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SUMMARY

CDA4 T-follicular helper cells (Tgp) are central for generation of long-term B cell immunity. A
defining phenotypic attribute of Try cells is expression of the chemokine receptor CXCRS5, and
Try cells are typically identified by co-expression of CXCR5 together with other markers such as
programmed death (PD)-1. Herein we report high-level expression of the nutrient transporter,
folate receptor (FR)4 on Tgy cells in acute viral infection. Distinct from the expression profile of
conventional Tgy markers, FR4 was highly expressed by naive CD4 T cells, was down regulated
after activation and subsequently re-expressed on Tgy cells. Furthermore, FR4 was maintained,
albeit at lower levels, on memory Tg cells. Comparative gene expression profiling of FR4M,
versus FR4'” antigen-specific CD4 effector T cells revealed a molecular signature consistent with
Trn and TH1 subsets, respectively. Interestingly, genes involved in the purine metabolic pathway,
including the ecto-enzyme CD73, were enriched in Ty cells compared to Tl cells, and
phenotypic analysis confirmed expression of CD73 on Tgy cells. As there is now considerable
interest in developing vaccines that will induce optimal Tgy cell responses, the identification of
two novel cell surface markers should be useful in characterization and identification of Tgy cells
following vaccination and infection.
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INTRODUCTION

CDA T follicular helper (Tgp) cells are critical for generation of long-term B cell immunity.
Interaction of antigen-specific Ty cells with cognate B cells in germinal centers leads to
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development of high-affinity memory B cells and plasma cells necessary for production of
high-affinity antibody [1, 2]. Due to their central role in B cell immunity, optimizing Tgy
cell responses is an important consideration in vaccine design while controlling augmented
Trn cell responses is of therapeutic value in antibody mediated autoimmune diseases such
as lupus and arthritis [3]. Consequently, there is a great deal of interest in characterizing
pathways underlying Tgy cell differentiation and understanding how Tgy cells differ from
other CD4 helper subsets.

One of the key distinguishing features of Tgy cells is surface expression of the chemokine
receptor CXCRS5, which is important for their positioning in the germinal centers of B cell
follicles [4, 5]. Recently, the transcriptional repressor, B cell lymphoma-6 (Bcl-6) has been
demonstrated as an important regulator of Try cell differentiation [6, 7]. Numerous other
molecules critical for Tgy cell function have been identified; these include the B-cell helper
cytokine interleukin 21 [8]; inducible costimulator (ICOS) [9]; the immunoregulatory
receptor, programmed death (PD)-1 [5]; the apoptosis inducing receptor, Fas; and the
adhesion and signaling molecule SLAM associated protein (SAP), among others [10].

Many phenotypic attributes of Ty cells, such as up-regulation of CXCR5, PD-1, and ICOS
have also been observed on non-Tgy cells immediately following TCR stimulation [11, 12].
For instance, a recent study of in vitro stimulated CD4 T cells demonstrated that early Tyl
differentiation is marked by Tgy-like transition with expression of CXCR5, PD-1, and Bcl-6
[13]. Invivo studies examining Tgy cell differentiation in the absence of B-cell derived
signals have demonstrated that subsequent interaction of Tgy cells with cognate B cells
reinforces and sustains expression of these markers, which are not maintained on Tyl cells
[14]. Indeed, a subset of Tgy cells actively interacting with B cells in the germinal centers
(GC), referred to as GC Tgy cells, expresses highest amounts of CXCR5, PD-1, and ICOS
[15].

The relationship of Tgy cells to Tyl cells has received a great deal of interest and has been
the focus of several recent studies [7, 13, 16, 17]. A useful system to study CD4 effector
differentiation are SMARTA transgenic T cells, which express TCR specific for the MHC-
Class Il restricted lymphocytic choriomeningitis virus (LCMV) GP66-77 epitope. After
acute LCMV infection, SMARTA CD4 T cells differentiate into two phenotypically and
functionally distinct effector subsets, B cell helper Tgp cells and cytolytic Tyl cells but not
T regulatory cells or other CD4 helper subsets. Thus, the LCMV model provides an
excellent system for resolving critical aspects of Tgy cell function and phenotype in relation
to Tyl cells.

In this study, we report the identification of two novel markers that distinguish Tgy cells
from Tyl cells. Using the LCMV infection model, we identified that folate receptor 4
(FR4), a nutrient transporter for the vitamin folic acid, is expressed by Tgy cells. Kinetic
analysis of antigen specific CD4 T cells demonstrated dynamic regulation of FR4 expression
on Tgy cells. FR4 was highly expressed by naive CD4 T cells, was dramatically down-
regulated after activation, and was strikingly re-expressed on Tgy cells. Gene expression
analysis of Tgy and Tyl cells using FR4 as a marker showed that genes related to adenosine
metabolism, including the adenosine generating ecto-enzyme Nt5e/CD73, were selectively
up-regulated in Tgy cells, and phenotypic analysis confirmed expression of CD73 on Tgy
cells. These studies present the novel observation that Tgy cells coordinately express FR4
and CD73.

Eur J Immunol. Author manuscript; available in PMC 2014 December 01.
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FR4 expression distinguishes Tgy and Tyl antigen-specific CD4 effector subsets

During acute viral infection, CD4 T cells predominantly differentiate into two
phenotypically and functionally distinct helper subsets: a CXCR5-expressing, Ly6C!° B cell
helper Try cell subset and a CXCR5™, Ly6CNi cytolytic Tl cell subset [16]. While
comparing transcriptional profile of Ly6C!® and Ly6Chi subsets we observed that the
expression profile of a recently discovered metabolite receptor, folate receptor (FR)4 was
strikingly different from that of conventional surface Tr cell markers such as PD-1 and
ICOS. While PD-1 and ICOS were upregulated both on Ty1 and Tgy cells, with a higher
relative expression on Ty cells (Figure S1), FR4 was downregulated on Tyl cells and
upregulated on Tgy cells (Figure 1A). Genes encoding other folate transport proteins,
including the ubiquitously expressed reduced folate carrier (RFC), were not differentially
expressed between Tgy and Tyl subsets (Figure 1B). Ex vivo staining of FR4 and Ly6C
confirmed gene expression data (Figure 1C) suggesting that FR4 could be a potential Try
cell marker. Examination of FR4 expression on day 8 CXCR5*, PD-1M Tgy, cells revealed
that this was indeed the case (Figure 1D).

To establish that FR4N CXCR5* cells represented Ty cells, we first examined phenotypic
characteristics of this population (Figure 1E). Intracellular staining of the Tr-determining
transcription factor Bcl-6 showed higher expression on FR4M CXCR5* cells.
Correspondingly, expression of the T-box transcripton factor T-bet was higher in FR4!°,
CXCR5™ effectors. Additionally, FR4N CXCR5* cells showed a SLAM!®, ICOSi
phenotype confirming their identity as Tgy cells. Next, we performed detailed phenotypic
analysis to directly compare CXCR5* versus FR4N cells (Figure S2). Both CXCR5* and
FR4N subsets were comparable for expression of key Tgy markers such as PD-1, 1COS,
CD200, Bcl-6, and GL7.

To more carefully determine whether the more polarized Tgy cell subset in the germinal
centers expressed FR4, we co-stained day 8 effectors with CXCR5, GL7, and FR4 [10]. FR4
expression on GL7*, CXCR5" GC Tgy cells was 1.7-fold higher than GL7~, CXCR5" Ty
cells, suggesting that FR4M Tg cells were located in germinal centers (Figure 1F). To
confirm this, we immunofluorescently stained spleen sections at day 12 post-infection with
PNA (green) to detect germinal center B cells, anti-CD4 (red), and anti-FR4 (blue)
antibodies (Figure 1G). Panel 3 shows digital overlays of all three respective stains; co-
localization of FR4 on CD4 T cells within the GC indicate that FR4M Ty cells migrate to
germinal centers.

Consistent with predominant localization of Tgy cells to lymphoid organs, antigen-specific
CDA4 effectors in lung and liver demonstrated low FR4 expression compared to spleen
(Figure 1H). Finally, examination of endogenous GP 66 tetramer specific cells 8 days after
LCMV infection showed that Tgy cells generated from polyclonal CD4 T cells also highly
expressed FR4 (Figure 11I).

Because FR4 is highly expressed by Foxp3+ T regulatory cells [18], we wanted to determine
whether identification of Tgy cells using FR4 could result in inclusion of T-regulatory cells.
For this purpose, we examined SMARTA TCR transgenic CD4 T cells and also endogenous
GP66 tetramer positive cells 8 days after LCMV infection. CD4 effectors derived from
SMARTA TCR transgenic T cells did not express Foxp3 (Figure S3, A, B). Additionally,
endogenous polyclonal GP66 tetramer positive cells did not express Foxp3 (C). These data
show that LCMV-specific FR4M Tgy cell subset does not comprise T regulatory cells.

Eur J Immunol. Author manuscript; available in PMC 2014 December 01.
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Level of FR4 expression on naive CD4 T cells does not pre-determine Tgy or Tyl cell fate

Phenotypic and functional characterization of antigen-specific CD4 T cells showed that FR4
expression was associated with functional dichotomy of effectors with the FR4!° subset
expressing high T-bet levels, characteristic of T cells, and the FR4N subset showing a
Trn cell phenotype with expression of Bcl-6 and CXCRS. Interestingly, naive CD4 T cells
also expressed FR4 at varying levels with approximately 70-85% showing intermediate to
high FR4 expression and a small proportion expressing low levels of FR4 (Figure 2A, panel
1). This raised the possibility that level of FR4 expression on naive T cells could play a role
in Tyl versus Tgy effector commitment.

To determine whether FR4!° versus FR4M naive cells met divergent cell fates after
activation, we adoptively transferred equal numbers of sorted FR4!° and FR4N naive subsets
into individual mice, infected chimeric hosts with LCMV the next day, and analyzed
differentiation of donor cells at 8 days post-infection (Figure 2A). Strikingly, expression of
FR4 was similar in effectors generated from both donor subsets, with approximately 50%
expressing FR4, suggesting that FR4 expression was dynamically regulated on antigen-
specific CD4 T cells after activation. (Figure 2B,C).

Analysis of effector differentiation demonstrated that both FR4!0 and FR4M naive precursors
gave rise to comparable frequencies of Tg and Tyl cells (Figure 2D). Because FR4
expression was highest on GC Ty cells, we examined whether FR4N naive precursors were
more likely to differentiate into this subset. However, similar frequency of GL7*, CXCR5*
GC Tgy cells between both donor subsets suggests that this was not the case. Together, the
data show that while heterogeneity in FR4 expression marks functionally different CD4
effector subsets, FR4 expression in naive precursors does not pre-determine effector
commitment.

Dynamic regulation of FR4 expression during Tgy cell differentiation

Studies using sorted FR4!° and FR4N naive CD4 T cells showed lack of differential
programming among the subsets. However, the inter-conversion of FR4!® and FR4M cells
strongly suggested dynamic regulation of FR4 expression on antigen-specific cells after
infection. Therefore, we examined temporal kinetics of FR4 expression on CD4 effectors in
the context of Tgy cell differentiation.

Based on high expression of FR4 on naive precursors and Tgy cells but not Tyl cells, we
hypothesized that subsequent to activation, FR4 would be down-regulated on Tyl cells
while selectively being retained on Tgy cells. Surprisingly, FR4 modestly decreased on all
antigen-specific CD4 T cells at day 1, was almost entirely down-regulated at day 2,
continued to be expressed at low levels until day 4, and showed a striking increase at day 5
(Figure 3A).

In contrast to the acute down-regulation of FR4, the majority of antigen-specific CD4 T cells
up-regulated both PD-1 and CXCRS early after infection (Figure S4). Interestingly, re-
expression of FR4 at day 5 coincided with the emergence of a clear-cut CXCR5*, PD-1Ni
Ten subset and at day 8 two distinct FR4!° and FR4N subsets were observed. Phenotypic
examination showed that while the majority of FR4M effectors were CXCR5* and PD-1Mi, a
small percentage of FRA4° cells also expressed these markers (Figure 3B). Notably, however,
it was the FR4N subset that almost entirely comprised of Bcl-67, CXCR5* GC Tgy cells.
The data show that FR4 expression was dynamically regulated during Tgy cell
differentiation with an initial complete down-regulation on all antigen-specific CD4 T cells
followed by gradual re-expression on Ty cells.
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Re-expression of FR4 on Tgy cells requires interaction with cognate B cells

The dynamic expression pattern of FR4 suggested that initial priming of CD4 T cells by
antigen-presenting cells resulted in down-regulation of FR4 while the second round of
signaling by cognate B cells induced re-expression of FR4 on Tgy cells. To determine
whether FR4 would be re-expressed on antigen-specific CD4 T cells in the absence of
cognate B cell help, we transferred naive SMARTA cells to wild-type B6 hosts or to B cell
transgenic mice in which majority of the B cells expressed B cell receptor specific for the
hen-egg lysozyme (HEL) protein. Mice were infected with LCMV Armstrong and B cell
and CD4 T cell responses were assessed at 8 days post-infection (Figure 4A).

HEL transgenic mice showed impairment in generation of antigen-specific B cell responses
after LCMV infection. Frequency of germinal center B cells was markedly decreased in
HEL transgenic mice compared to robust responses in WT mice (Figure 4B-D).
Additionally, transgenic mice failed to make LCMV-specific antibody responses as
demonstrated by low LCMV-specific IgG titers in serum (Figure 4E).

We observed a 2-fold reduction in CXCR5*, PD-1M cells (as a percentage of transferred
SMARTA cells) compared to WT control mice (Figure 4F). Consistently, the percentage of
GC Tgy cells identified by GL7 and Bcl-6 expression was also decreased. This is the
expected outcome as Tgy cell differentiation occurs but is poorly sustained in the absence of
antigen-specific B cells [19].

If FR4 re-expression on CD4 effectors occurred independently of Tgy cell differentiation,
then a decrease in % of Ty and GC Tgy cells in HEL Tg mice would not be accompanied
by a decrease in % FR4N CD4 effectors. The corresponding decrease in % of FR4M cells in
HEL Tg mice compared to controls (Figure 4G-J), suggests that FR4 expression was
directly linked to the Tgy cell developmental program.

Transcriptional profiling of CD4 effectors confirms FR4 as a robust Tgy cell marker

Having identified FR4!° and FR4N CD4 effectors as phenotypically and functionally
distinguishable populations, we examined the molecular signature of these populations using
Affymetrix 430 microarrays. Because Ty cells are typically identified by co-expression of
CXCRS5 with other surface markers, we sorted CD4 effectors based on CXCR5 and FR4.
Figure 5A shows pre-sort and post-sort flow-plots gated on antigen specific CD4 T cells
isolated 12 days after infection.

To confirm that FR4N CXCR5* subset represented Ty cells and FR4!2, CXCR5™ subset
corresponded to Tl cells, we used gene set enrichment analysis [20]. First, a rank ordered
list of “signature” Ty and Ty1 genes was generated using gene expression data of antigen-
specific Tpy and Tyl subsets [7]. To determine the degree to which each signature gene set
was represented in the present analysis we used the enrichment score (ES). The magnitude
of the ES, which ranges from -1 to +1, shows the degree to which a gene set is
overrepresented at the top or bottom of a ranked list of genes. The enrichment plots in
Figure 5B and C provide a graphical representation of the enrichment score for each of the
gene sets.

An enrichment score of 0.8 demonstrates that Tgy genes were highly enriched in the FR4M,
CXCR5* subset indicating that FR4 is a robust marker to identify Tgy (Figure 5B). Not
surprisingly, CXCR5 and FR4 were among the top genes highly expressed in Tgy cells
compared to Tyl cells. Consistently, expression levels of CD200, IL-21, PD-1, ICOS,
BTLA, and Fas were higher in the Tgy cell subset (Figure 5D). Bcl-6 expression was 3.4-
fold higher and Blimp-1 expression 3.6-fold lower in the Tgy subset (Figure 5D). Tgy cells

Eur J Immunol. Author manuscript; available in PMC 2014 December 01.
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did not express the Foxp3 transcript indicating that CXCR5*, FR4N cells did not comprise T
follicular regulatory cells [21]

Both subsets expressed the T1- transcription factor, T-bet (Tgn/naive = 14.12; Tyl/naive=
38.58) and the classic Tyl cytokine IFN-G (Tgn/naive = 19.08; Ty1/naive=36.58), with
higher relative expression in Tyl cells. However, only Tyl cells expressed granzyme A and
B. T cell immunoglobulin and mucin domain 3 (Tim3) a Ty1-specific protein that plays a
critical role in tempering T1-specific immune responses [22] was also selectively
expressed by Tyl cells. The cytokine and chemokine receptors, CCR2 and CXCR6 were
selectively expressed by Ty1 cells. The ligand for CXCR6, CXCL16 is highly expressed in
the liver and lung while lower levels are expressed in spleen, therefore CXCR6-CXCL16
interaction may direct homing of T1 effectors to peripheral tissues [23]. The transcription
factor, inhibitor of DNA binding 2 (1d2) thought to regulate CXCR6 expression in NKT
cells was 5.2 fold elevated in Ty1 subset compared to Ty cells (Ty1/naive= 21.92; T/
naive = 6.30, Figure 5F) [24]. The micro-RNA 200 family target gene, Zinc finger E-box
binding homeobox 2 (Zeb2) [25], a transcriptional repressor was also selectively expressed
in Ty1. Incidentally, Zeb2 is upregulated by about 2.5-fold in effector and memory CD8 T
cells compared to naive T cells [26] but its role in T cell differentiation is unclear. Thus, the
molecular signature of Tgy and Tyl subsets sorted using FR4 as a marker closely reflected
phenotypic and functional properties of each subset.

Differentially regulated metabolic genes in Tgy cells

Because Ty cells expressed high levels of the folate receptor, we hypothesized that
metabolic enzymes directly related to folate metabolism would also be expressed at higher
levels. Surprisingly, however, there were no genes in the folate metabolic pathway that were
differentially expressed in Ty cells. A select list of metabolic pathways enriched in Tgy is
shown in Figure 6A.

Because folate functions as a co-factor in numerous biological reactions, the most significant
of which involve nucleotide metabolism, we next examined genes related to nucleotide
metabolism. Interestingly, a number of genes involved in purine salvage pathway were
differentially expressed between Tgy and Tl subsets (Figure 6B). The gene ecto-5’-
nucleotidase (Nt5e/CD73) was 3.7-fold higher in Tgy compared to Tyl subsets. To
determine if Ty preferentially expressed CD73 on their surface, we stained SMARTA
effectors with antibody against CD73 and found a high correlation between expression of
CD73 with that of FR4 and CXCRS5 (Figure 6C). Furthermore, antigen-specific Tgy and
Th1 cells identified using FR4 and CD73 shared phenotypic attributes with Tg and Tyl
cells identified by conventional markers, CXCR5 and PD-1 (Figure 6D, E). These results
show that FR4 and CD73 can be used to clearly distinguish between Tgy and Ty1 CD4 T
cells.

FR4 expression is maintained on memory CXCR5*cells

Based on the high and relatively selective expression profile of FR4 and CD73 on Tgy cells
at the effector time point, we wanted to determine whether these markers were also
selectively maintained on memory CXCR5™* cells. To address this question, we assessed
expression of FR4 and CD73 on antigen-specific CD4 T cells during the peak germinal
center response (day 12) and at various memory time-points (Figure 7A).

Kinetic analysis of FR4 expression showed that CXCR5™ cells continued to express FR4
with an initial sharp decline (1.5-fold) in FR4 MFI at day 18, coinciding with the
culmination of the germinal center reaction, followed by relatively steady-state maintenance
from day 35 to day 280 after infection (Figure 7A,B). Interestingly, FR4 was gradually re-

Eur J Immunol. Author manuscript; available in PMC 2014 December 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

lyer et al.

Page 7

expressed on CXCR5™ cells with a 3-fold increase in FR4 expression at day 280 compared
to day 12. While the mechanism driving re-expression of FR4 on CXCR5™ cells is not
known, it may result from induction of transcriptional program of quiescence. Indeed, the
high level expression of FR4 in naive CD4 T cells prior to its down regulation upon T cell
activation supports this possibility.

In contrast to the differential kinetics of FR4 on CXCR5~ and CXCR5™ cells, CD73
expression increased in both subsets over time (Figure 7C,D). CXCR5* cells showed a 2.7-
fold increase and CXCR5™ showed a 9-fold increase in CD73 expression at day 280
compared to day 12 such that by memory time-point both subsets expressed uniformly high
levels of CD73

This expression profile of FR4 and CD73 on antigen-specific Tgy and Tyl subsets stands in
sharp contrast to that of conventional Tgy cell markers in two main ways. Firstly, PD-1,
ICOS, and Bcl-6 are rapidly downregulated on Ty cells after completion of the germinal
center reaction with similar expression levels on CXCR5* and CXCR5™ cells at day 35-45
post-infection (Figure 7E). Secondly, PD-1, ICQOS, and Bcl-6 are not re-expressed by either
CXCR5™ or CXCR5* antigen-specific memory subsets. This suggests that the regulation of
FR4 and CD73 on antigen-specific CD4 T cells is different from the program driving
expression of conventional Ty cell markers.

Finally, we wanted to determine expression profile of FR4 and CD73 on human Tgy cells.
The human homolog to murine FR4, folate receptor delta /folate binding protein 3 (FRD,
FOLBP3) is a 27kD protein with restricted temporal and spatial expression [27]. As an
antibody against FRD was unavailable, we were unable to examine expression pattern of
this protein. To determine whether peripheral CD4 T cells in humans expressed CD73, we
employed a monoclonal antibody against CD73 [28]. Peripheral blood was obtained from 6
healthy individuals and expression profile of CD73 was evaluated on CD4 T cell subsets and
B cells (Supplementary Figure 5). Among lymphocytes, circulating B cells expressed
highest levels of CD73 and expression of CD73 on CD4 T cells varied widely among
individuals. While a subset of naive CD4 T cells and memory CXCR5™ cells expressed
CD73, very little CD73 expression was observed on CXCR5* circulating memory T cell
subsets. More studies are needed to determine whether human Tgy cells express other
molecules related to folate and purine metabolism, and whether these would serve as useful
markers to identify Tgy cells after vaccination or infection.

DISCUSSION

The present study has three main findings: first, that FR4 is a marker for identifying Ty
cells and that FR4 is highly expressed on GC Tgy cells; second, that FR4 expression is
linked to the Tr developmental program; and third, that FR4 expression is maintained on
CXCR5* cells well into the memory phase. In addition, gene expression analysis of FR4,
CXCR5 effectors enabled the identification of yet another Tgy cell marker, CD73. Our
findings are timely given the interest in understanding phenotypic, genomic, and functional
aspects of Tgy cells and should, therefore, be of utility to the field.

In the context of LCMV infection, we show that antigen-specific CD4 T cells differentiate
into an FR4M T cell subset that is CXCR5*, Bel-6*, and Ly6C!°, and an FR4!° T41 subset
expressing Ly6C but not CXCR5 and Bcl-6. Despite these phenotypic differences, both
subsets expressed the Tyl master transcription factor, T-bet and the classic Ty1 cytokine
IFN-y. This observation is consistent with those of Fazileau et al. who demonstrated high T-
bet and IFNy message levels on antigen-specific CXCR5N, ICOSN Ty cells, 7 days after
challenge with pigeon cytochrome C [29]. These overlapping attributes suggest that

Eur J Immunol. Author manuscript; available in PMC 2014 December 01.
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common nodes may exist between Ty and Tyl differentiation programs and provide
support for the multistage and multifactorial model of Try differentiation, where subsequent
to priming, successive rounds of interaction with cognate B cells coupled with appropriate
cytokine skewing reinforces Try cell differentiation [13-15].

Transcriptional profiling of CD4 effectors based on FR4 and CXCR5 validated our
phenotypic data demonstrating FR4 as a robust Tgy cell marker. Furthermore, FR4M
CXCR5* subset showed 2.7-fold lower expression of cytidine monophospho-N-
acetylneuraminic acid hydroxylase (Cmah), a cytosolic enzyme repressed in GC Tgy cells
[10]. This indicated that FR4M CXCRS5* cells comprised the GC Tgy population. We noted
other genes of interest; four among the top 10 highly expressed genes in Tgy were pattern
specification genes (Figure 5F), which included basic helix-loop-helix gene, hairy and
enhancer of split (Hes)5. Hes5 is critical for determining cell-fate in the developing brain
[30] and Hes5 is upregulated by folate supplementation in neural stem cells. It is possible
that folate uptake via FR4 may induce upregulation of Hes5 and, potentially, other pattern-
forming genes in Tgy cells [31].

A key observation from this study is that T cells highly express FR4; however, the
function of FR4 in Ty cells is not apparent. The high expression of FR4 raises the question
as to whether Tgy cells have a high metabolic demand for folate. Folate is an essential B
vitamin that plays a crucial role in nucleotide synthesis and its requirements increase in
cycling cells [32, 33]. Indeed, deficiency of folate impairs both CD4 and CD8 T cell
responses [34]. However, the kinetics of FR4 expression appear to be inconsistent with the
metabolic role of folate in cell proliferation. First, FR4 is highly expressed on naive CD4 T
cells but is downregulated soon after T cell activation when folate requirements for
proliferation are very high. Secondly, there is no evidence that Tgy cells are
hyperproliferative compared to Tyl cells. On the contrary, as assayed by thymidine
incorporation in vitro, Tgy cells are markedly hypoproliferative compared to non-Tgy cells
[35]. However, because folate functions as a co-factor in numerous biological reactions it is
possible that Tgy cells have a requirement for metabolic pathways that indirectly depend on
folate [36].

One such example is the purine metabolic pathway, which was highly enriched in Ty cells.
A number of genes involved in purine salvage pathway were differentially expressed
between Tgy and TH1 subsets. The gene for ecto-5’-nucleotidase (Nt5e/CD73) was 3.7-fold
higher in Tgy compared to Tl subsets and phenotypic analysis confirmed high surface
expression of CD73 on Tgy cells. CD73 is a GPl-anchored protein, which hydrolyzes
extracellular AMP, generated from apoptotic cells, to adenosine [37, 38]. The expression of
CD73 is cell-type specific and is inversely related to expression of the adenosine degrading
enzyme ADA [39]. Tgy cells also expressed lower ADA message levels (2-fold lower than
naive); the CD73M, ADAI° phenotype suggests that Tgy cells have an “adenosine producing
metabolic signature” [40].

Once generated, extracellular adenosine can signal via surface adenosine receptors to inhibit
proliferation and/or inhibit inflammation via the induction of intracellular cAMP [40, 41]. It
is possible, therefore, that adenosine may dampen inflammatory cytokine production in Ty
cells and/or suppress proliferation of low-affinity B cells. CD73 has also been shown to
function as an adhesion molecule and is speculated to facilitate adhesion of B cells to
follicular dendritic cells (FDC) in the germinal center [42]. Additional studies are needed to
determine whether Tgy utilize purinergic pathways to facilitate autocrine or paracrine
signaling, to adhere to FDC or B cells, and/or to meet bioenergetic demands.
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Interestingly, T regulatory cells share the FR4M  CD73" phenotype of Tg cells [18, 38].
Common pathways involved in tolerizing T regulatory cells, centrally during thymic
development, and Tgy cells, peripherally in the germinal center, may result in concerted
expression of FR4 and CD73. This program, however, does not appear to be directly
regulated by Foxp3, as Tgy cells showed no evidence of Foxp3 expression. This further
indicates that Tgy cells described here did not comprise T regulatory cells or T follicular
regulatory cell subsets [21].

Expression of FR4 and CD73 has also been reported on anergic, autoreactive T cells
compared to functional T cells [43]. Additionally, FR4 is also highly expressed by exhausted
CD8 T cells in chronic viral infection but not on effectors or fully functional memory CD8 T
cells (our unpublished observations). These data point to a potential role of chronic TCR
simulation in regulating FR4 expression.

Notably, expression of both FR4 and CD73 was maintained on CXCR5* cells at the memory
time point. The continued expression of FR4 on memory CXCR5* cells distinguishes it
from other Ty cell markers, which are significantly down-regulated on CXCR5* cells
subsequent to their exit from the germinal center. Thus, FR4 could be used together with
CXCRS5 to identify, sort, and study putative memory Tgy cells.

At present, we do not fully understand the utility of FR4 and CD73 as markers for human
Try cells. The unavailability of monoclonal antibody against the human homolog of FR4
precludes its identification in human Tgy cells. Our preliminary studies in human peripheral
blood show that CD73 is not expressed by circulating CXCR5* CD4 T cells during steady
state. More detailed studies, in peripheral blood and lymphoid compartments including
tonsils and lymph nodes, are needed to investigate the dynamics of CD73 expression on
CD4 T cell subsets after vaccination and infection.

In conclusion, we demonstrate that FR4 and CD73 are novel markers to identify Tgy cells.
These observations emphasize the need for understanding the role of folate and adenosine
metabolism, and how FR4 and CD73 intersect with these pathways in regulating Ty
function. Mechanistic insights into folate and purinergic pathways as they relate to Tgy cell
development and function may provide novel strategies to optimize Ty cell responses to
vaccinations and/or control Tgy cell responses in B cell-mediated disease.

MATERIALS AND METHODS

Mice, virus, and adoptive transfers

Four to 6-wk-old C57BL/6 mice were obtained from The Jackson Laboratory (Bar Harbor,
ME). SMARTA transgenic mice with CD4 T cells bearing the GP61-80 specific T-cell
receptor were backcrossed to C57BL/6 mice bearing either Thy1.1 or Ly5.1 congenic cell-
surface markers, as previously described [44]. Mice were housed in cages and maintained on
a 12-h light/12-h dark cycle at the Division of Animal Resources at Emory University.
SMARTA chimeric mice were generated by adoptively transferring naive SMARTA
splenocytes into naive C57BL/6 mice by intravenous injection. The number of antigen-
specific cells transferred varied between 1x103 and 1x10% among experiments as indicated
in the text and figure legends. Chimeric mice were infected with 2x10° PFU of LCMV
Armstrong by intra-peritoneal injection. LCMV Armstrong virus was propagated, titers were
determined, and virus was used as previously described [45]. All animal protocols were
reviewed and approved by the Institutional Animal Care and Use Committee at Emory
University.
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All data unless otherwise specified were obtained from analysis of spleen. Single-cell
suspensions were prepared in RPMI containing 10% FBS by mechanical disruption of
spleens. Red blood cells were lysed in 0.83% ammonium chloride. 10° cells were stained in
phosphate-buffered saline (PBS) containing 2% FBS (FACS buffer) for 30 min at 4°C. Cells
were stained with fluorochrome-conjugated antibodies specific for CD4 (RM4-5), Thy 1.1
(OX7), Ly 5.1 (A20), Ly6C (AL-21), GL7, ICOS (7E.17G9), T-bet (O4-46), Bcl-6
(K112-91), Fas (Jo2), CXCRS5 (2G8), IFN-y (XMG1.2), TNF-a (MP6-XT22), IL-2
(JES6-5H4) from BD Pharmingen (San Jose, CA); CD44 (IM7), PD-1 (RMP-130), FR4
(12A5), CD73 (TY/11.8), SLAM(TC15-12F12.2) from Biolegend (San Diego, CA); Foxp3
(FJK-16s from eBioscience (San Diego, CA). Dead cells were excluded from analysis based
on staining for Live/Dead Aqua dead cell stain from Molecular Probes, Invitrogen (Grand
Island, NY). CXCR5 staining was performed as previously described [7]. Bcl-6, T-bet, and
Foxp3 stains were performed after cells were stained for surface antigens followed by
permeabilization/fixation using the Foxp3 kit and protocol, followed by intracellular
staining. Prior to intracellular staining for cytokines, splenocytes were stimulated with
GP61-80 peptide for 5 hours in the presence of brefeldin A (Golgi Plug), then fixed and
permeabilized with CytoFix / CytoPerm (BD Biosciences, San Jose, CA) according to the
manufacturer’s instructions. Samples were acquired on a FACS Canto Il (BD Biosciences)
and data were analyzed using FlowJo software v 9.3.1 (Tree Star, Inc., Ashland, OR). Cell
sorting was performed using a FACS Aria Il (BD Biosciences). Prior to sorting, cells were
pre-purified using anti-CD4 microbeads (Miltenyi Biotec, Auburn, CA) according to the
manufacturer’s instructions.

Microarray hybridization and analysis

Naive and day 12 FR4!°, CXCR5™ and FR4", CXCR5* Ly5.1*, SMARTA CD4 T cells
were FACS sorted and RNA was isolated from cells using the QIAGEN RNeasy kit
(QIAGEN, Valencia, CA) followed by DNAse treatment to remove contaminating DNA.
RNA was quantified using the Nanodrop ND-1000 Spectrophotometer and analyzed for
integrity using Agilent 2100 Bioanalyzer at the Vanderbilt Genome Sciences Resource.
Samples with optimal RNA integrity number and RNA quality score were amplified using a
kit from NUGEN, Inc, according to manufacturer’s instructions. Following amplification,
RNA was prepared for microarray analysis and hybridized in triplicate to Affymetrix
GeneChip Mouse Genome 430 2.0 arrays containing 45,000 sets of 11 to 25-mer oligomers,
representing 39,000 mouse transcripts (34,000 are annotated as well-defined genes).
Hybridized cRNA was detected using streptavidin coupled to phycoerythrin and visualized
by the Affymetrix 3000 7G laser scanner.

For statistical analysis, CEL files (raw Affymetrix data) were processed using R (R version
2.11.1). Quality control was performed by viewing the images in R and using the
bioconductor packages affyPLM and affy (R version 2.11.1, affyPLM version 1.28.5, affy
version 1.26.1) [46]. The raw CEL files were then normalized with quantile normalization
and summarized using robust multi-array analysis (RMA) [47]. Differentially regulated
genes between FR4M  CXCR5* and FR4!0, CXCR5~ subsets were identified using
significance analysis of microarrays (SAM- siggenes package version 1.22.0), which found
711 differentially regulated genes with a false discovery rate of 0.08 and a fold change of at
least 2-fold [48]. The data were annotated with Affymetrix Mouse 430 2.0 annotation files
(version 30).
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Statistical Analysis

Data are expressed as the mean + SEM. Statistical analysis was performed by the two-tailed
Student t test using Prism software (GraphPad, La Jolla, CA). A p value #0.05 was used to
determine significance.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FR4 expression distinguishes Tgy and Tl subsets. Antigen-specific CD4 effectors in
spleen were sorted based on Ly6C expression and mRNA levels of FR4 (A) and other folate
transport genes (B) were examined. (C) Flow cytometric analysis confirmed high FR4
expression on Ly6C!° antigen-specific CD4 T cells. (D) shows expression of CXCR5 and
PD-1 on day 8 effectors and histograms show FR4 expression on Tgy and Tyl subsets in. In
(E) comparative phenotypic analysis of FR4N CXCR5* (red histogram) and FR4!°,
CXCR5™ subsets (blue histogram) is shown. FR4 is highly expressed by GL7*, CXCR5*
GC Tgy (F) and (G) shows localization of FR4 expressing CD4 T cells in the germinal
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centers in spleen at day 12 post-infection. (H) shows comparative expression profile of FR4
on antigen-specific CD4 T cells in the spleen, liver, and lung. FR4 expression on
endogenous GP66 tetramer positive cells is shown in (1). Data are representative of three
independent experiments.
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Figure2.

FR4 expression on naive precursors does not determine Tgp/TH1 commitment.
Differentiation of FR4" and FR4!° cells isolated from naive mouse spleen was determined
as shown in (A). In (B), frequency and expression of FR4 on donor cells is shown in
recipient spleen at day 8 post-infection. Bar graphs in (C) show number and frequency of
donor cells per spleen. (D), shows % of Tgy identified by co-expression of CXCR5 and
PD-1, and CXCR5 and FR4 and % of GL7* GC Tgy in spleen at day 8 post-infection. Data
are representative of three independent experiments. Bar graphs show mean + SEM
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Figure 3.

Dynamic regulation of FR4 expression during Tgy differentiation. (A) Kinetic analysis of
FR4 expression on naive and antigen-specific CD4 T cells. Red line indicates percentage of
FR4N cells relative to isotype control staining. In (B), percentage of CXCR5*, PD-1M Tgy
cells and CXCR5*, Bcl-6* GC Tgy cells in FR4!° versus FR4N subsets is shown. Data are
representative of three independent experiments.
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Figure4.

Re-expression of FR4 on Tgy cells requires interaction with cognate B cells. SMARTA CD4
T cells were transferred to WT or HEL Tg mice and responses were assessed 8 days after
LCMV infection (A). Flow plots in (B) are gated on total B220* B cells and show Fas™,
PNA* GC B cells in spleen. (C) shows % GC cells in spleen and total number of GC B cells
in spleen is shown in (D). (E) LCMV enzyme linked immunosorbent assay (ELISA) was
performed at day 8; LCMV-specific 1gG endpoint titers in sera are shown. Flow plots in (F)
are gated on CD4* SMARTA cells in the spleen and show frequency of Tg cells and GC
Tew cells in WT and HEL Tg mice. (G) shows frequency of FR4M, CXCR5* cells and black
histogram shows % FR4M antigen-specific CD4 T cells. Bar graph shows mean % Tgy and
% FR4N antigen-specific CD4 T cells in peripheral blood (H) and spleen (1). (J), shows

total number of Tgy and FR4M cells in spleen. Data are representative of two independent
experiments. Bar graphs show mean + SEM
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Figureb.

Gene expression profiling of Try and Tyl cells. (A) shows sorting strategy used to purify
day 12 SMARTA CD4 T effectors based on FR4 and CXCR5 expression. Differentially
regulated genes between Tgy and Tl subsets were identified using significance analysis of
microarrays, which found 711 differentially regulated genes with a false discovery rate of
0.08 and a fold change of at least 2-fold. GSEA plots in B and C, show enrichment profile of
Ten and Tyl genes in FR4N, CXCR5N and FR4!°, CXCR5!° subsets, respectively. Relative
expression of select genes in Tew/Tw1 subsets is shown in (D). Of note, CXCR5*, FR4N
cells did not express Foxp3 transcript levels indicating that this subset did not comprise of T

follicular regulatory cells. Data are representative of two independent replicates.
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A Metabolic Pathway Enrichment
Score*

BCAA Degradation 0.6

Cytochrome P450 Pathway 0.6

Fatty Acid Metabolism 0.53

N-Glycan Biosythesis 0.52

Histidine Metabolism 0.48 g
Oxidative Phosphorylation 0.48 cors
Purine Metabolism 0.35

*The enrichment Score (ES) is a measure of the degree to which a gene-set is
represented in Ty cells. ES ranges from -1 to +1, with a higher score denoting
a greater enrichment of a gene set.
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Figure6.

Gene expression profiling leads to identification of CD73 as a novel Tgy cell marker. Table
A provides a list of select metabolic pathways enriched in Tgy. (B), shows genes related to
purine metabolic pathway differentially expressed between Tgy and Tyl subsets; P2rx7,
purinergic receptor P2X ligand gated ion channel 7; ADA, adenosine deaminase; ADK,
adenosine kinase; Pde2a, phosphodiesterase 2a; Dck, deoxycytidine kinase. (C) Phenotypic
analysis of CD73 confirms high expression on FR4N and CXCR5* antigen-specific Ty
cells. (D, E) Comparison of Tgy cells identified using CXCR5, PD-1 versus CD73 and FR4.
Data are representative of three independent replicates.
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Figure?7.

Expression of FR4 is sustained on memory CXCR5* antigen-specific cells. Kinetics of FR4
(A,B) and CD73 (C,D) expression on antigen-specific CD4 T cells from day 12 to day 280.
Histograms show expression on CXCR5~ (grey) and CXCR5* (black) subsets. Figure E
shows expression of PD-1, ICOS, and Bcl-6 on antigen-specific CD4 T cells at effector and
memory time-points. Data are representative of three independent experiments
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