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Abstract

Effective antiviral immunity requires generation of T and B lymphocytes expressing the
transcription factor T-bet, a regulator of type 1 inflammatory responses. Using T-bet expression
as an endogenous marker for cells participating in a type 1 response, we report coordinated
interactions of T-bet-expressing T and B lymphocytes based on their dynamic co-localization

at the T cell zone and B follicle boundary (T-B boundary) and germinal centers (GC) during
lung influenza infection. We demonstrate that the assembly of this circuit takes place in distinct
anatomical niches within the draining lymph node, guided by CXCR3 that enables positioning of
Tyl cells at the T-B boundary. The encounter of B and Ty1 cells at the T-B boundary enables
IFNy produced by the latter to induce 1gG2c class switching. Within GCs, T-bet* Tgy cells
represent a specialized stable sub-lineage required for GC growth, but dispensable for IlgG2c
class switching. Our studies show that during respiratory viral infection, T-bet-expressing T and
B lymphocytes form a circuit assembled in a spatiotemporally controlled manner that acts as a
functional unit enabling a robust and coherent humoral response tailored for optimal antiviral
immunity.

One-sentence summary

T-bet-expressing T and B lymphocytes form a spatiotemporal circuit that enables optimal antiviral
humoral immunity.
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Introduction

The immune system of higher organisms is dependent on a combination of prepositioned
sentinels and circulating cells that traffic to secondary lymphoid organs, spleen, LNs (LN)
and Peyer’s patches for tissue surveillance and defense against pathogens (1). Adaptive
immune cells, T and B lymphocytes, are spatially segregated in the secondary lymphoid
organs to the T cell zone (T zone) and B follicle, respectively. Yet cognate interactions
between antigen-specific B cells and CD4™ T cells are required for long-lasting protective
humoral responses to and vaccination against infectious agents, processes that include
immunoglobulin (1g) class switching and antibody affinity maturation (2). Beyond the well-
known partitioning of secondary lymphoid organs into the T zone and B follicles, distinct
positioning of different cell types within discrete areas of secondary lymphoid organs

has been shown to contribute to processes ranging from pathogen containment to helper
T cell differentiation, highlighting a role for cellular positioning and compartmentalized
intercellular interactions in the course of the immune response (3-8).

After ingesting a pathogen or its products in infected tissues, dendritic cells (DCs) migrate
to the T zones of tissue-draining LN where they activate, or prime, rare recirculating naive
antigen-specific T cells expressing cognate T cell receptors (TCR) (1). During priming, TCR
and co-stimulatory receptor signaling along with cytokines released by DCs and other cells
elicit differentiation of distinct effector CD4* T cell types: Tyl, TH2, and T17, defined by
expression of the transcription factors T-bet, GATA3, and RORyt, respectively (9). These
specialized effector T cells are tailored to coordinate and mediate protective cellular and
humoral immunity commensurate to the class of the invading pathogen. Thus, LNs also
serve as the setting where T cells are exposed to cues specialized for the establishment of
pathogen-specific effector programs. The transcription factors that define these programs
not only induce the expression of distinct sets of effector molecules, but also of certain
chemokines, chemokine receptors and adhesion molecules that allow migration of effector
cells to sites of inflammation (10-12).

These observations raise the possibility that coordinated positioning of pathogen-specific
lymphocytes in discrete locations within the LN enables their cooperative interactions
leading to concordant expression of an appropriate specific pro-inflammatory effector
program, culminating in protective immunity. Viral infections elicit type 1 immunity, which
necessitates inter-lineage cell cooperation for the deployment of a spectrum of effector
mechanisms, including antiviral mediators, cytotoxic T cells and NK cells, and neutralizing
antibodies that collectively promote viral clearance. Expression of the transcription factor
T-bet, known to orchestrate type 1 immunity, is induced in several innate and adaptive
immune cell types, including CD4* T cells and B cells (13, 14). While T-bet-expressing

B cells have been implicated in autoantibody production in lupus, other studies have also
suggested that T-bet expression in B cells plays a role during antiviral responses to acute
and chronic infections: promoting class switching to 1gG2a (IgG2c in C57BI/6 mice), their
differentiation into antibody-secreting cells and memory B cells, and viral clearance (15-20).
It is noteworthy that class switching to 1gG2a/lgG2c dominates antiviral B cell responses
and has been linked to effective viral clearance (21-23).
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While different DC subsets have been suggested to prime CD4* and CD8* T cells in discrete
areas within the secondary lymphoid organs (6, 7, 24, 25), it remains unknown whether

and how spatial and temporal localization of different helper T cell subsets post-priming
contributes to the coordination of humoral responses during the course of infection. In this
regard, the T cell zone and B follicle boundary (T-B boundary) and the interfollicular zones
of the secondary lymphoid organs are of a particular interest, as these sites can serve as
potential areas of encounters between activated antigen-specific B cells and CD4* T cells
(26, 27). These interactions are thought to precede B cell entry into germinal centers (GC),
where clonal expansion, somatic hypermutation, affinity maturation as well as development
of B cell memory and long-lived plasma cells occurs (28). Besides the aforementioned
niches, CD4* T cells that differentiate into T follicular helper (Tgy ) cells enter the B cell
follicle where they provide support to GC B cells (2). In addition to Tyl and B cells, T-bet
expression in Ty cells has also been described, yet a role of T-bet expressing Tgy cells in
isotype switching or GC development is unknown (29-31).

Broad expression of T-bet among T and B cell lineages raises the possibility of this
transcription factor having a major role in coordinating type 1 immune responses by
inducing expression of receptors and effector molecules that facilitate interaction and
cooperation between pertinent cell types. T-bet expression in different T and B lymphocyte
lineages has been proposed to support mutually independent functionality of individual
T-bet-expressing lymphocyte subtypes acting in a modular manner to facilitate different
aspects of humoral immune response to infection or vaccination (30) . Here, we sought to
test the alternative conception that during viral infection, distinct types of T-bet-expressing
T and B lymphocytes form a functional circuit assembled to promote antiviral humoral
immunity. Through the use of mice carrying a fluorescent reporter and Cre recombinase
expressed under the control of the endogenous 76x21 locus we were able to analyze the
localization and genetically manipulate T-bet-expressing lymphocyte lineages during viral
infection. We find coordinated T-bet expression in key lymphocyte lineages—TH1 cells,
Trn cells and GC B cells—localizing to distinct regions within the draining lymph node.
Furthermore, the disruption of the T-bet™ T-B cell circuit by ablating its individual cellular
component or disrupting their localization hinders the coherency and magnitude of the
influenza antibody response.

T-bet* CD4* T cells show distinct intranodal localization during influenza infection.

We first sought to investigate the spatial distribution of T-bet-expressing lymphocytes in
lung-draining mediastinal LNs during the course of intranasal influenza virus infection

in mice carrying the previously characterized 7hx21td7omato-T2Acre knock-in allele ( 76x21-
Cre), which faithfully reports endogenous T-bet expression in all major immune cell subsets
(32). We analyzed the number of T-bet-expressing effector CD4* T cells (RFP*CD4*CD44*
cells) at the T-B boundary (50um area between the T cell zone and the B follicles), the deep
T zone (T cell zone minus T-B boundary), the B follicles, the interfollicular zone (between
B follicles), the medulla and the subcapsullar sinus at day 0, 7, 14 and 21 after infection
with the PR8 influenza A virus strain (Fig. S1). While the number of total and influenza
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nucleoprotein (NP)-specific RFP*CD4* T cells increased over 21 days of infection (Fig. 1,
A and B, Fig. S1C and D), they showed distinct time-dependent localization patterns across
the deep T zone, the T-B boundary and the B follicles (Fig. 1,C and D and Fig. S1A and

B). At day 7, a large proportion of RFP*CD4* T cells was found in the deep T zone, which
decreased at later time points (Fig. 1, C and D). In contrast, the proportion of RFP*CD4*

T cells at the T-B boundary remained relatively steady throughout the time course of the
response with a notable increase at day 14 when 45% of all RFP*CD4" cells were found at
the T-B boundary followed by their increasing accumulation in the B follicles between day
14 and 21 (Fig. 1, C to E). The enrichment of CD4*RFP* T cells at the boundary of the B
follicle was consistent with the possibility of T-bet-expressing T and B lymphocytes forming
a spatiotemporal circuit.

T-bet* B cells dominate GC and are required for virus-specific IgG response to influenza

infection.

As expected from previous reports, we found that influenza infection induced T-bet
expression in B cells (Fig. S2A). We first detected RFP* B cells in the B follicles and

in germinal centers (GC) (Fig. 1C, Fig. 2A). To more carefully characterize virus-specific
T-bet-expressing B cell responses by flow cytometry, we utilized an influenza hemagglutinin
(HA) probe with a structure-based modification (33). A sizeable population of HA-specific
GC B cells (HA*B220*GL7*Fas*) was detected by day 14 in the mediastinal LNs (Fig.

2B and Fig. S2B) with over 80% of the bulk population of GC B cells and HA-specific

GC B cells expressing RFP (Fig. 2, C and F). Among GC B cells, RFP expression was
enriched and was the highest on a per cell basis in HA-specific GC cells that underwent
IgG2c class switching compared to those that had switched to 1IgG1 (Fig. 2, D and E). These
observations were consistent with previous reports showing that T-bet regulates switching to
IgG2c in GC B cells (15-20). To test if the induction of T-bet in GC B cells is specific

to type 1 responses, we infected 7bx21-Cre mice with Nippostongylus brasiliensis, a
pathogenic helminth inducing type 2 immunity that also infects the lung. Despite stimulating
a potent GC B cell response in the mediastinal LNs, RFP expression in GC B cells was not
induced by infection with N. brasiliensis, suggesting that T-bet expression in GC B cells is
not part of a general GC B cell program (Fig. S2C).

To test the contribution of T-bet-expressing B cells to the humoral antiviral response, we
generated Pax5"' Thx21-Cre mice, which enabled selective ablation of T-bet-expressing B
cells upon deletion of Pax5, a B cell lineage specifying transcription factor required for B
cell differentiation and maintenance (34, 35). Pax5"fTbx21-Cre mice showed no changes

in overall B cell numbers, but a complete loss of total 1gG2c¢ serum titers compared to
littermate controls, with no significant change in other isotypes (Fig. S2, D and E). However,
we observed a severe decrease in the frequency and number of both bulk and HA-specific
GC B cells induced by influenza infection in these mice (Fig. 3, A to C). This was at least
partially due to a decrease in the IgG2c GC B cell population as reflected by the markedly
reduced frequency of IgG2c* cells within the total GC B cell pool (Fig. 3D). Consistent with
a decrease in the GC population, we observed that influenza-specific total 1gG and 1gG2c
antibody titers were substantially reduced in Pax5™t Thx21-Cre mice compared to littermate
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controls (Fig. 3, E and F). These data show that the loss of T-bet* B cells severely impaired
virus-specific 1gG production due to a loss of GC B cells.

CXCR3 signaling is required for T-bet* CD4" T cell enrichment at the T-B boundary.

As Ig class switch recombination has been recently shown to initiate in B cells outside

GC and T-bet is required for IgG2c switching, we reasoned that B cells may be exposed

to signals at the T-B boundary which promote T-bet expression, 1gG2c class switching and
GC B cell differentiation (36). Given that T-bet-expressing GC B cells are essential for
antiviral antibody production, we next asked whether the observed co-localization of T-bet-
expressing RFP* T cells and B cells at the T-B boundary was required for antiviral humoral
response (Fig. 2A). T-bet directly regulates a set of genes important for Tyl cell function,
including Cxcr3, encoding the chemokine receptor for the interferon-inducible chemokines
CXCL9, CXCL10, and CXCL11 (10, 13, 37), of which only CXCL9 and CXCL10 are
expressed in C57BL/6 mice (38). CXCR3 expression is required for positioning of effector
CD4* T cells to interfollicular peripheral T zone of the LN (39). Using immunofluorescence,
we observed that in contrast to its low levels in T zone, CXCL9 was abundant in the B
follicles throughout the course of infection with the difference peaking at day 14 (2.4-fold),
coinciding with the maximum accumulation of T-bet-expressing CD4* T cells at the T-B
boundary (Fig. 4, A and B, Fig. S3A, and Fig. 1E). In contrast, CXCL10 was present

at similarly low levels in the T zone and B follicle with its levels increasing in the B
follicle after day 14 (Fig. 4, A and B and Fig. S3B). This was consistent with the idea of
CXCR3-mediated recruitment of T-bet™ T cells to the T-B boundary and B follicle.

To test if CXCR3 is required for the migration of T-bet*CD4* T cells to the boundary, we
blocked CXCR3-ligand interactions with a combination of CXCR3 and CXCL9 blocking
antibodies, as the CXCR3 antibody blocks CXCL10, but not CXCLJ9 signaling (40). While
CXCR3 blockade markedly perturbed the distribution of RFP*CD4* T cells, resulting in
their preferential accumulation in the T zone and a pronounced decrease at the T-B boundary
and in the B follicles (Fig. 4, C and D and Fig. S4, A and B), it did not affect the overall
numbers of NP-specific effector CD4* T cells in the lungs and draining LNs of infected
mice (Fig. 4E). The diminished localization of RFP*CD4" T cells at the T-B boundary

in these mice was accompanied by an impaired B cell response reflected by diminished
numbers of total and HA-specific GC B cells (Fig. 4, F and G). Furthermore, the RFP*
frequency of the remaining GC B cells was lower compared to control mice (Fig. 4H).
Consistent with a decrease in RFP* GC B cells, the proportion of 1gG2c* GC B cells were
also decreased (Fig. 41). These data suggest that the localization of T-bet* T cells at the
T-B boundary is required to induce proper responses of B cells, likely by providing them
with cues for T-bet induction and entry into GCs, and by ensuring a pool of activated and
pre-positioned cells that can differentiate into T follicular helper cells (Tgy) and access the
B follicle.

Next, we assessed a requirement for CXCR3 expression by T cells for GC formation and
1gG2c switching. We generated mixed bone marrow (BM) chimeras by transferring BM
precursors from either CXCR3-deficient or -sufficient Cxcr3™ or Cxcr3™ littermate mice
combined with BM precursors from T cell-deficient 7crb™~Terd™~ mice at a 1:4 ratio
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into irradiated 7crb™~ Terd™™ recipients (Fig. 4J). These mice (referred as Cxcr3T-KO or
Cxcr3TWTY harbor only CXCR3-deficient or -sufficient T cells derived from the Cxcr3™
or Cxcr3"”y BM cells, respectively, while the rest of hematopoietic cells can be derived
from the Cxcr3-sufficient mixed donor (Fig. S4C). Following influenza infection, Cxcr3™0
and Cxcr3T™WT mice showed comparable overall NP-specific CD4* T cell numbers in the
draining LNs and total number of GC B cells (Fig. 4, K and L). However, HA-specific GC
B cells and the proportion of IgG2c™ GC B cells were decreased in Cxcr3™KO compared to
Cxcr3T™WT controls (Fig. 4, M and N).

To test a requirement for CXCR3 expression in B cells, we generated chimeric Cxcr3B-KO
or Cxcr3B-WT mice by transferring either Cxcr3™ or Cxcr3*"T mixed with muMt ™~

BM precursors, respectively, into irradiated CD45.1 hosts at a 1:4 ratio (Fig. S5A). These
mice harbor only CXCR3-deficient or -sufficient B cells derived from the Cxcr3™ or
Cxcr3""yY BM cells, respectively, while the rest of hematopoietic cells can be derived

from the Cxcr3sufficient mixed donor (Fig. S5F). In contrast to T cell-intrinsic CXCR3
deficiency, Cxcr3B-KO and Cxcr3B"WT mice showed no difference in the numbers of total
and HA-specific GC B cells or frequency of 1gG2¢* B cells following influenza infection
(Fig. S5, B to E). These results suggest a cell-intrinsic role for CXCR3 expression in T cells,
but not B cells, in inducing efficient virus-specific 1gG2c humoral responses. A lesser effect
of T cell-restricted CXCR3 deficiency on GC responses compared to that observed upon
acute CXCR3 blockade treatment may be due to a partial compensation of the genetic defect
by other Tl chemokine receptors.

IFN+y production by CD4* T cells is required for class switch recombination to IgG2c.

The requirement for CXCR3 expression by T cells for their proper localization to the T-B
boundary and for switching to 1gG2c by GC B cells suggests that signals derived from
T-bet-expressing T cells plays a crucial role in driving T-bet expression in B cells after
activation. A likely candidate for such a signal is IFN+y, as STAT1 activation has been
shown to be required for T-bet expression in B cells in lupus-prone B6.S/e1b mice and
IFN-y—induced T-bet expression in B cells in vitro (41, 42). IFNy is produced by a wide
range of lymphoid cell types in the LN during the course of viral infection including NK
cells, NKT cells, y8T cells, ILC1 and CD4* and CD8* T cells. The location of specific
IFN-y-producing cells likely plays a critical role in ensuring targeted delivery of IFNvy, as
they inhabit different niches and their mislocalization results in defective IFN-y production
(43, 44). Given that CD4*T-bet* T cells are enriched at the T-B boundary, we hypothesized
that they serve as key producers of the IFNvy required to locally drive T-bet expression in
B cells and subsequent switching to 1gG2c. Consistent with this possibility, we observed
higher numbers and proportion of B cells expressing phosphorylated STAT1 (pSTAT1)
outside of GCs, suggesting that the induction of T-bet expression in B cells likely occurs
prior to their entry into the GC (Fig. 5, A to C).

To test the effect of IFNy derived specifically from CD4" T cells on GC responses, we

induced acute ablation of a conditional /fng allele in CD4* T cells upon administration of
tamoxifen to /fngfloX Cd4Ce-ERTZ mice (Fig. 5D, and Fig. S6, A and B). While ablation of
Ifngin CD4 T cells during influenza infection did not affect the number of effector CD4*
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and CD8* T cells, T cells or GC B cells (Fig. 5, E to 1), it did cause a marked reduction
in the proportion on GC B cells switching to IgG2c compared to control mice (Fig. 5J).
The decrease in 1gG2c switching was independent from a defect in the generation of T-bet*
Ten cells as we observed no difference in the frequency of T-bet*Bcl6* T cells or in the
level of T-bet expression on a per cell basis by Tgy cells (Fig. S6, C and D). These data

are consistent with a prominent role for locally produced IFNy by CD4* T cells within

the LN and suggest that it is required for the coherency of the humoral response, as other
cells abundant in the T zone that produce IFN+y, most prominently CD8* T cells, fail to
compensate for its loss in CD4* T cells.

T-bet* Ty cells facilitate GC formation but are dispensable for IgG2c isotype switching
during influenza infection.

We found numbers of T-bet-expressing RFPTCD4* T cells within the B follicles
progressively increased over the course of the response to infection while numbers of RFP~
effector CD4* T cells remained low and largely unchanged (Fig. 6A). These observations
were consistent with pronounced increases in the frequency and number of RFP* Tgy cells
during the course of influenza infection (Fig. 6, B and C, and Fig. STA). In contrast,
infection with N. brasiliensis did not induce RFP expression in Tgy cells, suggesting
sustained T-bet expression in Tgy cells is not a universal feature of response to infection
(Fig. S7B). While T-bet expression in Tgy cells has been described previously, its stability
in Tgy cells has remained controversial with both stable or transient expression of T-bet
observed in different models of infection and vaccination (29-31). Thus, we assessed the
stability of T-bet expression in Tgy cells using 7hx21td7omato-T2A-creERTZ mjice harboring
the Rosa26t-0x-STOP-Lox-YFP recombination reporter (32). These mice were infected with
influenza and provided with a single dose of tamoxifen by oral gavage 7 days after
infection. One week after tamoxifen administration, the vast majority of YFP-tagged Try
cells continued to express RFP (Fig. 6D), in agreement with the aforementioned progressive
increase in RFP*, but not RFP~ CD4™ T cells in the B follicles over the course of infection
suggesting that T-bet™ Try cells represent a stable specialized cell subset.

To gain further insight into shared and distinct features of Tl, T-bet* Ty and T-bet Try
cells, we performed RNA sequencing (RNA-seq) of these cell subsets isolated from
Thx21tTomato-T2Acte: Bof6_ Y P Foxp3T1-1 reporter mice on day 14 of influenza infection
(Fig. STE). The corresponding populations were defined as Thyl.1"RFP*YFP~ (T1),
Thyl.1"RFP*YFP* (T-bet" Tgn), and Thyl.1"RFPTYFP* (T-bet™ Trp) cells. We identified
clusters of genes uniquely, differentially, and commonly expressed by the 3 populations (Fig.
6E, Supplementary Table 1). Tgy gene signature, including heightened expression of Bc/é,
7ox2and Trim8, was shared by RFP*Tr and RFP~Tgy cells, but not Tl cells (clusters 1
and 4) (Fig. 6F). We also found gene sets with shared expression between Tyl and RFP*Tgy
cells compared to RFP~Tgy cells (clusters 2 and 3); notably, these included genes linked

to type Il (IFNvy) and type | (IFNa) and the I1L-12 signaling pathways such as /fng, /rf1

and Cxc/10(Fig. 6F). This was consistent with the observed higher capacity of T-bet™ Ty
cells to produce IFN+y upon re-stimulation compared to T-bet™ Tgy cells (Fig. S7C). Also

of note, we found that a number of genes in cluster 5, which were expressed in both Tgy
subsets albeit higher in T-bet* Ty cells, but not in Tl cells, have been implicated in
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Trn function; this set included canonical T expressed genes Cxcer5, Pdcdl, and /121 (Fig.
6F) (2). Moreover, we examined the expression of transcripts for migratory and homing
molecules that could offer clues to differential intranodal localization of T-bet* Tgy and Tl
cells. While transcript levels of Cxcr3and Gpr183that have been linked to peripheral T zone
or outer B follicle localization, respectively, were comparable in Tyl and RFP*Tgy cells,
CCRY7 and PSGL1 (Selplg) linked to T zone localization were expressed relatively higher

in Tyl compared to RFP*Tgy cells (Fig. 6F) (45-47). Conversely, Cxcr5and Cxcr4 genes
encoding receptors promoting entry into the B cell follicle and GCs were expressed at higher
levels in T-bet* Ty cells (Fig. 6F) (48, 49). These data are consistent with a scenario where
T-bet-induced expression of CXCR3 enables localization of Tyl cells to the T-B boundary
following CXCL9 and CXCL10 gradients, whereas Cxcr5or Ccr7and Selplg expression
pattern may help guide these T-bet* CD4* T cell subsets to the B cell follicle (Tgy) or retain
them in the T zone (TH1). This model was consistent with the localization of T-bet* Ty
cells observed exclusively within the GCs in the B cell follicles (Fig. S7D).

To explore the role of T-bet™ Tgy cells in virus-specific B cell responses, we generated
Bcl6™ Thx21-Cre mice, in which T-bet expression leads to deletion of Bc/6and loss of these
cells, which rely on Bcl6 for their differentiation and function (50-52). As both GC B cells
and Ty cells express T-bet during influenza infection, mixed chimeras were generated by
transferring BM cells from Bc/6” Tbx21-Cre or control littermates and 7crb™~ Terd™”~ BM
cells mixed at a 1:4 ratio into irradiated 7crb™~ Terd™ recipients (Fig. 7A). The resulting
experimental (Bcl6” Thx21-Cre) and control (Bcl6%/* Tbx21-Cre) chimeras harbored Bcl6-
sufficient T-bet-expressing B cells and either Bc/6-deficient or -sufficient T-bet* T cells,
respectively. Consistent with the observed T-bet expression by a large fraction of Tgy cells,
Bcl6” Thx21-Cre BM chimeras showed a 4.7-fold reduction in the number of Tgy cells 14
days after influenza infection but no reduction in the total number of NP-specific effector
CD4* T cells in comparison to control group (Fig. 7, B to D). Accordingly, Bcl6” Tbx21-
Cre BM chimeras had reduced frequency and number of GC B cells compared to control
BM chimeras in response to influenza infection (Fig. 7, E to G). However, we did not
observe a defect in isotype switching as the proportion of GC B cells switched to 1gG2c

in mice lacking T-bet* Tgy cells remained unchanged compared to control mice (Fig.

7H). These results suggest that while the magnitude of the GC response to influenza virus
is dependent on T-bet™ Ty cells, isotype switching to 1gG2c does not require T-bet™ Ty
cells. These observations support a model where temporally coordinated CXCR3-dependent
migration of T-bet* CD4* T cells to the T-B boundary generates a localized pool of IFNy
that specifically promotes T-bet expression and subsequent class switching to 1gG2c¢ in B
cells, which seed an appropriate virus-specific GC response whose magnitude is scaled by
T-bet-expressing Try cells (Fig. S8).

Discussion

For elaboration of antibody responses, the secondary lymphoid organ’s microanatomy
must support effective communication among distinct lymphocyte types. Our studies reveal
the spatiotemporal connectivity between T-bet-expressing T and B cells, which forms a
specialized dynamic circuit in the lung draining lymph nodes required for type 1 humoral
immune response to a respiratory viral infection. We demonstrate that the assembly of
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this circuit takes place in distinct anatomical niches guided by a type 1 response-linked
chemokine (CXCL9/CXCL10) gradient, which enables time-dependent positioning of Tyl
cells at the T-B boundary (Fig. 1, D and E and Fig 4, A and B). The close position of
T-bet* B cells and Ty1 cells at the T-B boundary suggests that IFNy produced by the latter
induces T-bet expression in B cells at this particular site. This notion is consistent with the
coordinated contemporaneous appearance of T-bet™ B and T cells, the prominently enriched
phospho-STAT1 expression in B cells at the T-B boundary, and the requirement of CD4*

T cell-derived IFNy for 1gG2c class switching (Figure 2A, Figure 5, A and J). It remains
unknown whether antigenic specificity of T-bet-expressing CD4* T cells is contributing to
their enrichment at the T-B boundary as we analyzed total CD4*CD44*RFP* T cells.

Genetic ablation of individual cellular components of the T-bet lymphocyte circuit - T-bet* B
cells and T-bet; TgH cells - confirmed their roles in the downstream functional output as we
observed a marked decline in overall GC response and loss of virus-specific 1gG production,
especially 1gG2c - the isotype known to provide protective humoral immunity against viral
infections and confer optimal viral clearance (Fig. 3, Ato F, and Fig 5, E to H) (53). The
impaired responses observed upon selective ablation of T-bet* B cells were concordant with
earlier reports of B cell-restricted T-bet deficiency resulting in a shift from 1gG2c to 1gG1
production (16, 17). Taken alone, these results cannot distinguish between independent roles
of different T-bet-expressing lymphocyte lineages in humoral response vs. their roles as
components of a circuit acting as a minimal functional unit. However, the latter possibility is
strongly supported by the impaired GC and anti-viral 1gG responses observed upon selective
uncoupling of this circuit using genetic and antibody-based interference with the spatial
positioning of its principal initiating component - T-bet* CD4* T cells - assuming that
CXCR3 signaling in these cells does not have additional roles other than their chemotactic
guidance (Fig. 4, C to N). Importantly, the impediment in the functional output of the circuit
was not due to diminished generation of Tyl cells, whose localization at T-B boundary was
impeded but overall numbers were unaffected (Fig. 4, E and K). A more pronounced decline
in virus-specific GC B cells and 1gG2c class-switch observed upon acute antibody induced
blockage of CXCR3 signaling in comparison to T cell-restricted CXCR3 deficiency was
likely due to a compensation by other Ty1-linked chemokine receptors.

In opposition to previous reports of a transient T-bet expression in Tgy cells (29), our fate-
mapping studies revealed its stable expression, suggesting that T-bet* Tg cells represent a
specialized stable Ty sub-lineage (Fig. 6D). As we found enrichment of CD4*CD44* T-bet*
T cells at the T-B boundary, it was tempting to assume that some of them are capable of
differentiation into Try cells and migration to GCs. However, we failed to observe Bcl6
expression by T-bet* CD4* T cells at the T-B boundary, whereas T-bet* Bcl6* Tgy cells
were readily detectable within GCs (Fig. S7D). While this observation does not formally
rule out the possibility that some of the Tl cells at the T-B boundary may give rise to
‘immature” Try cells with a very short dwell time at this site, it seems more likely that
T-bet* Try cells are generated in the deep T zone and migrate rapidly to promote GC
expansion. This possibility is in agreement with the reported parallel emergence of T and
Th1 cells from a common transitional precursor or from separate ones observed early in the
immune response (31, 54-56). Therefore, the observed decrease in the numbers of Tgy cells
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upon CXCR3 signaling blockage was likely a consequence of the marked decrease in GC
size and numbers.

We found that ablation of T-bet* Tgy cells resulted in overall decreased GC numbers (Fig. 7,
E to G). Interestingly, the proportion of B cells that switch to 1gG2c¢ was unaffected within
the numerically diminished GC B cell population (Fig. 7H). Thus, Ty cells providing IFNy
at the T-B boundary most likely induce IgG2c class switch in activated B cells preceding
their arrival at the GC, whereas T-bet* Tgy cells within the GC control their expansion. This
scenario is consistent with recent studies showing that isotype class switching occurs most
frequently outside of GCs (36). Thus, contrary to a previous suggestion that T-bet expression
in B cells and Tgy cells independently promotes IgG2c class switching (30), our studies
demonstrate that the signals required for Ig switching during type 1 response are provided by
Bcl6-negative TH1, but not by Trp cells. These findings suggest a division of labor between
these two specialized T-bet-expressing CD4" T cell subtypes during humoral response to
viral infection.

Although the mechanisms underlying differential distribution of Ty1 and T-bet* Tgy

cells remain to be explored, RNA-seq analysis showed differential expression of multiple
chemokine and other receptors by these cell subsets. While CXCR3 and GPR183 promoting
peripheral T zone or outer B follicle localization, respectively, were not differently expressed
in Tyl and Ty cells, genes encoding CCR7 (Ccr?) and PSGL1 (Selplg) linked to T zone
localization were present at a higher level in Tyl compared to T-bet* Ty cells (Fig. 6F) (39,
45-47, 57). Conversely, genes encoding receptors linked to cell entry into the B cell follicle
and GC such as Cxcr5and Cxcr4 were expressed at higher levels in T-bet™ Tgy cells (Fig.
6F) (48, 49). Differential expression of Cxcr5, Cxcr4, Ccr7and Selplg genes may support
the migration of T-bet* Try cells to B cell follicle and account for the continuing residence
of Tw1 cells at the T-B boundary or even return to the T zone.

The observed circuitry of T-bet-expressing lymphocytes we uncovered may also play a role
in the induction of long-lasting B cell memory responses, as T-bet expression has been
recently linked to B cells with memory potential (18, 58). In addition, T-bet expression has
been shown in a B cell subset that accumulates with age and is linked to autoantibody
production in a murine model of systemic lupus erythematosus (59, 60). Therefore,
understanding protective and pathogenic T-bet* cell circuits may lead to development of
therapeutic interventions that promote their assembly and function for enhanced and long-
lasting protective B cell responses to vaccines and infectious agents, or block them in the
case of autoimmune responses.

In conclusion, our studies demonstrated coordinated assembly of a distinct spatiotemporal
circuit of T-bet-expressing lymphocytes in specific anatomical niches in response to viral
infection. The assembly of this circuit in the reactive lymph node draining a virus-infected
tissue is enabled by a TH1-linked chemokine gradient. Furthermore, we demonstrate the
importance of this circuit in coherent response to infection in relation to the type of antibody
produced and the magnitude of the response. Our studies suggest that in semblance of
neuronal circuits, a circuit of T-bet-expressing lymphocytes acts as a functional unit enabling
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the transmission of information between its cellular components to ensure a robust and
coherent humoral response tailored for optimal protective immunity against viral infection.

Materials and Methods

Study Design

Mice

The goal of this study was to explore whether distinct types of T-bet-expressing CD4* T

and B lymphocytes form a spatiotemporal circuit to promote robust and coherent antiviral
humoral immunity. Through the use of mice carrying a fluorescent reporter and Cre
recombinase expressed under the control of the endogenous 76x21 locus we were able

to analyze the dynamic localization and genetically manipulate T-bet-expressing lymphocyte
lineages during viral infection. In addition, we used genetic approaches combined with
mixed bone marrow transfers to inactivate or eliminate distinct cellular components of the
circuit to assess their contribution to its overall output.

TblethomamTZAcre and Tbxz_zm’Tamaz‘o—T2A—creERT2, FOXp3T/7yJ'1, Cd4CreERT2 and Bcl6-
YFP mice were described previously (32, 61-63). Pax5", Cxcr3™ (Stock ID: 005796), Terb™,
Terd™, muMt, Bel6', CD45.1, and Rosa26-0%-STOP-Lox-YFP mice were purchased from
Jackson Laboratories (35, 64-69). Targeting of the murine /fng locus was performed in
C57BL/6N-A/a (Agouti; IMBA3.N1) ES cells by the EUCOMM (European Conditional
Mouse Mutagenesis Program) consortium. Obtained clones were screened by Southern blot
to confirm specific recombination and integration of the /fng?™a(EUCOMM)Hmgu g]lele in
which exons 2 and 3 of murine /fng were flanked by LoxP sites and an FRT-flanked gene
trap cassette encoding pgalactosidase (lacZ) and neomycin resistance (neo) were introduced
to generate a “conditional-ready” (floxed) /nfg locus. Positive clones were injected into
C57BL/6 blastocysts and resulting progeny were bred to confirm germ-line transmission.
Excision of lacZ and neo was obtained by breeding with flip recombinase (Flp) transgenic
mice resulting in germ-line—targeted /f7g”" animals that were subsequently bred to C57BL/6
mice for loss of the F/pallele. Mice were 6-10 weeks old at the time of analysis, except

for bone marrow chimeras, which were 22-26 weeks old at the time of analysis. Male and
female mice were used depending on availability, as sex did not appear to have a major
impact on the measurements made. In all cases mice were compared to littermate controls.
Generation and treatments of mice were performed under protocol 08-10-023 approved by
the Sloan Kettering Institute (SKI) Institutional Animal Care and Use Committee. All mouse
strains were maintained in the SKI animal facility in specific pathogen free (SPF) conditions
in accordance with institutional guidelines and ethical regulations.

Influenza infection

Influenza A/Puerto Rico/8/34 (PR8) was grown in 10 day-old embryonated chicken eggs.
For intranasal infections, mice were anesthetized with 2.5% isofluorane and nasally
inoculated with 50 TCID5g of PR8 diluted in PBS. TCIDsg values for PR8 stocks were
determined by scoring cytopathic effects of infected Madin-Darby Canine Kidney (MDCK)
cells and calculated using the Reed and Muench method.
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Generation of bone marrow chimeric mice

Terb™ " Terd™~ and CD45.1 recipient mice were lethally irradiated with 650 Gy and 950 Gy,
respectively. The following day, bone marrow was isolated from femurs and tibias of donor
mice. 2x108 total bone marrow cells were transferred into recipient mice via retro-orbital
injection.

Tamoxifen administration

40 mg/ml tamoxifen was dissolved in corn oil (Sigma-Aldrich). Mice were orally gavaged
with one or two doses of 200ul tamoxifen emulsion.

CXCR3 blockade

Mice were injected intraperitoneally with 0.25 mg of anti-mouse CXCR3 (CD183) and
anti-mouse CXCL9 (MIG) or hamster IgG (Catalogue number BE0091) (BioXCell) every
other day for 14 days beginning on the day of infection.

Nippostrongylus brasiliensis infections

Nippostrongylus brasiliensis (Nb) was maintained by passage in 9 to 10 week-old male
Wistar rats as previously described(70). Briefly, rats were injected subcutaneously (s.c.) with
7000 L3 Nband stool was collected on days 6-9 post infection. Fecal pellets were mixed

with 5x8 bone charcoal and incubated on moisten filter paper in Petri dishes at 26°C for 7
days. L3 larvae were recovered from the edge of the filter paper and the perimeter of the

plates and extensively washed with PBS to eliminate contaminants before infection. Mice
infections were carried out using a 23G needle at a concentration of 500 L3 Abin 200 L.

Influenza HA probe

The VRC 3687 plasmid for recombinant PR8 HA expression was a gift from Adrian
McDermott to the Chaudhuri Lab. PR8 HA was expressed and purified as previously
described(33). Briefly, 293F cells were cultured in Freestyle medium (ThermoFisher
Scientific) in baffled flasks at 37°C and 8% CO,, and diluted to a concentration of 1 x
108 cells/mL prior to transfection. Cells were transfected with 100 ug of PR8 HA plasmid
mixed with 400 pg of PEI MAX (Polysciences, Inc.) per 100mLs of culture, and cultured
for 5 days. The supernatant was collected by centrifuging cells at 4000 x g, and loaded

on a HisTrap excel column (GE) equilibrated in 20 mM sodium phosphate pH 7.4, 0.5

M NaCl. Columns were washed with 20 column volumes (CV) of wash buffer (20 mM
sodium phosphate pH 7.4, 0.5 M NaCl, 10 mM imidazole), and eluted with 5 CV of
elution buffer (20 mM sodium phosphate pH 7.4, 0.5 M NaCl, 500 mM imidazole). The
elute was dialyzed into PBS, concentrated using an Amicon 100 kDa filter (Millipore),
and loaded on a Superdex 200 increase 10/300 GL column (GE) equilibrated in PBS.
Fractions corresponding to trimeric HA were pooled, concentrated and buffer exchanged
into Tris pH 8.0 using an Amicon 100 kDa filter in preparation for biotinylation. Purified
HA was biotinylated using a BirA500 biotin-protein ligase standard reaction kit (Avidity)
according to the manufacturers protocol. Biotinylated HA was buffer exchanged into PBS
and concentrated to 2 mgs/mL using an Amicon 100 kDa and stored at —80°C until use.
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Confocal imaging was done using standard conditions. In brief, LN were excised, fixed

for 2 hours at room temperature in 4% paraformaldehyde, and dehydrated at 4°C in 30%
sucrose in PBS. Tissues were shap frozen in OCT compound (Sakura Tissue-Tek). 10 um
tissue sections were cut, fixed in acetone for 20 minutes at —20°C and dried overnight.
Tissue sections were rehydrated in PBS for 10 minutes prior to staining. Staining was done
in 10% donkey serum (Jackson ImmunoResearch) 0.3% Triton X-100 in 1x PBS overnight.
Tissues were imaged in Slow Fade mounting media (Life Technologies). All images were
acquired using LSM880 (Carl Zeiss) or SP8 (Leica) confocal microscopes with a 40X ail
immersion objective. Images were processed and analyzed using ImageJ software (version
2.0.0-rc-54/1.51h; National Institutes of Health).

Cell isolation and Flow cytometry

Antibodies

Lymphocytes were isolated from mediastinal LN by mechanical disruption and filtration
through a 100 um cell strainer in Staining buffer (2%FBS, 1mM EDTA, 10 mM HEPES,
1x PBS). To label intra-vascular cells, mice were injected intravenously with 3 g of
anti-CD45 antibody. 3 minutes after injection mice were euthanized. Lung tissue was
placed in 5mL snap-cap tubes (Eppendorf) in 3mL Wash buffer (1x RPMI 1640 w/ 2%
FBS, 10mM HEPES buffer, 1% penicillin/streptomycin, 2mM L-glutamine) supplemented
with 0.2U/mL collagenase A (Sigma) and 1U/mL DNase | (Sigma), along with three %
inch ceramic beads and shaken horizontally at 250RPM for 45 minutes at 37°C. Digested
samples were then passed through a 100 pm strainer and centrifuged to remove collagenase
solution. Samples were then treated with 1x ACK (155mM Ammonium Chloride, 10mM
Potassium Bicarbonate, 100nM EDTA pH 7.2) to lyse red blood cells, and then washed

by centrifugation in 40% Percoll™ (ThermoFisher) in 1x PBS to remove debris and enrich
for lymphocytes. All flow cytometry staining was done in Staining buffer on ice. For
CXCRS, cells were stained with purified rat anti-mouse CXCRS5 antibody, followed by
anti-rat biotin (5.5 pg/ml), and APC-Strepavidin, all in Staining buffer supplemented with
0.01% sodium azide. I-A(b) Influenza A NP tetramer (NIH Tetramer Core Facility) stain
was performed in Complete media (1x RPMI 1640 w/ 5% FBS, 10mM HEPES buffer, 1%
penicillin/streptomycin, 2mM L-glutamine) for 1 hour at room temperature. For staining
cytokine production, cells were incubated in Complete RPMI supplemented with 50ng/mL
Phorbol 12-myristate 13-acetate and 500ng/mL ionomycin with 1ug/mL brefeldin A and
2uM monensin to inhibit ER and Golgi transport for 3 hours at 37°C with 5% CO,. Cells
were stained for intracellular antigens using the CytoFix/CytoPerm kit (BD Biosciences)
according to manufacturer instructions, adjusted for 96-well staining (100pl fix, 100ul
stain, 200ul washes). Cell counts were performed using 123eCount Beads (ThermoFisher).
Samples were acquired on a LSR Il (BD Biosciences) and analyzed using FlowJo software
(BD Biosciences).

The following antibodies were used for flow cytometry and microscopy experiments: IgM
(11/41), 1gG1 (X56), CD45 (30-F11), CD19 (6D5), IgD (11-26¢.2a), GL-7 (GL-7), CXCR3
(CXCR3-173), Fas (Jo2), IgG2c (goat polyclonal, Southern Biotech), TCRp (H57-597),
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CD62L (MEL-14), CD4 (RM4-5), CD8 (53-6.7), CD44 (IM7), PD-1 (29F.1A12), CD90
(30-H12), CD45.1 (A20), CD45.2 (104), B220 (RA3-6B2), BCL6 (K112-91), LYVE1
(ALYT), CD169 (3D6.112), CXCR5 (2G8), IFNy (XMG1.2), CXCL9 (11H1L14),
CXCL10 (goat polyclonal, R&D Systems), Phospho-Statl (Tyr701) (58D6), DsRed (rabbit
polyclonal, Takara; and goat polycloal, Mybiosource), CD16/36 (2.4G2), and Biotin-F(ab")2
Fragment Donkey Anti-rat (Jackson Immunoresearch). Avidin/Biotin Blocking Kit and
biotinylated Peanut Agglutinin (PNA) were purchased from Vector Laboratories. Ghost Dye
Red 780 was purchased from Tonbo Biosciences.

Serum immunoglobulin concentrations were measured using SBA Clonotyping System-HRP
per manufacturer instructions. IgE was quantified using biotinylated anti-1gE detection
antibody (BD PharMingen) and streptavidin-conjugated HRP. ELISAs were read at OD 450
on a Synergy HTX instrument (BioTek). As previously described, for viral specific antibody
in sera, PR8 virus was resuspended in PBS with 0.2% Triton X-100 and bound to the plate
at 0.5 pug/ml in BBS buffer overnight at 4°C (71). Nonspecific binding was blocked by 1%
bovine serum albumin in 1x PBS for 2 hours at 37°C. Serum samples were diluted in ELISA
buffer and incubated on the plate for 1 hour at 4°C. Secondary antibodies against total 1gG
and 1gG2c immunoglobulins conjugated to HRP (Southern Biotech) diluted in the ELISA
buffer (1x PBS, 0.05% Tween 20) were used at the second step. Background obtained with
the secondary antibody alone was subtracted.

RNA-seq analysis

Cells from mediastinal lymph nodes were isolated from 7hx21/@7omato-T2Acre  Befg.-

YFP, Foxp3™11 reporter mice 14 days after influenza infection. Populations were
FACS-sorted on an Aria Il cell sorter (BD Bioscience). Tyl cells were defined as
Thyl.1"RFP*YFP~; T-bet*Try cells defined as Thyl.1 "RFPTYFP*; and T-bet Ty cells
defined as Thyl.1"RFP™YFP™. Three replicates of each cell subset were generated.

Cells were resuspended in Trizol™. RNA was extracted from Trizol™ and prepared

for sequencing by the Integrated Genomics Core at Memorial Sloan Kettering Cancer
Center. 10-30 million 50bp paired-end reads were acquired on an Illumina HiSeq 2000.
RNA-sequencing reads were aligned to the reference mouse genome GRCm38 (72) using
the STAR RNA-seq aligner (73) and local realignment was performed using the Genome
Analysis Toolkit (GATK) (74). For each sample, raw count of reads per gene was measured
using R, and DESeq2 R package (75) was used to perform differential gene expression
analysis. A cutoff of 0.05 was set on the obtained p values (that were adjusted using
Benjamini-Hochberg multiple testing correction) to identify differentially expressed genes
for each comparison. The threshold to minimum average expression within samples of
each comparison was set to 30 reads. DESeq?2 package was used for PCA calculation of
components as well. For clustering analysis we used k-means method by choosing 6 centers.
The number represents the set of different trends we observed after a simple hierarchical
clustering using Euclidean distance as metric.
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Statistical analysis

All statistical analyses (excluding RNA-seq, described above) were performed using
GraphPad Prism 6 software. Differences between individual groups were analyzed for
statistical significance using the unpaired or paired two-tailed t-test. *, p= 0.05; **, p>
0.01; *** p=0.001; NS, not significant. The number of mice used in each experiment to
reach statistical significance was determined on the basis of preliminary data. No animals
were excluded from the analyses. No methods of randomization were used to allocate
animals into experimental groups. No blinding was used. Data met assumptions of statistical
methods used and variance was similar between groups that were statistically compared.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. T-bet™ CD4* T cells show distinct temporal intranodal localization during influenza

infection.

Tbx21-Cre mice were intranasally infected with 50 TCIDsgg influenza (PR8). Mediastinal
lymph nodes were collected on indicated time points and analyzed by flow cytometry

and confocal microscopy. (A and B) Cell numbers of (A) CD4*CD44*RFP* and (B)
NP*CD4*CD44*RFP* T cells. (C) Representative confocal micrographs of indicated lymph
node areas at designated time points during infection. Scale bars, 10 um. (D) Percentage of
CD4*CD44*RFP* T cells in indicated lymph node areas. (E) Percent of CD4*CD44*RFP*
cells of T-zone found in T-B boundary (T-B boundary / (deep T zone + T-B boundary) x
100). (A, B and D) The data are shown as mean + s.e.m. (E) Each point represents an
individual mouse with mean + s.e.m. All data are representative of > 2 experiments, /7= 3

mice per group.
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Figure 2. T-bet expression in GC B cells during influenza infection.
Tbx21-Cre mice were intranasally infected with 50 TCIDsg influenza (PR8). Mediastinal

lymph nodes were collected on indicated time points and analyzed by flow cytometry and
confocal microscopy. (A) Representative confocal micrograph of day 14 infected or control
mediastinal lymph node. Scale bars, 50 pm. T: T zone; B: B follicle; GC: germinal center.
(B) Numbers of HA* GC B cells (HA*B220*GL7*Fas*). (C) Percent RFP* of GC B cells
(B220*GL7*Fas*) and HA* GC B cells (B220*GL7*FastHA™). (D) Percent RFP* of IgG1*
GC B cells and 1gG2c* GC B cells on PBS (Ctrl) and day 21 after infection (Infected).

(E) Mean fluorescence intensity (MFI) of RFP in IgG1* GC B cells IgG2c* GC B cells

on PBS (Ctrl) and day 21 of infection (Infected). (F) Representative confocal micrograph
of germinal center on day 14 of influenza infected mediastinal lymph node. Scale bars, 50
um. (B and C) The data are shown as mean + s.e.m. (D and E) Each point represents an
individual mouse with mean + s.e.m. All data are representative of > 2 experiments, /7= 3
mice per group. Two-tailed #test (***P<0.001, **P<0.01, and **P< 0.05).
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Figure 3. T-bet™ B cells are required for anti-viral 1gG production.
Pax5™t Thx21-Cre and littermate controls (Pax5Wf Thx21-Cre and Pax5"1Wt Thx21-Cre

or Pax5"t Tbhx21-Cre) were intranasally infected with 50 TCIDsg influenza (PR8) and
analyzed 21 days after infection. (A) Frequency of GC B cells (GL7*Fas*) of total B

cells. (B and C) Numbers of GC B cells (B220*GL7*Fas*) (B) and HA+ GC B cells
(B220*GL7*FasHA™) (C). (D) Frequency of 1gG2c+ of GC B cells in infected mice
(B220*GL7*Fas*IgG2c™). (E and F) Anti-influenza antibodies were analyzed in serum by
ELISA 21 days after influenza infection. Anti-influenza total 1gG (E) and IgG2c (F). Each
point represents an individual mouse with mean + s.e.m. All data are representative of > 2
experiments, /7= 3 mice per group. Two-tailed #test (***P< 0.001, and **£< 0.01).
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Figure 4. CXCR3 signaling is required for T-bet™ CD4™ T cell enrichment at the T-B boundary.
(A and B) Tbx21-Cre mice were intranasally infected with 50 TCIDsq influenza (PR8).

CXCL9 and CXCL10 were analyzed by immunofluorescence and confocal microscopy

in mediastinal lymph nodes. (A) Representative confocal micrographs on day 14 after
infection. Scale bars, 20 um. T: T zone; B: B follicle. (B) Mean fluorescence intensity of
CXCL9 and CXCL10 was quantified in T-zone and B follicles. Plot shows ratio of mean
fluorescence intensity in B follicle over mean fluoresce intensity in T-zone at indicated time
points after infection. (C to 1) 76x21-Cre mice were intranasally infected with 50 TCIDsg
influenza (PR8) and treated with CXCR3 and CXCL9 blocking antibodies or isotype
controls. Mediastinal lymph nodes were collected at day 14 and analyzed by confocal
microscopy and flow cytometry. (C) Quantification of percent of CD4*CD44*RFP* T cells
in indicated lymph node areas. (D) Percent of CD4*CD44*RFP* cells of T-zone found

in T-B boundary (T-B boundary / (deep T-zone + T-B boundary) x 100). (E) Numbers of
NP*CD4*CD44* T cells in mediastinal lymph nodes and lung. (F) Numbers of GC B cells
(B220*GL7*Fas™). (G) Numbers of HA* GC B cells (HA*B220*GL7*Fas*). (H) Percent
RFP* of GC B cells (B220*GL7*Fas™). (i) Percent IgG2c™ of GC B cells (B220*GL7*Fas™).
(J to N) Lethally irradiated 7crt™~Terd™~ mice were reconstituted with bone marrow

cells from Tcrb™ Terd™ ™ mice and either Cxer3™Y or CxCr3Y mice mixed at a 4:1 ratio.
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After reconstitution mice were infected with 50 TCIDgg influenza (PR8) and analyzed 14
days post-infection. (J) Schematic of bone marrow chimera generation. (K) Numbers of
NP tetramert*CD4*CD44* T cells in mediastinal lymph nodes and lung. (L) Numbers of
GC B cells (B220*GL7*Fas*). (M) Numbers of HA* GC B cells (B220*GL7Fas*HA™).
(N) Percent 1IgG2c* of GC B cells (B220*GL7*Fas*). (E to N) Intravascular labeling was
performed by injecting fluorophore-conjugated CD45 antibody i.v., labeled cells were gated
out in this analysis. (B and C) The data are shown as mean + s.e.m. (D to N) Each

point represents an individual mouse with mean + s.e.m. All data are representative of > 2
experiments, /7> 3 mice per group. Two-tailed #test (***P< 0.001, **P< 0.01, *~< 0.05,
and NS = not significant).
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Figure 5. IFN+y derived from CD4* T cells is required for class switch recombination to 1gG2c.
(A to C) Tbx21-Cre mice were intranasally infected with 50 TCIDg influenza (PR8).

Mediastinal lymph nodes were collected at day 14 post infection and analyzed by confocal
microscopy. (A) Representative confocal micrographs. Scale bars, 10 um. T: T zone; B:

B follicle; GC: germinal center. (B) Number of pSTAT1*B2207 cells inside and outside
GCs. (C) Frequency of pSTAT* of B cells (B220+) inside and outside GCs. (D to

J) 1fng” CD4CTEERTZMVE ( [fngn) and [fng?"!CD4CTeERTZ/M1 |ittermate controls (Ctrl) were
gavaged with tamoxifen at 3 and 1 days prior to intranasal infection with 50 TCIDs
influenza (PR8) and analyzed 14 days after infection. (D) Diagram of tamoxifen (TAM)
regimen and infection. (E to I) Numbers of CD4*CD44* and CD8*CD44* T cells (E),
NP*CD4*CDA44* T cells (F), CD4*CD44*PD-1HICXCR5HI T cells (G), GC B cells
(B220*GL7*Fas*) (H), and HA* GC B cells (B220*GL7*FasHA*) (1) in mediastinal LN.
(J) Percent 1gG2c* of GC B cells (B220*GL7*Fas™) in mediastinal LN. (B to J) Each
point represents an individual mouse with mean + s.e.m. All data are representative of > 2
experiments, /7= 4 mice per group. Two-tailed #test (***P< 0.001, */< 0.05, and NS = not
significant).
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Figure 6. T-bet* Tgp cells are induced during viral infection are a stable population functionally
distinct from T-bet™ Tgp.

(A to C) Tbx21-Cre mice were intranasally infected with 50 TCIDsgq influenza

(PR8). Mediastinal lymph nodes were collected on indicated time points

and analyzed by confocal microscopy and flow cytometry. (A) Cell numbers

of CD4*CD44*RFP* and CD4*CD44*RFP~ in B cell follicles. (B) Percent

RFP* of CD4*CD44*CXCR5HIPD-1Hi T cells analyzed by confocal microscopy.

(C) Numbers of NP tetramer*CD4*CD44*CXCR5HIPD-1HIRFP* T cells. (D)
Thx21taTomato-T2A-CreERTZ ppga 26l 0x-STOP-Lox-YFP mice were intranasally infected with
50 TCIDgq influenza (PR8); 7 days after infection mice were gavaged with 1 dose

of tamoxifen. Mice were analyzed on day 14 after infection. Percent RFP* of
YFP*CD4*CD44*CXCR5HPD-1HI T cells. (E and F) 76x21-Cre, Bcl6-YFP/Bel6™T;
Foxp3™L1 mice were intranasally infected with 50 TCIDs influenza (PR8). Mediastinal
lymph nodes were collected on day 14. Indicated cell types were sorted and analyzed by
RNA-seq. (E) Heatmap showing A-means clustering of genes differentially expressed in
any pairwise comparison. Values are Z-score normalized by row. (F) Expression patterns of
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select IFN and 1L-12 signaling, Tgy signature and cell migration-related genes. (A to C) The
data are shown as mean + s.e.m. (D) Each point represents an individual mouse with mean

+ s.e.m. All data are representative of = 2 experiments, 7= 3 mice per group. (E and F)
RNA-seq analysis of gene expression was performed using three biological replicates.
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Figure 7. T-bet* Tgn cells are required for GC robustness, but dispensable for switching to
1gG2c.
Lethally irradiated 7crb™~ Terd™~ mice were reconstituted with bone marrow cells from

Terb™" Terd™™ mice and either Bel6%/* Thx21-Cre or Bel6” Thx21-Cre mice mixed at

a 4:1 ratio. After reconstitution mice were infected with 50 TCIDg influenza (PR8).
Mediastinal lymph nodes were and analyzed 14 days post-infection. (A) Schematic

for bone marrow chimera generation. (B and C) Frequencies (B) and numbers (C) of
CD4*CD44*PD-1HICXCR5HI T cells. (D) Numbers of NP tetramer*CD4*CD44* T cells.
(E) Percent of GL7*Fas* of total B cells. (F) Numbers of GC B cells (B220"GL7*Fas™).
(G) Numbers of HA* GC B cells (B220*GL7*Fas*HA™). (H) Percent IgG2c* of GC B cells
(B220*GL7*Fas™). (B to H) Each point represents an individual mouse with mean + s.e.m.
All data are representative of > 2 experiments, 7= 11 mice per group. Two-tailed £test
(***P<0.001, **P< 0.01, *F< 0.05, and NS = not significant).
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