chimera approach. In this setting, GP66 tetramer+

Tbx21DT TH1 cell frequency was reduced together and was

accompanied by diminished accumulation of non-TH1 cells

and limited TFH differentiation (Figure S2). Combined, these re-

sults suggest that when Tbx21DT CD4+ T cells are required to

compete with wild-type counterparts, the accumulation of

effector cells is reduced for both TH1 and TFH cells.

Context-Specific Induction of T-bet Alters T Cell
Proliferation, Activation Marker Expression, and
Transcription Factor Ratios
To investigate the context-specific basis for the role of T-bet dur-

ing TFH differentiation, we analyzed in detail the viral infectious

settings with the most divergent outcomes: influenza infection

in intact animals and LCMV infection with STg transfer (Figure 4).

Comparing the ZsGreen_T-bet reporter in these infections

showed marked differences in T-bet induction at d4 and d8 dur-

ing each immune response. Early in LCMV infection, both TFH

and TH1 strongly induced T-bet compared with T cells in influ-

enza infection (Figures 4A and 4B). At d8 the frequency of

T-bet+ in influenza TH1 cells resembled that of LCMV TFH cells,

while T-bet was expressed to a lesser extent in influenza TFH

cells. We next investigated how the loss of T-bet expression in

these settings influenced proliferation and differentiation read-

outs during TFH and TH1 differentiation. Using Ki67 as a marker

for proliferating cells (Miller et al., 2018), we showed that LCMV

induced a higher rate of proliferation at d4 compared with influ-

enza infection (Figures 4C and 4D). Ki67 MFI showed the

context-specific role of T-bet whereby at d4 p.i., Ki67 intensity

was reduced with T-bet deficiency and increased in influenza.

At d8 of infection, the tetramer+ TFH cells in influenza infection

showed increased Ki67 expression over that of STg cells in

LCMV, but this was not altered further by T-bet deficiency (Fig-

ure 4D). We found the kinetics in expression of key regulators

of TFH cell differentiation and function was altered in a viral-

dependent fashion (Figures 4E–4J). PD-1, Bcl6, and CXCR5

were all more highly expressed in LCMV than influenza d4 of

infection, but this was reversed at d8 in TFH cells for PD-1 and

Bcl6 (Figures 4E and 4F; Figure S3). Furthermore, at d4 of

LCMV and d8 of both LCMV and influenza, T-bet was required

for the induction of CXCR3, which may help position cells within

GC structures (Figures 4G and 4H; Good-Jacobson and Groom,

2018; Groom, 2015; Kallies andGood-Jacobson, 2017; Shi et al.,
(E–J) CD4cre and Tbx21DT mice were infected with LCMV, and splenic CD4+CD

total number (F) of GP66 CD4+ T cells. Plots (G and I) and frequency and n

(GP66
+CD44+PSGL-1�Ly6c�PD-1+CXCR5+) (I and J).

Data are representative of three independent experiments, n = 3–5 mice/group.

1764 Cell Reports 28, 1758–1772, August 13, 2019
2018). Similarly, CD25 also showed context-dependent expres-

sion that was regulated by T-bet deficiency at d4 p.i. (Figures 4I

and 4J). Combined, this work demonstrates that unique viral in-

fections and T cell competition finely tune TFH differentiation in

the context of divergent T-bet induction.

Divergent Induction of T-bet during Viral Infection Alters
the Balance of IL-2 Production and Signaling
The different induction of T-bet in two Th1-biased infection

models likely reflects unique cytokine milieu between infections.

Multiple inflammatory cytokines, including IL-2, TGFb, IL-7, IL-6,

and type I IFNs, alter the balance between TH1 and TFH cells

during infection (Ballesteros-Tato et al., 2012; Choi et al., 2011;

DiToro et al., 2018; Eto et al., 2011; Harker et al., 2011; Marshall

et al., 2015; McDonald et al., 2016; Oestreich et al., 2011; Ray

et al., 2014). As we observed that CD25 MFI was altered in a

viral- and T-bet-dependent manner (Figures 4I and 4J), we

next investigated the role IL-2 production and consumption

play in TFH differentiation between influenza and LCMV infec-

tions. The prevailing paradigm for IL-2 CD4+ T cell fate decisions

dictates that CD25 marks IL-2 consumers that become TH1

cells, while early producers of IL-2 become TFH cells (Balles-

teros-Tato et al., 2012; DiToro et al., 2018; Oestreich et al.,

2011; Pepper et al., 2011). Fitting this hypothesis, at d4 of infec-

tion, CD25 expression was segregated from CXCR5 expression

in LCMV infection (Figure 5A). However, the separation of cell

fates by CD25 or IL-2 was less well defined in influenza infection

(Figures 5A–5C), with low expression of CD25, and the low-affin-

ity IL-2 receptor CD122 was also minimally expressed (Figures

S4A and S4B). To demonstrate that the differential expression

of CD25 between infections and genotypes was functionally

relevant, we determined STAT5 phosphorylation following a brief

IL-2 stimulation. Phosphorylated STAT5 (pSTAT5) correlated

with the expression of CD25, while no pSTAT5 was detected

without IL-2 (Figures 5D and 5E; Figures S4C and S4D).

This expression was further dependent on T-bet, whereby

CD25+pSTAT5+ frequency in T-bet-deficient T cells was

increased in influenza but decreased in LCMV. Furthermore,

we investigated whether IL-2 production serves as a marker of

TFH differentiation. Similar to described work, at d4, IL-2+ cells

were found predominately in the CXCR5+ STg cells following

LCMV infection (Figures 5F and 5G). However, in influenza IL-2

production did not indicate CXCR5 cells at this time, suggesting

early demarcation of T cell fate is less clear in this infection

model.

T Cell-Intrinsic T-bet Deficiency Influences TFH
Cytokine Production but Leaves GC B Cell
Differentiation Intact
The identification of an experimental model in which Tbx21 defi-

ciency resulted in the expansion of TFH cells allowed the

opportunity to dissect the functional role of T-bet within individ-

ual cellular compartments of GCs in intact animals. We first
44+ antigen-specific cells were analyzed at d8 p.i. Plots (E) and frequency and

umber (H and J) of TH1 (GP66
+CD44+PSGL-1+Ly6c+) (G and H) and TFH

Data are mean ± SEM.
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investigated the production of TFH cytokine in Tbx21DT and

control animals following influenza infection by crossing CD4Cre

and Tbx21DT to an IL-21GFP reporter (L€uthje et al., 2012). As

T-bet directly controls IFNg production, we predictably showed

a significant decrease in IFNg production by Tbx21DT TFH cells

following PMA and ionomycin stimulation (Figures 6A and 6B).

Interestingly, this drop in IFNg production appeared to be

more significant in influenza compared with published data in

LCMV infection (Weinstein et al., 2018) and is in line with fate-

mapping data indicating that previous or current T-bet expres-

sion is essential for TFH IFNg production (Fang et al., 2018).

Similar to effects on T cell differentiation, the role of T-bet in pro-

duction of IL-21 may also differ depending on experimental

model, with some studies reporting an increase in IL-21 with

T-bet-deficiency whereas others show no difference (L€uthje

et al., 2012; Nakayamada et al., 2011; Schmitt et al., 2016; Wein-

stein et al., 2018). Following influenza infection, we did not see an

overall change in IL-21 production in Tbx21DT TFH cells (Figures

6A and 6B). However, combined with the drop in IFNg, this re-

sulted in a net loss of double-positive IL-21+IFNg+ cells, which

may indicate altered functionality of IL-21-expressing TFH pop-

ulation with GCs (Figure 6C). Furthermore, although IL-21

has previously been shown to be produced by CXCR3+ TH1

cells, this could not be detected in our experimental system in

either control or Tbx21DT mice (data not shown) (Miyauchi

et al., 2016).

We next sought to determine the overall affect that T cell-

intrinsic loss of T-bet had on GC B cell responses. We examined

GC B cell differentiation by flow cytometry at d8 following influ-

enza infection in Tbx21DT and CD4Cre mice. We detected an in-

crease in the frequency and total number of GC B cells within

dLN, in linewith the increased expansion of TFH cells in Tbx21DT

animals (Figures 6D and 6E). However, we did not see any overt

effect on the proportion of cells in the LZ (CXCR4�CD86+) or DZ
(CXCR4+CD86�) compartments (Figure 6F; Figure S5A). Further-

more, we quantified the number and size of GC structures

(GL7+IgD�) in dLNs. We found no difference in the overall size

and number of GC structures, suggesting that the expansion of

GC B cell numbers was not sufficient to be detected by confocal

microscopy (Figure 6G; Figure S5B). Therefore, T cell-intrinsic

T-bet deficiency does not result in an overt GC B cell phenotype.

B Cell-Intrinsic T-bet Deficiency Does Not Alter GC
Structure
As we and others had observed T-bet expression in GC B cells

(Figures 1G–1I), we next investigated the reciprocal question,

as to the B cell-intrinsic role of T-bet within GC reactions (Kallies

and Good-Jacobson, 2017; Piovesan et al., 2017; Stone et al.,
Figure 4. Viral-Specific Induction of T-bet Alters Proliferation, Activati

(A and B) ZsGreen_T-bet reporter mice were infected with influenza or naive ZsG

nodes (influenza) and splenocytes (LCMV) were harvested at d4 and d8 p.i. Repre

STg TFH (red) and TH1 (blue) (B) in indicated infection models.

(C–J) CD4cre and Tbx21DTmice were infected with influenza or naive STg or Tbx2

d8 p.i. Activated T cells (CD4+CD44+) and tetramer+ (NP311
+) were assessed respe

time points. Viral specific cells were assessed for Ki67 MFI (C and D), PD-1 M

histograms show frequency in positive gate.

Data are representative of two or three independent experiments, n = 3–5 mice/
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2019). For this we examined Tbx21fl/flxCD23Cre (Tbx21DB) ani-

mals at d8 following influenza infection (Piovesan et al., 2017).

We found no statistical differences in GC B cell numbers,

LZ/DZ accumulation, or GC number and structure between

Tbx21DB and CD23Cre control animals (Figures 6H–6L; Figures

S5C and S5D). Therefore, B cell-intrinsic deficiency of T-bet

does not result in any overt GC phenotype as examined either

by flow cytometry or histologically.

T-bet Acts Independently within TFH and GC B Cells to
Influence Isotype Class Switching
Antigen-specific B cells interpret T cell cytokine signals to deter-

mine the class switch isoform of high-affinity antibodies. We

therefore sought to determine the independent roles of T-bet in

T and B cells for antibody class switching. Initially, we identified

the level of surface IgG1 and IgG2a/c present on GCB cells at d8

following influenza infection. Comparing complete Tbx21�/� an-

imals with controls, we showed not only the expected defect in

IgG2a/c but a reciprocal increase in IgG1 (Figures 7A and 7B).

GC B cells from Tbx21DT mice showed no deficiency in IgG2a/

c but an increase in IgG1 GC B cell surface staining (Figures

7C and 7D). In contrast, Tbx21DB GC B cells showed reduced

IgG2a/c surface staining as previously described, but no change

in IgG1 (Figures 7E and 7F) (Peng et al., 2002; Piovesan et al.,

2017). CD138+ plasma cells also showed a similar switching

bias to GC B cells in each genotype examined (data not shown).

We next investigated how differences in isotype switching affect

the serum concentration IgG isotypes over the course of influ-

enza infection. Consistent with our IgG isotype surface staining,

Tbx21�/� animals showed increased IgG1 and decreased

IgG2a/c levels over the course of infection (Figures 7G and

7H). Again, T cell-intrinsic T-bet deficiency resulted in increased

serum IgG1 (Figures 7I and 7J), while B cell-intrinsic T-bet defi-

ciency resulted in increased serum IgG2a/c (Figures 7K and

7L). Together these cell intrinsic phenotypes observed in individ-

ual T and B cell Tbx21-deficient animals summed to recapitulate

the isotype switching phenotype seen in Tbx21�/� animals.

Thus, T-bet acts independently in TFH and GC B cells to tailor

isotype switching following influenza infection.

DISCUSSION

In this study, we identify T-bet as a molecular switch that deter-

mines CD4+ T cell differentiation outcomes following different

viral infections. In comparison with TH1 cells, TFH andB cells ex-

press lower levels of Tbx21 throughout the immune response to

influenza infection. This graded expression between populations

is reminiscent of that seen in CD8+ cells with different effector
on, and Transcription Factor Ratios during T Cell Differentiation

reen_T-bet STg cells were transferred prior to LCMV infection. Draining lymph

sentative flow cytometry plots (A) and MFI of activated (d4) and NP311 (d8) and

1�/� STg cells were transferred prior to LCMV infection and analyzed at d4 and

ctively for d4 and d8 p.i. influenza infection. STg cells were assessed for LCMV

FI (E and F), CXCR3 MFI (G and H), and CD25 MFI (I and J). Representative

group. Data are mean ± SEM.
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Figure 5. Differential Production and Consumption of IL-2 in Influenza and LCMV Infection Models
CD4cre and Tbx21DT mice were infected with influenza or naive STg or Tbx21�/� STg cells were transferred prior to LCMV infection and analyzed at d4 p.i.

Activated T cells (CD4+CD44+) and STg cells were assessed for influenza and LCMV infections, respectively.

(A–C) Representative flow cytometry plots (A and B) and frequency (C) of CD25+ and IL-2+ cells in indicated models. Note that re-stimulation for IL-2 detection

resulted in lower detection of CD25 (compare A and B), and quantification (C) was performed on samples without re-stimulation.

(D and E) Representative plots (D) and frequency (E) of pSTAT5 and CD25 following IL-2 stimulation.

(F and G) Representative plots (F) and frequency (G) of IL-2+ and IL-2� out of CXCR5+ gate.

Data are representative of two independent experiments, n = 4 or 5 mice/group. Data are mean ± SEM.
and memory potential (Dominguez et al., 2015; Joshi et al.,

2007). T-bet has been shown to be differentially induced

following infections with distinct cytokine skewing, for example,

TH1 and TH2-skewed infection models (Wang et al., 2019; Zhu

et al., 2012). Here, we describe that T-bet expression is graded

in cell subsets even between viral models that are thought to
evoke similar cytokine skewing. It is interesting to speculate if

an overarching rheostat for T-bet expression exists in TFH cells

to determine these context-specific differentiation outcomes.

We have previously shown that c-Myb can act in this manner

in GCB cells to instruct the levels of T-bet depending on the envi-

ronmental context (Piovesan et al., 2017).
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Figure 6. T Cell-Intrinsic T-bet Deficiency Regulates TFH Cytokine Production, While Neither T Cell- or B Cell-Intrinsic T-bet Deficiency

Overtly Affects GC Structure

(A–C) CD4Cre_IL-21GFP and Tbx21DT_IL-21GFP mice were infected with influenza, and dLN TFH (CD44+PSGL-1�Ly6c�PD-1+CXCR5+) cells were re-stimulated

and analyzed d8 p.i. Representative flow cytometry plots (A) and frequency (B and C) of IFNg and IL-21GFP in indicated mice.

(D–G) CD4cre and Tbx21DTmice were infected with influenza and dLNs analyzed at d8 p.i. Representative flow cytometry plots (D) and total number of GCB cells

(B220+IgD�CD95+CD38�) (E). Plots of DZ (CXCR4+CD86�) and LZ (CXCR4�CD86+) GC B cells (F). Confocal micrographs of dLN (white, IgD+ B cell follicles;

magenta, GL7+ GCs) from indicated mice (G).

(H–L) CD23cre and Tbx21DBmicewere infectedwith influenza, and dLNswere analyzed at d8 p.i. Representative flow cytometry plots (H) and total number of GC

B cells (B220+IgD�CD95+CD38�) (I). (J) Plots of DZ (CXCR4+CD86�) and LZ (CXCR4�CD86+) GC B cells. Confocal micrographs of dLNs (white, IgD+ B cell

follicles; magenta, GL7+ GCs) from indicated mice (K). Confocal micrographs of dLN GCs from indicated mice (blue, IgD+ B cell follicles; magenta, GL7+ GCs;

white, CD35+ LZ) (L).

In (A)–(F) and (H)–(J), data are representative of three independent experiments, n = 3–5mice/group. In (G), (K), and (L), data are representative of two independent

experiments, n = 3–5 mice/group. Data are mean ± SEM.
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Figure 7. Cell-Intrinsic Role for T-bet in Iso-

type Class Switching

(A–F) C57BL/6 and Tbx21�/� (A and B), CD4Cre and

Tbx21DT (C and D), and CD23Cre and Tbx21DB

(E and F) mice were infected with influenza, and

dLNs were analyzed at d8 p.i. (A, C, and E) Repre-

sentative flow cytometry plots and (B, D, and F)

frequency of IgG1 and IgG2a/c surface staining on

GC B cells (B220+IgD�CD95+CD38�).
(G–L) C57BL/6 and Tbx21�/� (G and H), CD4Cre

and Tbx21DT (I and J), and CD23Cre and Tbx21DB

(K and L) mice were infected with influenza and total

serum IgG1 (G, I, and K) and IgG2a/c (H, J, and L)

concentrations analyzed at indicated p.i.

In (A)–(F), data are representative of three indepen-

dent experiments, n = 3–5 mice/group. In (G)–(L),

data are representative of two independent experi-

ments, n = 3 or 4mice/group. Data aremean ±SEM.
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IL-2 signaling plays a central role in the determination of TH1

and TFH bifurcation (Ballesteros-Tato et al., 2012; Choi et al.,

2011; DiToro et al., 2018), whereby IL-2 restricts Bcl6 expression

and promotes the differentiation of TH1 cells (Oestreich et al.,

2012). TGFb also acts upstream of CD25 expression to inhibit

IL-2 signaling (Marshall et al., 2015). Similarly, IL-7 and type I

IFNs repress the TFH program (McDonald et al., 2016; Ray

et al., 2014), while IL-6 promotes TFH expansion and functional

GC reactions (Eto et al., 2011; Harker et al., 2011). We show

distinct IL-2 expression between our model infections, but other

inflammatory cytokines may also drive altered T-bet induction in

these systems. IFNg plays a critical role in promoting T-bet in

TH1 cells, while IL-12 drives T-bet expression in CD8+ T cells

(Joshi et al., 2007; Kallies and Good-Jacobson, 2017). Our

data suggest that the distinct infection routes (intranasal and

intravenous) and level of viral tropism (low and high, respectively)

for influenza and LCMV contribute to the differential cytokine

production and inflammatory cell recruitment present at the

time of T cell priming. Together these viral factors, along with

antigen affinity and viral load are intertwined with environmental

cytokines to determine the upregulation and overall balance of

T-bet and Bcl6within TFH andGCBcells (DiToro et al., 2018; Fa-

hey et al., 2011; Harker et al., 2011; Snook et al., 2018). That

these distinctions alter the role of T-bet during TFH differentia-

tion shifts the dogma of viewing all viral infections in a canonical

manner to one in which individual inflammatory and viral factors

should be considered when assigning roles for transcriptional

regulation of T cell differentiation.

Here we show that T-bet is differentially induced between two

important and widely used TH1-biased infection models. Specif-

ically, strong expression in TFH and TH1 precursors in LCMV and

TH1 precursors in influenza infection reflects the essential role

for T-bet in differentiation of these cell fates. Conversely the

lower expression seen in TFH precursors in influenza correlates

with the accumulation of these cells in the absence of T-bet.

These divergent infections models also uniquely influence the

T cell precursor ratios of IL-2 consumers and producers, and

this is further augmented with T-bet deficiency. Although T cell

differentiation during LCMV infection adheres to the current

paradigm that IL-2 production and signaling determine the fate

of CD4+ cells in viral infection, this segregation is less clear for

influenza, in which T-bet expression and cell fate decisions

appear to occur later in infection. This delay potentially allows

influenza-specific TFH precursors to pass a survival checkpoint

that is not permitted when T-bet is highly induced.

Our findings clarify previous contradictory findings for the role

of T-bet in TH1/TFH bifurcation by indicating that transcription

factor thresholds are different depending on the environmental

context of T-bet and Bcl6 upregulation. Several previous studies

have reported that T-bet intrinsically tips the balance of CD4+

T cell differentiation in favor of TH1 cell differentiation in multiple

infectious settings (Marshall et al., 2011; Nakayamada et al.,

2011; Oestreich et al., 2012; Ryg-Cornejo et al., 2016). Our re-

sults in intact animals are also in line with human TFH cells,

where T-bet does not inhibit the differentiation of CXCR5+

TFH-like cells (Schmitt et al., 2016). In contrast, we show, along

with Weinstein et al. (2018), that the presence of competing

T cells, which may influence the availability of the proliferative
1770 Cell Reports 28, 1758–1772, August 13, 2019
and differentiation cytokines or antigen, is a key factor in deter-

mining the role of T-bet in TH1/TFH fate outcomes (Weinstein

et al., 2018). Combined, this work highlights distinct induction

of T-bet in specific experimental systems and emphasizes the

importance of understanding T-bet modulation when consid-

ering vaccination strategies when TFH IFNg production and/or

specific IgG class switching is a major goal.

Within GCs, TFH cells and B cells upregulate a core group of

transcription factors (Good-Jacobson and Groom, 2018). Our

data suggest that despite shared expression, T-bet acts inde-

pendently in each cellular compartment to influence class

switching following viral infection. Although switching of anti-

body to the IgG2a/c isotypemediates clearance of virus and pro-

tection against lethal influenza infection, IgG1 is required for

optimal vaccine efficacy (Huber et al., 2006; Miyauchi et al.,

2016). Thus, the overall distribution of antibody isotype is critical

for immune protection. T-bet plays a central role in this balance,

acting both intrinsically in GC B cells to promote IgG2a/c and

indirectly, presumably through TFH cytokine production, to

lower IgG1 production. Combined, these results identify T-bet

as a context-dependent link between extrinsic inflammatory

signals and intrinsic cellular differentiation programs and high-

lights the importance of understanding the context of T-bet

induction for the development of protective, neutralizing anti-

bodies following viral infection and vaccination.
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Pepper, M., Pagán, A.J., Igyártó, B.Z., Taylor, J.J., and Jenkins, M.K. (2011).

Opposing signals from the Bcl6 transcription factor and the interleukin-2 re-

ceptor generate T helper 1 central and effector memory cells. Immunity 35,

583–595.

Piovesan, D., Tempany, J., Di Pietro, A., Baas, I., Yiannis, C., O’Donnell, K.,

Chen, Y., Peperzak, V., Belz, G.T., Mackay, C.R., et al. (2017). c-Myb regulates

the T-bet-dependent differentiation program in B cells to coordinate antibody

responses. Cell Rep. 19, 461–470.

Qi, H. (2016). T follicular helper cells in space-time. Nat. Rev. Immunol. 16,

612–625.

Ramiscal, R.R., and Vinuesa, C.G. (2013). T-cell subsets in the germinal center.

Immunol. Rev. 252, 146–155.

Rankin, L.C., Groom, J.R., Chopin, M., Herold, M.J., Walker, J.A., Mielke, L.A.,

McKenzie, A.N., Carotta, S., Nutt, S.L., and Belz, G.T. (2013). The transcription

factor T-bet is essential for the development of NKp46+ innate lymphocytes

via the Notch pathway. Nat. Immunol. 14, 389–395.

Ray, J.P., Marshall, H.D., Laidlaw, B.J., Staron, M.M., Kaech, S.M., and Craft,

J. (2014). Transcription factor STAT3 and type I interferons are corepressive

insulators for differentiation of follicular helper and T helper 1 cells. Immunity

40, 367–377.

Reinhardt, R.L., Liang, H.E., and Locksley, R.M. (2009). Cytokine-secreting

follicular T cells shape the antibody repertoire. Nat. Immunol. 10, 385–393.

Rubtsova, K., Rubtsov, A.V., van Dyk, L.F., Kappler, J.W., and Marrack, P.

(2013). T-box transcription factor T-bet, a key player in a unique type of

B-cell activation essential for effective viral clearance. Proc. Natl. Acad. Sci.

U S A 110, E3216–E3224.
1772 Cell Reports 28, 1758–1772, August 13, 2019
Ryg-Cornejo, V., Ioannidis, L.J., Ly, A., Chiu, C.Y., Tellier, J., Hill, D.L., Preston,

S.P., Pellegrini, M., Yu, D., Nutt, S.L., et al. (2016). Severe malaria infections

impair germinal center responses by inhibiting T follicular helper cell differen-

tiation. Cell Rep. 14, 68–81.

Schmitt, N., Liu, Y., Bentebibel, S.E., and Ueno, H. (2016). Molecular mecha-

nisms regulating T helper 1 versus T follicular helper cell differentiation in

humans. Cell Rep. 16, 1082–1095.

Shi, J., Hou, S., Fang, Q., Liu, X., Liu, X., and Qi, H. (2018). PD-1 controls follic-

ular T helper cell positioning and function. Immunity 49, 264–274.e4.

Snook, J.P., Kim, C., and Williams, M.A. (2018). TCR signal strength controls

the differentiation of CD4+ effector and memory T cells. Sci. Immunol. 3,

eaas9103.

Stone, S.L., Peel, J.N., Scharer, C.D., Risley, C.A., Chisolm, D.A., Schultz,

M.D., Yu, B., Ballesteros-Tato, A., Wojciechowski, W., Mousseau, B., et al.

(2019). T-bet transcription factor promotes antibody-secreting cell differentia-

tion by limiting the inflammatory effects of IFN-gamma on B cells. Immunity 50,

1172–1187.e7.
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Alexa Fluor 488-conjugated anti-Ki-67 (clone B56) BD PharMingen Cat#561165; RRID:AB_10611866

Brilliant Violet 711-conjugated anti-CD138

(clone 281-2)

BD Horizon Cat#563193; RRID:AB_2738060

Brilliant Violet 605-conjugated anti-CD86

(clone GL1)

BD Horizon Cat#563055; RRID:AB_2737977

Brilliant Violet 510-conjugated anti-B220/CD45R

(clone RA3-6B2)

BD Horizon Cat#563103; RRID:AB_2738007

FITC-conjugated anti-Ig2a/2b (clone R2-40) BD PharMingen Cat#553399; RRID:AB_394837

PE-Cy7-conjugated anti-CD95 (clone Jo2) BD PharMingen Cat#557653; RRID:AB_396768

Brilliant Ultraviolet 737-conjugated anti-CD127

(clone SB/199)

BD Horizon Cat#564399; RRID:AB_2738791

Brilliant Ultraviolet 395-conjugated anti-CD8a

(clone 53-6.7)

BD Horizon Cat#563786; RRID:AB_2732919

Brilliant Violet 786-conjugated anti-CD69 (clone H1.2F3) BD Horizon Cat#564683; RRID:AB_2738890

Brilliant Violet 786-conjugated anti-CD25 (clone 3C7) BD Horizon Cat#564368; RRID:AB_2738771

Brilliant Violet 711-conjugated anti-KLRG1 (clone 2F1) BD Horizon Cat#564014; RRID:AB_2738542

PE-Cy7-conjugated anti-IFNg (clone XMG1.2) BD PharMingen Cat#557649; RRID:AB_396766

Brilliant Violet 786-conjugated anti-IgG1 (clone X56) BD OptiBuild Cat#742480; RRID:AB_2740814

Brilliant Violet 510-conjugated anti-Ly-6C (clone HK1.4) Biolegend Cat#128033; RRID:AB_2562351

PE/Dazzle 594-conjugated anti-CD279 (PD-1)

(clone RMP1-30)

Biolegend Cat#109116; RRID:AB_2566548

Brilliant Violet 421-conjugated anti-CD279 (PD-1)

(clone RMP1-30)

Biolegend Cat#109121; RRID:AB_2687080

Brilliant Violet 421-conjugated anti-CD183 (CXCR3)

(clone CXCR3-173)

Biolegend Cat#126522; RRID:AB_2562205

Brilliant Violet 605-conjugated anti-CD185 (CXCR5)

(clone L138D7)

Biolegend Cat# 145513; RRID:AB_2562208

PerCP-Cy5.5-conjugated anti-CD62L (clone MEL-14) Biolegend Cat#104432; RRID:AB_2285839

PE-Cy7-conjugated anti-T-bet (clone 4B10) eBioscience Cat#25582582; RRID:AB_11042699

PerCP-Cy5.5-conjugated anti-FOXP3 (clone FJK-16 s) eBioscience Cat#45-5773-82; RRID:AB_914351

PerCP-eFluor 710-conjugated anti-CD38 (clone 90) eBioscience Cat#46038180; RRID:AB_10852870

PE-conjugated anti-CD184 (CXCR4) (clone 2B11) eBioscience Cat#12-9991-81; RRID:AB_891393

PerCP-eFluor 710-conjugated CD122 (clone TM-beta1) eBioscience Cat#46-1222-82; RRID:AB_11064442

PE-Cy7-conjugated anti-Phospho- STAT5 (Tyr694)

(clone SRBCZX)

eBioscience Cat#25-9010-41; RRID:AB_2573533

Alexa Fluor 647-conjugated anti-IgD (clone 1126c) Produced in house N/A

Alexa Fluor 647-conjugated anti-BCL6 (clone 7D1) Produced in house N/A

Alexa Fluor 647-conjugated anti-CD4 (clone GK1.5-7) Produced in house N/A

Biotin-conjugated anti-IgD (clone 11-26) SouthernBiotech Cat#1120-08; RRID:AB_2631189

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Alexa Fluor 555-conjugated anti-B220 (clone RA3-6B2) Produced in house N/A

Alexa Fluor 594-conjugated anti-CD4 (clone GK1.5-7) Produced in house N/A

Alexa Fluor 488-conjugated anti-CD4 (clone GK1.5-7) Produced in house N/A

Alexa Fluor 647-conjugated anti-GL7 (clone GL7) Produced in house N/A

Cy3 conjugated Streptavidin Jackson Immunoresearch Cat#016-160-084; RRID:AB_2337244

Dylight 405 conjugated Streptavidin Jackson Immunoresearch Cat#016-470-084; RRID:AB_2337248

Brilliant Violet 421-conjugated anti-CD21/CD35

(clone 7G6)

BD Horizon Cat#562756; RRID:AB_2737772

IgG1-HRP (clone Goat polyclonal) Southern Biotech N/A

Unlabeled IgG1 (Goat polyclonal) Southern Biotech N/A

IgG1-k (MOPC 31C) Sigma-Aldrich N/A

Unlabeled IgG2a (Goat polyclonal) Southern Biotech N/A

IgG2c-HRP (Goat polyclonal) Southern Biotech N/A

Bacterial and Virus Strains

Influenza virus strain HKx31 (H3N2) Produced in house N/A

LCMV Armstrong Produced in house N/A

Biological Samples

Mouse tissues N/A N/A

Chemicals, Peptides, and Recombinant Proteins

BD Cytofix/Cytoperm BD Cat#554714

BioMag Goat Anti-Rat IgG QIAGEN Cat#310107

PHORBOL 12-MYRISTATE 13-ACETATE (PMA) Sigma-Aldrich Cat#P1585

Ionomycin Sigma-Aldrich Cat#I0634

NP311-325:1-A
b-PE (Influenza A NP311–325 peptide

sequence: QVYSLIRPNENPAHK)

NIH tetramer core N/A

GP66-77:1-A
b-PE (LCMV GP66–77 peptide sequence:

DIYKGVYQFKSV)

Moon et al., 2011 N/A

Protein Transport Inhibitor (containing Brefeldin A) BD Cat#555029

Protein Transport Inhibitor (containing Monensin) BD Cat#554724

FVD eFluor 506 eBioscience Cat#65-0866

Fixable Viability Stain 700 BD Horizon Cat#564997

Critical Commercial Assays

LS columns Miltenyi Biotec Cat#130-042-401

Naive CD4+ T Cell Isolation Kit Miltenyi Biotec Cat#130-104-453

Brilliant Stain Buffer BD Horizon Cat#563794

Foxp3/Transcription Factor Staining Buffer Set invitrogen Cat#00-5523

Perm Buffer III BD Biosciences Cat# 558050

Lyse/Fix Buffer 5x BD Biosciences Cat# 558049

Software and Algorithms

Prism Graph Pad https://www.graphpad.com/

scientific-software/prism/

Flowjo (Treestar) FlowJo, LLC https://www.flowjo.com/

Zen Black ZEISS https://www.zeiss.com/microscopy/int/

products/microscope-software/zen.html

ImageJ National Institutes of Health (NIH) https://imagej.nih.gov/ij/index.html

Other

Superfrost Plus Adhesion Microscope Slides Thermo Scientific Cat#J1800AMNT

16% Formaldehyde Thermo Scientific Cat#28908

O.C.T Compound Tissue-Tek Cat#4583
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LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resources and reagents should be directed to and will be fulfilled by Lead Contact, Joanna

Groom (groom@wehi.edu.au).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice and BM chimeras
Mice were maintained on a C57BL/6 background in specific-pathogen-free conditions. ZsGreen_T-bet reporter (Zhu et al., 2012),

T-betfl/fl (Wang et al., 2012), T-betfl/fl CD23Cre (Tbx21DB) (Piovesan et al., 2017), Tbx21�/� (Finotto et al., 2002), Smarta TCR trans-

genic (STg) (Oxenius et al., 1998) mice have been previously described. T-betfl/fl were crossed with CD4Cre to generate T-betfl/fl

CD4Cre (Tbx21DT). Tbx21DT and CD4Cre were bred with IL21GFP (L€uthje et al., 2012) reporter mice. Tbx21DT mice were crossed

to GFP and STg to generate GFP Stg and Tbx21DT STg respectively. Both male and female mice at 6-10 weeks of age were

used in this study. Mixed chimeras were generated by lethally irradiated Ly5.1xC57BL/6 mice (two doses of 0.55 Cy) and reconsti-

tutionwith Tbx21DT and Ly5.1 bonemarrow in a 1:1 ratio. Micewere left for 8weeks before infection. All experiments were performed

in accordance with the Walter and Eliza Hall Institute animal ethics committee.

METHOD DETAILS

Viral infections and Adoptive transfer
Micewere inoculated intranasally with 1x104 PFU influenza virus strain HKx31 (H3N2) or intravenouslywith 2x105 or 3x103 PFU LCMV

Armstrong for d4 and d8 experiments respectively. For adoptive transfer, STg CD4+ T cell were isolated by naive CD4+ T cell negative

selection kit and 2.0 x105 (for d4) or 2.5x104 (for d8) naive GFP STg or Tbx21DT STg cells were transferred independently to non-

irradiated naive recipient mice via intravenous injection. Mice were infected with LCMV the day following cell transfer.

Tetramer staining and Flow Cytometry
Tissues were mechanically dissociated to single cell suspensions and enriched for CD4+ T cells following an incubation with cocktail

of antibodies (listed in Key Resource Table) to deplete non-CD4+ T cell lineages. Antibody-bound cells were removed by magnetic

bead depletion using BioMag Goat anti-Rat IgG beads. Enriched CD4+ T cells were stained with NP311-325:1-A
b or GP66-77:1-A

b, con-

jugated with streptavidin-PE tetramer for 1h at room temperature (Moon et al., 2011). Cells were stained using indicated antibodies

(Key Resource Table) and intracellular proteins were detected using Foxp3 staining kit according to manufacturer’s protocol. Cyto-

kine intracellular staining experiment was performed as previously described (L€uthje et al., 2012). For pSTAT5 detection, T cells were

stimulated in round bottom plates in the presence of 100U/mL murine recombinant IL-2 (DNAX Research Institute) for 25 min at 37

degrees. Intracellular staining of pSTAT5 fixation and permeabilization with Lyse/Fix and Perm III buffers (BD Biosciences) as previ-

ously described (Viel et al., 2016). Cytometry data was acquired using a LSR Fortessa x-20 (BD Biosciences).

Immunofluorescence staining
Lymph nodes were fixed in 4% paraformaldehyde and immersed in 30% sucrose before being embedded in OCT compound

(Tissue-Tek). Tissues were cut via microtome (Leica) into 12-20 mm sections and mounted on Superfrost Plus slides. Sections

were stained as described previously (Rankin et al., 2013) using described antibodies (Key Resource Table). Images were acquired

using a LSM780 confocal microscope (Carl Zeiss MicroImaging). The acquisition software was Zen Black 2012 and images were

quantified with ImageJ (NIH).

Enzyme-linked immunosorbent assay (ELISA)
Antibodies for detection of total serum are listed (Key Resource Table). 96-well flat-bottom ELISA plates (Sarstedt) were coated with

75 mL per well of respective unlabeled coating antibody (diluted in PBS) 4�C overnight. Plates were blocked with PBS 1% BSA at

room temperature for 1h. Plates were washed three times with PBS Tween20 and dH2O. Samples and standards were added to

the wells and blank wells were included (PBS 1%BSA). Plates were incubated for 2-4h at 37�C before being washed three times.

Secondary antibody, HRP (horseradish peroxidase) diluted in PBS 1%BSA was added and incubated at 37�C for 2h. The plates

were then washed five times and 100 mL of OPD (o-phenylenediamine dihydrochloride) substrate solution (ThermoFisher Scientific)

was added and plates incubated room temperature in the dark for 10-30 minutes to develop. OD values were read at 405nm using a

plate reader (BMG Labtech) and the data was evaluated using MARS (BMG Labtech).
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QUANTIFICATION AND STATISTICAL ANALYSIS

Flow cytometry was analyzed using Flowjo (Treestar) and statistical significance was determined using the paired (for chimeric

experiments) or unpaired (two-tailed) Student’s t test. For ELISA, differences between the groups were analyzed using the Mann-

Whitney non-parametric two-tailed test with a 95% confidence. All experimental data is presented as mean ± standard error of

the mean (SEM) with statistical analysis performed using Prism 7 (GraphPad Software).
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