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CD4T cell epitope specificity
_determines follicular versus non-
follicular helper differentiation
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v 1N the polyclonal response to
e influenza infection or vaccination

Zackery A. G. Knowlden & Andrea J. Sant

Follicular helperT cells (Tfh) are essential for B cell production of high-affinity, class-switched
antibodies. Much interest in Tfh development focuses on the priming environment of CD4T cells.
Here we explored the role that peptide specificity plays in the partitioning of the polyclonal CD4T cell

. repertoire between Tth and NonTfh lineages during the response to influenza. Surprisingly, we found

. that CD4T cells specific for different epitopes exhibited distinct tendencies to segregate into Tth or

: NonTfh. To alter the microenvironment and abundance, viral antigens were introduced as purified
recombinant proteins in adjuvant as native proteins. Also, the most prototypical epitopes were

. expressed in a completely foreign protein. In many cases, the epitope-specific response patterns of

. Tfhvs. NonTfh persisted. The functional TcR avidity of only a subset of epitope-specific cells correlated

 with the tendency to drive a Tfh response. Thus, we conclude that in a polyclonal CD4T cell repertoire,

. features of TcR-peptide:MHC class Il complex have a strong deterministic influence on the ability of
CD4T cells to become a Tfh or a NonTfh. Our data is most consistent with at least 2 checkpoints of Tfh
selection that include both TcR affinity and B cell presentation.

Follicular helper T cells (Tth) represent an essential link between two arms of the adaptive immune system - CD4
T cell and B cell responses. This specialized differentiation state of CD4 T cells is necessary for the initiation and
maintenance of the germinal center reaction that results in high-affinity, class-switched immunoglobulin pro-
duction by plasma cells that have undergone affinity maturation and establishment of B cell memory!~*. Previous
studies examining the factors contributing to the differentiation of a naive CD4 T cell into Tth have primarily
. focused on the role of cytokines, chemokines and the local microenvironment®”, with early studies focusing
. heavily on the polarizing effects of IL-6 (mice), IL-12 (humans) and IL-21%-1%. Coordination of signaling early
* in differentiation, especially signals through the ICOS-ICOSL pathway, has been shown to lead to upregulation
of the Tth-associated transcription factor Bcl6 as well as a chemokine receptor essential for entry into the B cell
follicle, CXCR5!, with a concomitant decrease in CCR7 expression®!2. IL-2 signaling through CD25 has been
demonstrated to have an antagonistic effect on Tth factors, causing an increase in Blimp-1 expression as well
as Tbet, both of which preclude a transition to the Tth phenotype, while cementing a role as “NonTfh” effector
cells”’13‘16.
The role of T cell receptor signaling in commitment to this lineage has been less explored. Tth are a unique
. T cell population, in that there is a requirement for sequential interactions with distinct populations of antigen
. presenting cells (APC), both dendritic cells (DC) and B cells'’. The final commitment to the Tth lineage is heavily
. dependent on interaction with B cells in the follicle!"'#!°, through the provision of essential costimulation (ICOS
and SLAM)!b19-21,
The role of TCR-peptide:MHC interactions in dictating commitment to the Tth lineage has been the subject
of several studies?**, and have generally supported the view that high affinity and/or optimal dwell time may
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Figure 1. Tth and NonTth cells exhibit prototypical phenotype and kinetics following influenza infection.
(a) Example of sorting strategy for isolating antigen-experienced Tth and NonTth cells after infection. SJL mice
were infected intranasally with 50,000EID;, of A/New Caledonia/20/1999. Lymphocytes were isolated from
the draining mediastinal lymph node on day 9 post infection and FACS sorted based upon expression of the
following markers: CD4 + CD44hiCXCR5 + PD-1 4+ (Tth) or CD4 4 CD44hiCXCR5negPD-1neg (NonTth).
(b,c) Kinetics of effector CD4 T cell and B cell expansion following infection depicting Tth and NonTth
populations, as well as GC (CD19 + B220 + GL-7 + CD95+) and plasmablasts (CD19 + B220intCD138+)
(n=2-5 mice per timepoint, representative of 2 experiments). (d) Expression of Bcl6 and (e¢) CCR?7 in Tth
(Filled Grey) and NonTth (Black Open) populations. (f) RT-PCR analysis of total RNA from Tth (Filled) and
NonTth (Open) showing relative expression of various transcripts isolated from the indicated sorted T cell
populations, normalized to B2m expression. Data shown is from a single experiment, representative of four.

promote the selection of the Tth pathway of differentiation. However, antigen specificity, and the relationship with
and effects it has upon differentiation into follicular helpers or non-follicular helper (NonTth) effector cells has
not been examined in the context of a polyclonal CD4 T cell response in a complex antigenic environment such as
an active infection. Herein, we describe our efforts to understand how the endogenous T cell repertoire responds
to multiple independent epitopes during influenza infection and how the antigen specificity of the response influ-
ences the distribution of CD4 T cell follicular helpers or non-follicular helper effector cells. We show that selec-
tion into the Tth pathway is dictated by the T cell specificity for the peptide epitope itself. In contexts ranging
from the complex milieu of influenza infection, to vaccination with purified recombinant influenza proteins or
heterologous protein constructs, in many cases, the intrinsic relationship of the pMHC:TCR complex is sufficient
to confer effector outcome (Tth vs. NonTth) upon the polyclonal repertoire.

Results

Tfh and NonTfh cells in mice exhibit prototypical phenotypic markers and kinetics post influ-
enza infection. We sought to evaluate partitioning of CD4 T cells into the Tth vs NonTth compartments
during the primary immune response to intranasal infection of mice with influenza A virus. In order to survey
any connection between specificity and function, we began by delineating the typical pattern of CD4 T cell expan-
sion from naive to effector populations in a mouse model utilizing known specificities in the context of I-A®. This
strain of mouse was chosen because of the broad peptide specificity that included more than 25 influenza-de-
rived epitopes®. Mice were infected and the kinetics of CD4 T cell effectors, Tth (CXCR5* PD-17) and NonTth
(CXCR57PD-17) (Fig. 1a), were monitored from day 5 to day 12 by flow cytometry (Fig. 1b). Prototypic markers
of antigen-experienced T cells (CD44) and Tth lineage commitment (CXCR5, PD-1) were used">*2°-28, NonTth
populations expanded and exhibited a peak around day 9 and had begun to contract by day 12, while Tth were still
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expanding at day 12 post infection (Fig. 1a,b). This accumulation of Tth was accompanied by an increase in ger-
minal center B cells from day 9 to 12 (Fig. 1¢). From this, we chose day 9 to approximate a local maximum in both
NonTth and Tth frequencies to best facilitate our ability to assay specificity and effector phenotype concurrently.

Further flow cytometric analysis was performed to determine levels of Bcl6 and CCR7 expression for both
Tth and NonTfh CD4 T cells. Tth isolated from the mediastinal LN 9 days after infection exhibited heightened
Bcl6 expression along with decreased CCR?7 (Fig. 1d,e respectively) relative to the NonTth population. Moreover,
when the transcriptional profiles of Tth and NonTth were assessed by RT-PCR, Tth expressed higher levels of
mRNA encoding Bcl6, CXCR5, PD-1 (Pdcdl) and IL-21 and decreased levels of Blimp1 (Prdm1), Tbet and CCR7
compared to NonTth (Fig. 1), patterns that are consistent with these two distinct subsets of CD4 T cells. We then
employed a flow cytometry-based sorting strategy where, on day 9 post infection, CD4 T cells were isolated from
the draining LN of infected mice, enriched based on negative paramagnetic bead isolation and then sorted by
flow cytometry based on expression of the cell-surface markers CD4, CD44 (to enrich for antigen experienced
cells), CXCR5 and PD-1 (Fig. 1a). Sorted CD4 T cells were then assayed for peptide specificity in IL-2 ELISPOT
assays by restimulation with individual influenza-derived peptides known to represent the major epitopes from
this strain (A/New Caledonia/20/1999)%. Data in subsequent figures are reported as spots (IL-2) per million
sorted cells (Tth or NonTfh).

NonTfh and Tfh populations exhibit epitope-specific differences in reactivity. Hemagglutinin
(HA) and nucleoprotein (NP) were chosen for this study because of the many readily detectable epitope spe-
cificities (5-7 per protein) and for the potential of new insight when studying two different classes of proteins.
HA is a glycosylated, membrane surface protein with disulfide bonds, while nucleoprotein is an intracellular/
internal protein in both the virion and infected cells. Any gross differences in Tth reactivity to either protein may
thus implicate antigen handling and acquisition as an important factor in the determination of T cell function.
Sorted Tth and NonTth populations contained CD4 T cells reactive to all tested peptide epitopes in both HA and
NP (Fig. 2a,c), demonstrating that neither NP- nor HA-specific T cells were excluded from Tth or NonTth CD4
populations.

Interestingly, although each epitope appeared capable of recruiting CD4 T cells into both the Tth and NonTth
lineage, there were striking differences in the quantitative partitioning of epitope-specific T cells between Tth and
NonTth populations. Of note, CD4 T cell distribution between Tth and NonTth was nearly equivalent for CD4 T
cells specific for NP 97, NP 270 and HA 144 (Fig. 2a,c, respectively). In contrast, there were other peptide epitopes
that recruited a much greater frequency into the Tth population (HA 334, 386 and NP 264, 342 and 438) relative
to the NonTth populations.

To compare how a particular peptide-specific response partitioned into the Tth or NonTth populations, inde-
pendently of the magnitude of each response, the frequency of antigen-reactive T cells in Tth and NonTth was cal-
culated as a ratio for each epitope (Fig. 2b,d). This representation of HA- and NP-derived epitopes shows the two
different patterns: some specificities are distributed selectively within the Tth relative to the NonTth population,
while other populations of peptide-specific cells are virtually equal in distribution. Thus, these studies revealed an
epitope-linked factor in the determination of T cell function. Since these variations in population-level distribu-
tion of antigen-specific T cells were observed in both proteins, it suggested that the peptide-epitope itself might
be deterministic for CD4 T cell fate.

Translation of antigen encounter from infection to protein vaccination retains epitope-specific
patterns of specificity distribution. During the course of influenza infection, the abundance, kinetics of
expression, availability, handling and processing of influenza antigen can vary among viral proteins. For example,
membrane bound, glycosylated proteins such as HA and neuraminidase might be handled differently than soluble
proteins such as NP and NS1 due to their potential to interact directly with antigen presenting cells by way of
antigen targeting through pathways such as C-type lectin receptors®-° some of which have been shown to specif-
ically enhance Tth responses®!. Conversely, as a viral RNA binding protein, NP carries along its own innate acti-
vator that facilitates the stimulation of both TLR7 and RIG-I pathways*2-*, Also, the infection itself elicits both a
robust inflammatory response and the production of many innate mediators that might influence the developing
immune response in the draining mediastinal lymph node. In order to diminish the contributions of many of
these variables to the patterns of differentiation we had observed, we employed a vaccination regimen where
equivalent amounts of recombinant protein (HA and NP) were co-delivered in emulsion of Incomplete Freunds
Adjuvant (IFA) and lipopolysaccharide (LPS) into the footpad of mice. We expected this approach would normal-
ize the kinetics, magnitude, costimulation and other protein-extrinsic factors that have the potential to influence
the determination of CD4 T cell function. We included NP and HA together in the emulsion so that the diversity
of antigen-specific cells is similar between infection and vaccination. NP and HA represent the major sources of
immunodominant epitopes in this strain of mouse. The kinetics of the response to vaccination (Supplemental
Figure 1) shows that at day 9, there are readily detectable Tth and NonTth populations. We also tested the distri-
bution and abundance of Tth and NonTth over a 25-fold range of antigen (Supplemental Figure 2). These studies
revealed that the abundance of each population of CD4 T cells increases with increasing immunizing dose but
that the ratio of Tth to NonTth is preserved over this wide dose range. We chose to vaccinate with 5pg of each
protein to increase the yield of responding CD4 T cells, so that we could sample as many epitopes as possible.

As with infection, antigen-specific CD4 T cell reactivity to HA and NP epitopes was assayed from Tth and
NonTth populations derived from the draining LN of vaccinated mice (Fig. 3a,c). As had been observed in
response to influenza infection, antigen-reactive CD4 T cells partitioned between Tth and NonTth at ratios rang-
ing from near equivalent (HA 144 and HA 162, NP 97) to those with a higher representation in the Tth population
(e.g. NP 264 and HA 334). The patterns detected with protein vaccination recapitulated many of those observed
in the context of infection, suggesting that the milieu associated with infection was not a deciding factor in
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Figure 2. Influenza-specific effector cells distribute between Tfh and NonTth depending on epitope specificity.
Single epitope reactivity of sorted CD4 T cell populations at day 9 post infection, Tth (Filled) and NonTth (Open)
from mediastinal lymph nodes pooled from 20-25 mice. CD4 T cell populations were assayed for epitope reactivity
in IL-2 ELISPOT assays by restimulation with influenza-derived epitopes from HA (a) and NP (c). The epitope-
specific IL-2 spots per million Tth or NonTth cells are shown. Relative distribution of antigen-reactive CD4 T

cells between Tth and NonTth cells is depicted by the ratio of antigen-specific cells in the two populations for HA-
specific T cells (b) and NP-specific cells (d). Mean and S.D. of 4 experiments. Statistical significance determined by
two-tailed paired t test (a,c) and 1-way ANOVA with Tukey post test (b,d). *p < 0.05; **p < 0.01.

determining the distribution of CD4 T cells between Tth and NonTth populations. Further underscoring the
preservation of epitope-specific differences in T cell distribution, representation of the antigen reactive Tth and
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Figure 3. Vaccination with influenza proteins maintains epitope specific patterns in effector distribution
between Tth and NonTfh. Single epitope reactivity of sorted CD4 T cell populations at day 9 post vaccination, Tth
(Filled) and NonTth (Open) from popliteal lymph nodes pooled from 10 mice. Mice were vaccinated subcutaneously
with 5ug HA and NP proteins together in IFA/LPS emulsion. CD4 T cell populations were assayed for epitope
reactivity in IL-2 ELISPOT assays by restimulation with influenza-derived epitopes from HA (a) and NP (c). The
epitope-specific IL-2 spots per million Tth or NonTth cells are shown. Relative distribution of antigen-reactive CD4
T cells between Tth and NonTth cells is depicted by the ratio of antigen-specific cells in the two populations for HA-
specific T cells (b) and NP-specific cells (d). Mean and S.D. of 3 experiments. Statistical significance determined by
two-tailed paired t test (a,c) and 1-way ANOVA with Tukey post test (b,d). *p < 0.05; **p < 0.01; ***p < 0.001.
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MalE 133
Insertion Site

Figure 4. Epitope locations within the native protein context of hemagglutinin and nucleoprotein and the
heterologous protein MalE133. Protein structures of MalE133 (a), hemagglutinin (b) and nucleoprotein (c).
Influenza epitopes and their locations are indicated by coloration and are denoted by first amino acid associated
with the 17-mer peptide used for testing of CD4 T cell reactivity. For MalE133 protein, a heterologous peptide
is shown for illustrative purposes at the insertion site within the protein structure. The structures used to model
peptide epitope location were sufficiently homologous to HIN1 A/New Caledonia/20/1999 proteins to overlay
New Caledonia epitopes: Hemagglutinin (HAO) from A/South Carolina/1/18 (HIN1); Nucleoprotein from
A/England/256/2009 (HIN1).

NonTfh populations as a ratio (Fig. 3b,d) indicates that several epitopes are much better suited for driving CD4 T
cells towards a Tth function (HA 334, NP264, NP438) or toward a NonTth function (HA 144, NP 97).

Effector function is determined by the epitope specificity and is largely independent of protein
context. Though we made efforts to normalize the way in which HA and NP protein antigen were acquired
and processed by antigen presenting cells, properties intrinsic to each protein could still be a determining factor
in the generation of CD4 T cell effector function that could influence epitope dependent patterns of differenti-
ation. For example, B cell receptor binding has been shown to both suppress or enhance the release and pres-
entation of peptides from native protein®>*%, which could influence the relative levels of surface peptide:MHC
complexes for any given epitope on B cells. These antigen-processing events might influence quantitative aspects
of B cell epitope display and thus stable commitment of a CD4 population to the Tth lineage. Also, protein struc-
ture and competing peptides might also influence the epitope-specific patterns in the CD4 T cell response.

To control for any differences dictated by antigen structure and immunogenicity, peptides that represented
the most striking disparities in Tth differentiation from HA and NP were selected and engineered into the exact
same insertion site within a heterologous protein context. The maltose binding protein (MalE) of E. coli was
chosen for this because it has been shown to accommodate foreign peptide inserts without compromising overall
protein structure®”*®. DNA-encoded peptide sequences of ~17 residues were inserted into a MalE expression
vector, which was in turn transformed into E. coli for protein production. With each influenza-derived epitope
positioned within and flanked by the same protein structure, differences in antigen handling by dendritic cells or
B cells due to native protein properties would be minimized. Figure 4a displays the site used for insertion of the
peptides into MalE at amino acid 133. For comparison, the localization of each epitope within HA (Fig. 4b) and
NP (Fig. 4¢) is also denoted to accentuate the wide distribution of epitopes throughout the native proteins and
within various types of secondary structure: helices, sheets and non-structured loops.

Mice were vaccinated with the recombinant MalE constructs containing the inserted influenza peptide epitope
in an IFA/LPS emulsion. Post vaccination, sorted Tth and NonTfh populations from the draining lymph node
were assayed for epitope-specific reactivity (Fig. 5a,b) using cytokine ELISPOTs. These experiments revealed
that vaccination with the MalE construct was sufficient to drive both Tth and NonTth differentiation for each
epitope-specific T cell population. Importantly, many of the patterns observed for different influenza derived
epitopes were largely preserved in this new context. To illustrate the degree to which individual epitopes differed
in the ability to generate either Tfh or NonTth, the spot counts were again converted to a ratio, as before, of anti-
gen specific Tth:NonTth (Fig. 6¢). To gain insight into how the epitope-specific CD4 T cells partitioned into Tth
and NonTth within each of the different priming conditions, data for the corresponding epitopes in the context
of infection (Fig. 6a) or HA/NP vaccination (Fig. 6b) were extracted and represented alongside data from the
MalE constructs for comparison. Strikingly, for many epitopes, there was notable preservation of the correlation
of antigen-specificity to effector function first observed with infection. When considered as a rank order within
each of the approaches used, HA 334, NP 264, NP 438 elicit a dominant Tth pattern while HA 144 and NP 97
consistently display the least ability to promote a Tth response that was also demonstrated with purified protein,
and finally with the epitope imported to a completely different antigenic context. There were epitopes whose
responses were altered, especially when in MalE. In particular two epitopes (HA 386 and NP 270) progressively
increased their tendency to drive a Tth response from infection, to protein vaccination to MalE vaccination. We
speculated HA 132 and HA 270 peptides drew a more focused high affinity TcR response when they were encoded
within MalE relative to infection. To evaluate this, we compared the “functional avidity” of CD4 T cells specific
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Figure 5. Epitope-specific reactivity for Tfh and NonTfh following vaccination with a heterologous protein
containing influenza-derived epitopes. Shown are the responses of sorted Tth and NonTth cells to HA-derived
epitopes (a) and NP-derived epitopes (b). As before, mice were vaccinated with the indicated individual
MalE133 constructs (5 pg protein) in an IFA/LPS emulsion. Cells were isolated from popliteal lymph nodes
pooled from 5 mice per protein at day 9 post vaccination. Eight different MalE133 proteins containing influenza
epitopes were constructed. Mean and S.D. of 3-5 experiments. Statistical significance determined by one-tailed
paired t test. *p < 0.05; **p < 0.01.
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Figure 6. Context-independent relationship between epitope-specificity and effector function. Epitope-
specific reactivity for individual specificities were compared as ratios of reactive Tth:NonTfh as shown
previously for (a) infection (Fig. 2) and (b) HA/NP vaccination (Fig. 3). Data from previous figures on infection
and vaccination were duplicated below for comparison of the response to the inserted epitope in MalE. (c) The
ratio of reactive cells (Tfh:NonTth) for each epitope is depicted for MalE133 vaccination, as calculated from
enumeration of IL-2 producing cells in each population (Fig. 5). Statistical significance determined by 1-way
ANOVA with Tukey post test. *p < 0.05; **p < 0.01; ***p < 0.001.

for these epitopes when elicited by infection vs. when encoded in MalE. When in MalE, these epitopes elicited a
response within the range detected in infection but at the higher end of the range (Supplementary Fig. S3). Thus,
it is possible that the MalE constructs of these peptides recruit a subset of CD4 T cells of somewhat higher affin-
ity than those generated by infection. However, it is also possible that, although the individual MalE constructs
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Figure 7. The impact of functional avidity in partitioning of polyclonal CD4 T cells between Tfh and
NonTth. Cells isolated from either MLN (open symbol) or spleen (closed symbol) at day 9 or 10 post-infection
were evaluated by ELISPOT assay for reactivity to the indicated influenza peptide epitopes. The affinity of the
polyclonal CD4 T cell response to various influenza epitopes was determined as the peptide dose at which 50%
maximum reactivity was reached, and is indicated here as the negative log10 of this value (a). Mean of MLN
and spleen derived values in independent assays (n =3-38) is indicated. For reference, the dotted line at 0.5 is
associated with a 0.32 uM peptide dose, 1.2 with 0.063 pM and 1.9 with 0.013 pM, roughly approximating low,
medium and high affinity, respectively. Hybridomas derived from CD4 T cells isolated from infected mice were
also evaluated to approximate TCR affinity, measured as the peptide concentration at which reactivity was first
detectable in an ELISPOT assay. Mean values (red symbol) were determined from 3 (HA 162, 386, NP 342), 7
(NP 97), or greater than 10 (HA 144, NP 270) individual clones. Data from panels Fig. 2b,c have been combined
and reproduced here (b) for comparison between Tfh/NonTfh ratio and CD4 T cell affinity.

have largely the same structure, the inserted epitopes may have altered B cell recognition. Collectively, the results
using the three different contexts of priming suggest that in addition to the microenvironment in which CD4 T
cell priming occurs, the specificity of a polyclonal CD4 T cell population can have a profound influence on the
ultimate effector fate of the CD4 T cell population.

The impact of functional avidity in partitioning of CD4 T cells in the polyclonal responses
between Tfh and NonTfh cells. Several recent studies have pointed to high TcR affinity and/or optimal
dwell time between the TcR and MHC as a factor that controls commitment to Tth lineage?*?*. We sought to
address this issue by assessing the “functional avidity” of the CD4 T cells specific for the large and diverse set of
peptide epitopes identified after infection that showed distinct partitioning between Tth and NonTth (Fig. 2).
Mice were infected and purified CD4 T cells were scored for their relative affinity by performing peptide dose
response assays, coupled with cytokine ELISPOTs. Figure 7a shows the results of independent assays for each
epitope, as well as the results from CD4 T cell hybridomas that were available for some of the epitopes. Shown
for comparison in Fig. 7b is the ratio of the Tth to NonTth elicited by these peptides after infection. These data
revealed that there was a range of affinities of the CD4 T cells specific for different peptides. We have operationally
divided them into low (0.5), medium (1.2) or high (1.9), which corresponds to 50% response achieved at approx-
imately 0.32 1M, 0.063 uM or 0.013 pM, respectively. Among those with the highest apparent affinity were CD4 T
cells specific for HA 334 and NP 342, both favored to become Tth. In contrast, the CD4 T cells specific for HA144
have the lowest apparent affinity and these cells are poorly represented as Tth. However, there are epitopes that
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do not fit this relationship between avidity and the likelihood of the population of epitope-specific CD4 T cells
to become Tth. For example, CD4 T cells specific for HA 162, HA 316 and NP 97 have quite similar intermediate
apparent functional affinities but only HA 162 and HA 316 are enriched for Tth, while NP 97 specific cells display
the lowest tendency to differentiate into Tth. Similarly, the population of CD4 T cells specific for NP 264 and HA
386 have very low apparent functional avidity and yet they drive a strong Tth response. We conclude that multiple
factors dictated by the pMHC complex are likely responsible for the epitope-dependent patterns in partitioning
of cells within the Tth or the NonTth compartments during an immune response.

Discussion

In this study, we have demonstrated a link between CD4 T cell specificity and function that transcends extrinsic
influences such as cytokine and costimulatory signaling. Examination of the distribution of antigen-specific CD4
T cells between Tth and NonTth populations after infection revealed the potential relationship between specific-
ity and function, with some epitope-specific populations favoring Tth function over NonTth. When examined
outside of the context of infection, the specificity/function relationship was largely maintained after vaccination
with recombinant protein. Furthermore, the potential effects of antigen handling and processing that might dif-
ferentially influence epitope presentation were bypassed by testing each epitope in the same antigenic context
through the importation of the peptide sequence into the heterologous protein MalE, which offers a distinct set
of competing peptides and three dimensional structure.

Early signaling events have been shown to play a critical role in the “decision” to become a Tth, with the fate
being set as early as two cell divisions after activation'"*. Tth and NonTth effector function is determined by
the differential regulation of several important factors not limited to CXCR5, CCR7, Bcl6, Blimp1, CD25 and
ICOS. What is less well understood is the role that signaling through the TCR has upon downstream events that
lead to the choice between a Tth and NonTth fate for CD4 T cells leading to Tth differentiation, with research
directly addressing this question being quite limited. In one study involving the CD4 T cell response to pigeon
cytochrome ¢ in TcR transgenic mice, it was shown that TcRs with higher affinity with peptide:MHC were more
likely to generate a Tth phenotype?. In a second recent study by Jenkins and coworkers?, the specificity of clonal
CD4 T cells was shown to be a determining factor in functional outcome, related to the quality of interaction
between the TCR and peptide:MHC complex, described as the “dwell time” that the tri-molecular complex was
engaged. Their data was most consistent with the scenario in which the degree of clonality of a responding pop-
ulation can impact the functional outcome. As such, CD4 T cells from a given clone could display propensities
to differentiate toward a given effector outcome, but as the number of distinct precursor CD4 T cell clones was
increased, the phenotype tended to average the preferences detectable within single clones. Here we have shown
that within multiple proteins and environmental contexts, with foreign peptides that should recruit a broad rep-
ertoire of CD4 T cells, the Tth/NonTth distribution among the responders drawn from the endogenous TcR
repertoire depended on peptide specificity.

We have considered the possibility that the responding TcR repertoire restricted by I-A® may be small rel-
ative to alternative alleles of class II expressed in other strains of mice. Amino acid substitutions within the
peptide-binding groove of I-AS, particularly near the C-terminal anchor position, may influence epitope selec-
tion to such a degree that the overall CD4 T cell repertoire is limited. The substitutions found in this particular
allele of MHC-II (aN69T, BW61Y) are associated with a disruption in hydrogen bond formation between peptide
and the MHC binding groove*® that might limit the potential for peptide binding, and favor a very specific set of
amino acids that could drive either TcR repertoire selection or peripheral T cell priming*!. We have not been able
to determine the degree of diversity that compromises the responder population for the epitopes we have studied
here due to a lack of tetramers for the allele of MHC class II molecules (I-A®) expressed by this mouse or other
means to purify peptide specific cells prior to TcR sequencing. It will clearly be of value to extend these studies
to class II molecules that elicit a broad repertoire of CD4 T cells and that are amenable to peptide exchange and
stable tetramer derivation.

We evaluated the contribution of TcR affinity to the different patterns of differentiation observed among the
different epitopes. These studies revealed that some of the epitope-specific patterns were consistent with the par-
adigm that affinity of peptide:MHC for the responding TcR repertoire is an important factor in determining
Tth lineage commitment. However, within the limits of the assay performed, there were a number of epitopes
for which apparent affinity was not a good predictor of Tth lineage commitment. Based on these experiments,
we conclude that while affinity of the TcR for peptide: MHC may be one, perhaps the first, permissive step in the
option to become a Tth, there is likely at least one other checkpoint that can enforce or diminish continuance
along this pathway of differentiation and that may be playing a role in the distinctive patterns we have observed
among the epitopes studied. It is clear that epitope display by B cells under physiological conditions is needed
for the CD4 T cells to commit to the Tth lineage. This might easily be envisioned to differ among the peptides
studied. Ig receptor binding to antigen can decrease or increase B cell epitope display*?, likely by altering acces-
sibility or processing of the internalized antigen into peptides. B cell antigen presentation will also be modulated
by the expression of DO, an inhibitor of DM editing**-*°. The impact of DO is thus likely to influence the epitope
abundance on antigen-specific B cells. We speculate that together, these check points contribute to the distinctive
patterns observed among the epitopes studied. Because Tth continue to interact with antigen-bearing B cells
throughout the germinal center response, it would be of interest to determine whether the epitope specificity
of Tth changes over time, or with purification of “germinal center” Tth. The specificity may change, as antigen
becomes progressively limiting and as DO expression diminishes in germinal center B cells*. It would also be of
value to understand the role of inter-epitope competition on Tth selection. The MalE vector has a similar diversity
and abundance of CD4 T cells so that the influence of these factors was not evaluated here.
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Opverall, these studies suggest that prediction of the response phenotype of the endogenous CD4 T cell reper-
toire will depend on understanding the microenviroment in which the response is initiated, the diversity of the
epitopes recognized by the CD4 T cells and how they are selected at the initial priming step and in subsequent
requisite interactions with antigen presenting cells. The studies reported here may also have an impact on vaccine
strategies. Could the frequency of a particular CD4 T cell specificity serve as a predictor of later B cell responses,
or perhaps a response more dedicated to protection from infection in distal tissues? The ability of peptide-specific
T cells to sustain their characteristic commitment toward Tth or NonTth function through different types of
vaccinations and infections that generate distinct priming microenvironments could be exploited for directed
vaccination with the goal of a targeted effector response.

Materials and Methods

Mice. Female SJL (I-A®) mice were obtained from the National Cancer Institute (Frederick, MD) and main-
tained in a specific-pathogen-free facility at the University of Rochester Medical Center, according to institutional
guidelines. All animal protocols used in this study adhere to the AAALAC, International, the Animal Welfare Act
and the PHS Guide, and were approved by the University of Rochester Committee on Animal Resources, Animal
Welfare Assurance Number A3291-01. The protocols under which these studies were conducted were originally
approved on 4 March 2006 (protocol no. 2006-030) and have been reapproved every 36 months with the most
recent review approval occuring on 6 February 2015. Mice in all groups were age matched, and used at 6 to 12
weeks of age.

Infections and Vaccinations. Mice were infected with A/New Caledonia/20/1999 virus prepared from
the allantoic cavity of embryonated chicken eggs (described previously*’) at a dose of 50,000EID5,, inoculated
intranasally in phosphate buffered saline (PBS). For vaccination studies, mice were administered an emulsion of
Incomplete Freunds Adjuvant (IFA, Sigma), lipopolysaccharide (0.6 ug/mL) and protein in PBS. Mice received
5ug each of recombinant hemagglutinin, H1 A/New Caledonia/20/1999 (BEI Resources) and 5 pug recombinant
nucleoprotein (prepared in house as described previously*®). In experiments involving MalE133 protein, mice
received 5 g of protein. Emulsion was administered subcutaneously in each rear footpad in a volume of 50 pL
per foot. MalE133 proteins containing the peptide epitopes corresponding to HA 132, HA 144, HA 334, HA 386,
NP 97, NP 264, NP 270 and NP 438 were incorporated individually within the MalE133 protein (position 133)
as previously described®®.

Cell Isolation and Staining for Flow Cytometry. Mice were euthanized at the indicated times post
infection or vaccination and CD4 T cells were isolated from the draining lymph node (mediastinal or popliteal).
Tissues were prepared as a single cell suspension and depleted of RBC by treatment with ACK lysis buffer
(0.15M NH,CI, 1.0mM KHCO3, 0.1 mM Na,-EDTA in H,O, pH 7.2) when necessary. Cell suspensions were
then enriched for CD4 T cells by use of Magnetic-Activated Cell Sorting (MACS) (CD4 T Cell Isolation Kit
11, Miltenyi Biotec, Auburn, CA). Cells were then stained for FACS sorting, first in Fc Block (BD Biosciences)
followed by addition of anti-CD4 (RM4-5), anti-CD44 (IM7), anti-PD-1 (J43, eBiosciences) and biotiny-
lated anti-CXCRS5 (2G8). All antibodies were purchased from BD Biosciences except where noted. Secondary
staining with PE-Streptavidin (BD Biosciences) was necessary to detect the anti-CXCR5 antibody. Stained
cells were sorted using a FACSAria (BD Biosciences) to isolate CD4 4+ CD44hiCXCR5 + PD-1 + Tth cells or
CD4 + CD44hiCXCR5negPD-1neg NonTth cells. Analytical staining on lymph node cells for various B cell and
CD4 T cell populations was performed using antibodies specific for the aforementioned markers, as well as:
Bcl6 (K112-91), CCR7 (4B12), B220 (RA3-6B2), CD19 (1D3), CD138 (281-2), GL7 and CD95 (Jo2). Live cells
populations were determined by staining with Live/Dead fixable viability dye (Life Technologies), or JAAD
(BD Biosciences). For intracellular staining of the transcription factor Bcl6, the Transcription Factor Buffer
Set (BD Biosciences) was used according to the manufacturers instructions. Analytical samples were run on a
FACSCanto II system using FACS Diva software (BD Biosciences), and analyzed using Flow]o software, version
8.8.6 (Tree Star, Inc.).

ELISPOT assays. CD4 T cell peptide specificity was determined via IL-2 ELISPOT assay as described pre-
viously®. Briefly, sorted CD4 + CD44hi Tth or NonTth cells were plated with syngeneic splenocytes and restim-
ulated with influenza-derived peptides (see below). T cells were plated at a density appropriate for eliciting spots
that would be in a readable range (50-250 spots). For measurement of apparent affinity, CD4 T cells were assayed
for specificity using peptide-dose response ELISPOT assays. Cells were evaluated for reactivity across a 6-log
range of peptide beginning at 10 .M, with the peptide concentration corresponding to 50% maximum reactivity
being used as an approximation of affinity. Spots were enumerated on an Immunospot Reader Series 2A using
Immunospot software (v5.0.9.19) and converted to IL-2 spots per million T cells with background (T cells, APC
and no restimulation) subtracted. Data is also presented as a ratio of reactive cells in the Tth compared to NonTth
populations.

Synthetic peptides. Peptides used for ELISPOT assays were derived from a set of 17-mer peptides that
encompassed the entire sequence of hemagglutinin (HA) from influenza A/New Caledonia/20/1999 virus
(HIN1) and nucleoprotein (NP) from influenza A/New York/348/2003 virus (HIN1), which is highly conserved
compared to A/New Caledonia/20/1999. Peptide arrays were obtained from the NIH Biodefense and Emerging
Infections Research Repository (NIAID) as follows: NR-2602 for the HA protein of A/New Caledonia/20/1999
and NR-2611 for the NP protein of A/New York/348/2003. Single peptides were used at a final concentration of
10 uM. Peptide epitopes, delineated previously by our lab where the peptide number refers to the first amino acid
in the published sequence®, and as provided by the repository, are as follows: HA 120 [EQLSSVSSFERFEIFPK],
HA 132 [EIFPKESSWPNHTVTGV], HA 144 [TVTGVSASCSHNGKSSF], HA 162 [RNLLWLTGKNGLYPNLS],
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HA 316 [IGECPKYVRSAKLRMVT], HA 334 [LRNIPSIQSRGLFGAIA], HA 386 [NAINGITNKVNSVIEKM],
NP 97 [YKRVDGKWVRELVLYDK], NP 264 [LILRGSVAHKSCLPACV], NP 270 [VAHKSCLPACVYGPAVA],
NP 342 [RVSSFIRGTRVLPRGKL] and NP 438 [SDMRAEIIKMMESARPE].

Real-Time PCR. Total RNA, extracted with TRIzol (Life Technologies, Carlsbad, CA) and prepared accord-
ing to the manufacturer’s instructions, was purified from sorted cells and used to synthesize cDNA. TagMan Gene
Expression Master Mix and the following TagMan Gene Expression assays were obtained from Life Technologies:
Bcl6 (Mm00477633_m1), B2m (Mm00437762_m1), Ccr7 (Mm01301785_m1), Cxcr5 (Mm00432086_m1), 112
(Mm00434256_m1), I121 (Mm00517640_m1), Pdcd1 (Mm00435532_m1), Prdm1 (Mm01187285_m1), Tbx21
(MmO00450960_m1). Real-time PCR reactions were run in triplicate on the QuantStudio 12KFlex System (Life
Technologies). Data were analyzed with ExpressionSuite Software v1.0.3 (Life Technologies), and normalized to
B2m expression. Synthesis of cDNA and analysis for quality, as well as the RT-PCR plate run were performed by
the University of Rochester Genomics Research Center.

Protein Modeling. The structures of hemagglutinin (1RD8)%, nucleoprotein (4DYS)*! and MalE133
(1IUD)?* were all analyzed for the internal positioning of CD4 T cell epitopes. Protein structures were acquired
from the Protein Data Base (PDB ID are indicated) and modified in Swiss-Pdbviewer.

Statistical Analysis. All statistical analyses were performed using GraphPad Prism software version 5.0a,
(GraphPad Software, Inc, La Jolla, CA). Statistical test used is indicated for each data set, with significance deter-
mined as p value < 0.05.

References

1. Crotty, S. Follicular helper CD4 T cells (TFH). Annu Rev Immunol 29, 621-663, doi: 10.1146/annurev-immunol-031210-101400
(2011).

2. Breitfeld, D. et al. Follicular B helper T cells express CXC chemokine receptor 5, localize to B cell follicles, and support
immunoglobulin production. ] Exp Med 192, 1545-1552 (2000).

3. Haynes, N. M. Follicular associated T cells and their B-cell helper qualities. Tissue Antigens 71, 97-104, doi: TAN995 [pii]
10.1111/j.1399-0039.2007.00995.x (2008).

4. McHeyzer-Williams, L. J., Pelletier, N., Mark, L., Fazilleau, N. & McHeyzer-Williams, M. G. Follicular helper T cells as cognate
regulators of B cell immunity. Curr Opin Immunol 21, 266-273, doi: 10.1016/j.c0i.2009.05.010 (2009).

5. Eto, D. et al. IL-21 and IL-6 are critical for different aspects of B cell immunity and redundantly induce optimal follicular helper CD4
T cell (Tth) differentiation. PLoS One 6, 17739, doi: 10.1371/journal.pone.0017739 (2011).

6. Haynes, N. M. et al. Role of CXCR5 and CCR?7 in follicular Th cell positioning and appearance of a programmed cell death gene-
1high germinal center-associated subpopulation. ] Immunol 179, 5099-5108, doi: 179/8/5099 [pii] (2007).

7. Vinuesa, C. G. & Cyster, J. G. How T cells earn the follicular rite of passage. Immunity 35, 671-680, doi: 10.1016/j.
immuni.2011.11.001 (2011).

8. Suto, A. et al. Development and characterization of IL-21-producing CD4+ T cells. J Exp Med 205, 1369-1379, doi: 10.1084/
jem.20072057 (2008).

9. Nurieva, R. I et al. Generation of T follicular helper cells is mediated by interleukin-21 but independent of T helper 1, 2, or 17 cell
lineages. Immunity 29, 138-149, doi: 10.1016/j.immuni.2008.05.009 (2008).

10. Schmitt, N. et al. Human dendritic cells induce the differentiation of interleukin-21-producing T follicular helper-like cells through
interleukin-12. Immunity 31, 158-169, doi: 10.1016/j.immuni.2009.04.016 (2009).

11. Choi, Y. S. et al. ICOS receptor instructs T follicular helper cell versus effector cell differentiation via induction of the transcriptional
repressor Bcl6. Immunity 34, 932-946, doi: 10.1016/j.immuni.2011.03.023 (2011).

12. Hardtke, S., Ohl, L. & Forster, R. Balanced expression of CXCR5 and CCR7 on follicular T helper cells determines their transient
positioning to lymph node follicles and is essential for efficient B-cell help. Blood 106, 1924-1931, doi: 2004-11-4494 [pii] 10.1182/
blood-2004-11-4494 (2005).

13. Ballesteros-Tato, A. et al. Interleukin-2 inhibits germinal center formation by limiting T follicular helper cell differentiation.
Immunity 36, 847-856, doi: 10.1016/j.immuni.2012.02.012 (2012).

14. Pepper, M., Pagan, A. ], Igyarto, B. Z., Taylor, J. J. & Jenkins, M. K. Opposing signals from the Bcl6 transcription factor and the
interleukin-2 receptor generate T helper 1 central and effector memory cells. Immunity 35, 583-595, doi: 10.1016/j.
immuni.2011.09.009 (2011).

15. Crotty, S., Johnston, R. J. & Schoenberger, S. P. Effectors and memories: Bcl-6 and Blimp-1 in T and B lymphocyte differentiation.
Nat Immunol 11, 114-120, doi: ni.1837 [pii] 10.1038/ni.1837 (2010).

16. Johnston, R. J. et al. Bcl6 and Blimp-1 are reciprocal and antagonistic regulators of T follicular helper cell differentiation. Science 325,
1006-1010, doi: 10.1126/science.1175870 (2009).

17. Deenick, E. K., Ma, C. S, Brink, R. & Tangye, S. G. Regulation of T follicular helper cell formation and function by antigen
presenting cells. Curr Opin Immunol 23, 111-118, doi: 10.1016/j.c0i.2010.10.007 (2011).

18. Barnett, L. G. et al. B cell antigen presentation in the initiation of follicular helper T cell and germinal center differentiation. J
Immunol 192, 3607-3617, doi: 10.4049/jimmunol.1301284 (2014).

19. Qi, H., Cannons, J. L., Klauschen, E, Schwartzberg, P. L. & Germain, R. N. SAP-controlled T-B cell interactions underlie germinal
centre formation. Nature 455, 764-769, doi: 10.1038/nature07345 (2008).

20. Cannons, J. L. et al. Optimal germinal center responses require a multistage T cell: B cell adhesion process involving integrins,
SLAM-associated protein, and CD84. Immunity 32, 253-265, doi: 10.1016/j.immuni.2010.01.010 (2010).

21. Xu, H. et al. Follicular T-helper cell recruitment governed by bystander B cells and ICOS-driven motility. Nature 496, 523-527, doi:
naturel12058 [pii] 10.1038/nature12058 (2013).

22. Tubo, N.]J. et al. Single naive CD4+- T cells from a diverse repertoire produce different effector cell types during infection. Cell 153,
785-796, doi: 10.1016/j.cell.2013.04.007 (2013).

23. Fazilleau, N., McHeyzer-Williams, L. ]., Rosen, H. & McHeyzer-Williams, M. G. The function of follicular helper T cells is regulated
by the strength of T cell antigen receptor binding. Nat Immunol 10, 375-384, doi: 10.1038/ni.1704 (2009).

24. Leddon, S. A. & Sant, A. J. The peptide specificity of the endogenous T follicular helper cell repertoire generated after protein
immunization. PLoS One 7, €46952, doi: 10.1371/journal.pone.0046952 (2012).

25. Nayak, J. L., Richards, K. A., Chaves, F. A. & Sant, A. J. Analyses of the specificity of CD4 T cells during the primary immune
response to influenza virus reveals dramatic MHC-linked asymmetries in reactivity to individual viral proteins. Viral Immunol 23,
169-180, doi: 10.1089/vim.2009.0099 (2010).

SCIENTIFICREPORTS | 6:28287 | DOI: 10.1038/srep28287 11



www.nature.com/scientificreports/

26. Fazilleau, N., Mark, L., McHeyzer-Williams, L. J. & McHeyzer-Williams, M. G. Follicular helper T cells: lineage and location.
Immunity 30, 324-335, doi: 10.1016/j.immuni.2009.03.003 (2009).

27. Yu, D. & Vinuesa, C. G. The elusive identity of T follicular helper cells. Trends Immunol 31, 377-383, doi: 10.1016/j.it.2010.07.001
(2010).

28. Schaerli, P. et al. CXC chemokine receptor 5 expression defines follicular homing T cells with B cell helper function. ] Exp Med 192,
1553-1562 (2000).

29. van Vliet, S. J., Garcia-Vallejo, J. J. & van Kooyk, Y. Dendritic cells and C-type lectin receptors: coupling innate to adaptive immune
responses. Immunol Cell Biol 86, 580-587, doi: 10.1038/icb.2008.55 (2008).

30. Geijtenbeek, T. B. & Gringhuis, S. 1. Signalling through C-type lectin receptors: shaping immune responses. Nat Rev Immunol 9,
465-479, doi: 10.1038/nri2569 (2009).

31. Kato, Y. et al. Targeting Antigen to Clec9A Primes Follicular Th Cell Memory Responses Capable of Robust Recall. ] Immunol 195,
1006-1014, doi: 10.4049/jimmunol. 1500767 (2015).

32. Ye, Q, Krug, R. M. & Tao, Y. J. The mechanism by which influenza A virus nucleoprotein forms oligomers and binds RNA. Nature
444, 1078-1082, doi: 10.1038/nature05379 (2006).

33. Rehwinkel, J. et al. RIG-I detects viral genomic RNA during negative-strand RNA virus infection. Cell 140, 397-408, doi: 10.1016/j.
cell.2010.01.020 (2010).

34. Koyama, S. et al. Plasmacytoid dendritic cells delineate immunogenicity of influenza vaccine subtypes. Sci Transl Med 2, 25ra24, doi:
10.1126/scitranslmed.3000759 (2010).

35. Simitsek, P. D., Campbell, D. G., Lanzavecchia, A., Fairweather, N. & Watts, C. Modulation of antigen processing by bound
antibodies can boost or suppress class II major histocompatibility complex presentation of different T cell determinants. ] Exp Med
181, 1957-1963 (1995).

36. Watts, C. & Lanzavecchia, A. Suppressive effect of antibody on processing of T cell epitopes. ] Exp Med 178, 1459-1463 (1993).

37. Saul, E A, Vulliez-le Normand, B., Lema, F. & Bentley, G. A. Crystal structure of a recombinant form of the maltodextrin-binding
protein carrying an inserted sequence of a B-cell epitope from the preS2 region of hepatitis B virus. Proteins 27, 1-8 (1997).

38. Weaver, J. M. et al. Inmunodominance of CD4 T cells to foreign antigens is peptide intrinsic and independent of molecular context:
implications for vaccine design. J Immunol 181, 3039-3048 (2008).

39. Choi, Y. S. et al. Bcl6 expressing follicular helper CD4 T cells are fate committed early and have the capacity to form memory. J
Immunol 190, 4014-4026, doi: 10.4049/jimmunol.1202963 (2013).

40. Kalbus, M. et al. Ligand motif of the autoimmune disease-associated mouse MHC class IT molecule H2-A(s). Eur ] Immunol 31,
551-562, doi: 10.1002/1521-4141(200102)31:2&#60;551:: AID-IMMU551&#62;3.0.CO;2-P (2001).

41. Chu, H. H,, Moon, J. J., Kruse, A. C., Pepper, M. & Jenkins, M. K. Negative selection and peptide chemistry determine the size of
naive foreign peptide-MHC class II-specific CD4+ T cell populations. ] Immunol 185, 4705-4713, doi: 10.4049/jimmunol.1002276
(2010).

42. Poluektov, Y. O, Kim, A., Hartman, I. Z. & Sadegh-Nasseri, S. HLA-DO as the optimizer of epitope selection for MHC class II
antigen presentation. PLoS One 8, €71228, doi: 10.1371/journal.pone.0071228 (2013).

43. Denzin, L. K. Inhibition of HLA-DM Mediated MHC Class II Peptide Loading by HLA-DO Promotes Self Tolerance. Frontiers in
immunology 4, 465, doi: 10.3389/fimmu.2013.00465 (2013).

44. Chen, X. & Jensen, P. E. Biological function of HLA-DO (H2-O). Crit Rev Immunol 34, 215-225 (2014).

45. Guce, A. I et al. HLA-DO acts as a substrate mimic to inhibit HLA-DM by a competitive mechanism. Nature structural & molecular
biology 20, 90-98, doi: 10.1038/nsmb.2460 (2013).

46. Fallas, J. L., Yi, W,, Draghi, N. A., O’Rourke, H. M. & Denzin, L. K. Expression patterns of H2-O in mouse B cells and dendritic cells
correlate with cell function. ] Immunol 178, 1488-1497 (2007).

47. Richards, K. A. et al. Direct ex vivo analyses of HLA-DRI transgenic mice reveal an exceptionally broad pattern of immunodominance
in the primary HLA-DRI1-restricted CD4 T-cell response to influenza virus hemagglutinin. J Virol 81, 7608-7619, doi: 10.1128/
JV1.02834-06 (2007).

48. Alam, S. & Sant, A. J. Infection with seasonal influenza virus elicits CD4 T cells specific for genetically conserved epitopes that can
be rapidly mobilized for protective immunity to pandemic HINT1 influenza virus. J Virol 85, 13310-13321, doi: 10.1128/JVI1.05728-
11(2011).

49. Alam, S., Knowlden, Z. A., Sangster, M. Y. & Sant, A. J. CD4 T cell help is limiting and selective during the primary B cell response
to influenza virus infection. J Virol 88, 314-324, doi: 10.1128/JV1.02077-13 (2014).

50. Stevens, J. et al. Structure of the uncleaved human H1 hemagglutinin from the extinct 1918 influenza virus. Science 303, 1866-1870,
doi: 10.1126/science.1093373 (2004).

51. Lewis, H. A., Baldwin, E. T., Steinbacher, S., Maskos, K., Mortl, M., Kiefersauer, R., Edavettal, S., McDonnell, P. A., Pearce, B. C. &
Langley, D. R. Crystal Structure of Apo Swine Flu Influenza Nucleoprotein. doi: 10.2210/pdb4dys/pdb (2013).

Acknowledgements

We would like to thank Nathan Laniewski for his crucial assistance in performing the cell sorting utilized
throughout this study. We would like to thank Katherine Richards for her assistance in the process of deriving
the panel of CD4 T cell hybridomas. We would also like to thank Dr. Scott Leddon for helpful discussions and
for lending much of his expertise to this project. The Biodefense and Emerging Infections Research Repository
(BEI) generously provided purified hemagglutinin used for vaccination, and peptides utilized in ELISPOT assays.
This project has been funded in whole or in part with Federal funds from the National Institute of Allergy and
Infectious Diseases, National Institutes of Health, Department of Health and Human Services, under CEIRS
Contract No. HHSN272201400005C, HHSN272201200005C, HHSN266200700008C and grants 1IR21A1105851
and 5T32AI007285 from the National Institutes of Health.

Author Contributions
Z.A.G.K. performed experiments and prepared figures. Z.A.G.K. and A.J.S. prepared and reviewed the
manuscript.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep
Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Knowlden, Z. A. G. and Sant, A. J. CD4 T cell epitope specificity determines follicular
versus non-follicular helper differentiation in the polyclonal response to influenza infection or vaccination.
Sci. Rep. 6,28287; doi: 10.1038/srep28287 (2016).

SCIENTIFICREPORTS | 6:28287 | DOI: 10.1038/srep28287 12


http://www.nature.com/srep

www.nature.com/scientificreports/

This work is licensed under a Creative Commons Attribution 4.0 International License. The images

G oy other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

SCIENTIFICREPORTS | 6:28287 | DOI: 10.1038/srep28287 13


http://creativecommons.org/licenses/by/4.0/

	CD4 T cell epitope specificity determines follicular versus non-follicular helper differentiation in the polyclonal response to influenza infection or vaccination
	Introduction
	Results
	Tfh and NonTfh cells in mice exhibit prototypical phenotypic markers and kinetics post influenza infection
	NonTfh and Tfh populations exhibit epitope-specific differences in reactivity
	Translation of antigen encounter from infection to protein vaccination retains epitope-specific patterns of specificity distribution
	Effector function is determined by the epitope specificity and is largely independent of protein context
	The impact of functional avidity in partitioning of CD4 T cells in the polyclonal responses between Tfh and NonTfh cells

	Discussion
	Materials and Methods
	Mice
	Infections and Vaccinations
	Cell Isolation and Staining for Flow Cytometry
	ELISPOT assays
	Synthetic peptides
	Real-Time PCR
	Protein Modeling
	Statistical Analysis

	Additional Information
	Acknowledgements
	References



 
    
       
          application/pdf
          
             
                CD4 T cell epitope specificity determines follicular versus non-follicular helper differentiation in the polyclonal response to influenza infection or vaccination
            
         
          
             
                srep ,  (2016). doi:10.1038/srep28287
            
         
          
             
                Zackery A. G. Knowlden
                Andrea J. Sant
            
         
          doi:10.1038/srep28287
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 Macmillan Publishers Limited
          10.1038/srep28287
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep28287
            
         
      
       
          
          
          
             
                doi:10.1038/srep28287
            
         
          
             
                srep ,  (2016). doi:10.1038/srep28287
            
         
          
          
      
       
       
          True
      
   




