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Identification of a CD4 T-cell epitope in the

hemagglutinin stalk domain

of pandemic H1N1

influenza virus and its antigen-driven TCR usage

signature in BALB/c mice

I-Na Lu, Sophie Farinelle, Aurélie Sausy and Claude P Muller

The stalk region of the influenza virus hemagglutinin is relatively well conserved compared with the globular head
domain, which makes it a potential target for use as a universal vaccine against influenza. However, the role of CD4
T cells in the hemagglutinin stalk-specific immune response is not clear. Here we identified a mouse CD4 T-cell
epitope that encompasses residues HA2;13.131 from the hemagglutinin stalk domain after a sub-lethal infection of
influenza. In response to stimulation with the identified epitope, splenocytes derived from the infected mice showed
significant polyfunctionality as shown by IL-2, TNF-a and IFN-y production as well as degranulation. Moreover,
mice immunized with the peptide corresponding to this CD4 T-cell epitope exhibited interindividual sharing of the
CD4 T-cell receptor p sequences, and they had a higher survival rate following a challenge with a lethal dose of
pandemic H1IN1 influenza virus. Thus, our data demonstrated a crucial role of hemagglutinin stalk-specific CD4

T cells in the host immune response against influenza virus infection.
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INTRODUCTION

The influenza virus causes respiratory infections in humans,
resulting in significant morbidity and mortality every year
worldwide. The entry of the influenza virus into host cells is
mediated by its surface glycoprotein, hemagglutinin (HA),
which has become a major target for neutralizing antibodies
and vaccine design. Each monomer of this trimeric protein is
post-translationally cleaved by host proteases into two subunits,
HAI and HA2. The membrane-distal globular domain of HA
lies in the HA1 subunit and contains the receptor-binding
domain as well as most of the antigenic sites, which avoid
neutralization by existing host antibodies through the accu-
mulation of mutations, leading to seasonal influenza
outbreaks.!” Compared with the globular domain, the
membrane-proximal stalk domain of HA is relatively conserved
among influenza viruses. The HA stalk domain contains the
N- and the C-terminal domains of HAl and the N-terminal
domain of the HA2 subunit, and together, they form a stalk-like

structure that anchors the globular domain to the cellular or
viral membrane.»* Although in the native virus the epitopes of
the HA stalk domain are less accessible to antibodies than those
of the globular domain, HA stalk-specific antibodies are made
during natural infection in humans as well as in mice.’
Recently, a number of monoclonal antibodies against the stalk
domain have been isolated, and many of them show broad
neutralizing activity against multiple influenza virus strains.>~'!

In addition to neutralizing antibodies, protective immunity
against the influenza virus is also mediated by cellular immune
responses. For example, a previous vaccine study in BALB/c
mice demonstrated that the induction of CD8 T-cell responses
targeting an epitope on the HA stalk domain of the PR8 virus
(A/PR/8/34), which spans residues HAs33.54; (IYSTVASSL),
leads to effective protection against lethal infection by hetero-
logous strains of the influenza virus.!? Thus, antigen-specific
CD8 effector T cells are implicated in the control of pulmonary
inflammation and viral clearance, whereas CD4 T cells are
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mostly known to have a role in maintaining CD8 T-cell and
B-cell memory responses.'*!* However, many recent studies
have demonstrated that independent of antibodies, influenza-
specific CD4 T cells with cytotoxic characteristics closely
correlate with viral clearance and limitations on disease
severity,”>!® implying an essential role of CD4 T cell in
protection against influenza. It has been shown that
influenza-specific CD4 T cells that accumulated in the lungs
before viral clearance can secrete a significantly greater amount
of IFN-y,!” suggesting that type 1T helper cells (Thl) are
critical for recovery. Thus, CD4 effector T cells could be a vital
component of vaccine-induced protection against influenza
infection.

To further dissect the role of influenza-specific CD4 T cells
in protective immunity, it is essential to identify influenza HA
CD4 T-cell epitopes. We focused on the epitope mapping of
the stalk protein because little is known about stalk-specific
CD4 T cells. In a BALB/c mouse model, we mapped an epitope
to residues HA2 113-131 in the long a-helix region of the HA
stalk domain. We showed that immunization with this CD4
T-cell epitope provides partial protection against a lethal
pHIN1 challenge and that this was mainly due to cytotoxic
polyfunctionality, such as perforin-dependent cytotoxicity and
IFN-y production. Previous studies have demonstrated that the
expansion of certain virus-specific T-cell receptors (TCRs) is
imperative to confer protection against viral infection.?%?!
Hence, we performed high-throughput sequencing of a TCR
repertoire to investigate the vaccine-driven expansion of
specific TCR clonotypes. Our data clearly showed an expansion
of the shared CD4 TCRp clonotypes that respond to the
identified CD4 T-cell epitope in immunized mice with and
without a virus challenge, implying that these shared TCRJ
clonotypes may act as reliable predictors of protective CD4
T-cell immune responses. Collectively, the identification of the
CD4 T-cell epitope in the conserved stalk domain of the HA
protein not only facilitates our understanding of HA stalk-
specific CD4 T cells but also represents a tool for evaluating the
protective CD4 T-cell responses against the HA stalk following
vaccination.

MATERIALS AND METHODS

Mice and infection

We purchased female BALB/c mice from Harlan Laboratories,
Inc. (Horst, The Netherlands) and performed all the mouse
experiments in accordance with protocols approved by the
Animal Welfare Structure of the Luxembourg Institute of
Health. For virus infection, 10-week-old BALB/c mice were
intranasally infected with a sublethal dose (8x 10* half max-
imal tissue culture infectious dose; TCID50) of pandemic
HINI (pHINI) influenza strain A/Luxembourg/46/2009 in
50 pl phosphate-buffered saline (PBS) after anesthesia with
isoflurane. All experiments using the live influenza virus were
conducted in a biosafety level 3 containment facility.
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HA stalk peptide library

A panel of 15-mer peptides overlapping by 13 residues and
covering the entire sequence of the HA stalk protein from the
pHINT1 virus (A/Luxembourg/46/2009) were synthesized by a
MultiPep RS peptide synthesizer (Intavis AG, Tuebingen,
Germany) using a modified SPOT synthesis protocol. The
peptides were neither conjugated nor modified otherwise. They
were lyophilized in a 96-well plate and were resuspended in
I ml ultrapure water to generate a stock solution with
concentration of 1mg/ml. For the in vitro ELISPOT assay,
the peptide stocks were diluted 1:100 in RPMI-1640 medium
(Gibco-BRL, Gaithersburg, MD, USA) supplemented with 10%
FCS, 2mM L-glutamine, 5mM HEPES, 50 pg/ml gentamicin
and 50 pg/ml penicillin—streptomycin.

Antibodies and flow cytometric analysis

Mice were killed by intraperitoneal injection of 200 pg/mg of
natrium pentobarbital, and the spleens were then excised. The
splenocytes were incubated with anti-Fcy receptor (2.4G2)
followed by surface staining with anti-CD49b (DXS5; BioLegend,
San Diego, CA, USA), anti-CD3e (142-2Cl1), anti-CD4
(RM4-5), anti-CD8 (53-6.7) and anti-CD14 (mC5-3; all from
BD Biosciences, San Jose, CA, USA) for phenotypic analyses
and sorting. We excluded dead cells by using the APC-Cy7
Live/Dead stain kit (Invitrogen, Carlsbad, CA, USA).

The magnitude and polyfunctionality of the HA stalk-
specific T-cell responses were determined using intracellular
cytokine staining. In brief, 4 X 10° splenocytes were cultured in
96-well plates and stimulated for 6h in 10% FCS-
supplemented RPMI-1640 medium (Gibco-BRL) containing
10 pg/ml of Brefeldin A (Sigma-Aldrich, St Louis, MO, USA),
anti-CD107a (1D4B; BioLegend) and 10 pg/ml of the HA stalk
peptides. Following the stimulation and surface staining, the
splenocytes were then fixed and permeabilized using the
Cytofix/Cytoperm kit (BD Biosciences). Then, the cells were
intracellularly stained with the following antibodies: anti-IFNy
(XMG1.2, BD Biosciences), anti-IL-2 (JES6-5H4), anti-IL-21
(mhalx21), anti-IL-4 (11B11), and anti-TNFa (MP6-XT22; all
from eBioscience, San Diego, CA, USA). A FACSAria SORP
flow cytometer (BD Biosciences) was used, and the data
analysis was performed with the FlowJo software (version
8.8.6, Tree Star, Inc., Ashland, OR, USA).

Cell depletion

CD8* T cells and CD49b* NK cells were depleted from the
splenocytes using CD8a and CD49b magnetic micro-beads
according to the manufacturer’s instructions (Miltenyi Biotec,
Bergisch Gladbach, Germany). The in vivo depletion of CD4"
T cells was performed using an intraperitoneal injection of
0.3 mg of the monoclonal antibody GK1.5 in 0.2 ml of sterile
PBS 3, 2, and 1 day(s) before the challenge experiment, as
suggested in the manufacturer’s instructions. The depletion of
the cells ranged between 90% and 99%, as confirmed by flow
cytometry (Supplementary Figure 1).



ELISPOT

The number of cells secreting HA stalk-specific IFN-y was
determined using a mouse IFN-y ELISPOT kit (BD Bios-
ciences) following the manufacturer’s instruction. In short,
ELISPOT plates were coated with the capturing antibodies at
4 °C overnight, followed by one wash and 2 h of blocking with
10% FBS supplemented RPMI 1640 (Gibco-BRL). The freshly
prepared cell suspensions (5x 10°) were added to every well
and stimulated with the HA stalk peptides (10 pg/ml). After
incubation at 37°C, 5% CO,, and 99% humidity, the plates
were washed twice with deionized water and three times with
PBS containing 0.05% Tween-20. Following incubation with
the detection antibodies for 2h at room temperature and
three more washes with PBS containing 0.05% Tween-20,
streptavidin-horseradish peroxidase was added to each well and
left to incubate for 1 h at room temperature. The colored spots
were then developed by incubating the samples with the final
substrate solution for 15-30 min in the dark, and the reaction
was terminated by a wash with deionized water. The quanti-
fication of the spots was performed using the ImageQuant
software (Molecular Dynamics, Sunnyvale, CA, USA).

Mouse immunization and challenge experiment

As shown in Figure 2a, 8-week-old BALB/c mice (n =12 mice/
group) were intraperitoneally immunized three times with a
mixture of the peptides 105, 106 and 107, or PBS in aluminum
hydroxide gel adjuvant (Brenntag Biosector, Denmark). Two
weeks after the final boost, mice were killed for the antigen-
specific detection of CD154 and for CD4 T-cell repertoire
analysis.’>?3 In the challenge-protection assay, all mice received
a 50% Mouse Lethal Dose (5xMLD50) of A/Luxembourg/
46/2009 (pHIN1) intranasally five times after anesthesia with
isoflurane. Mice were weighed daily post challenge and killed if
their weight decreased by more than 20% of their pre-challenge
weight.

Restimulation culture conditions

Splenocytes from mice immunized with the mixture of
peptides or PBS were harvested to characterize their antigen-
reactive CD4 T cells using surface CD154 expression. Approxi-
mately 1 X 107 splenocytes were restimulated on a 48-well plate
in the presence of anti-CD154 (MRI, 5 pg/ml), anti-CD40
(HM40-35, 2 pg/ml; both from eBioscience), anti-Fcy receptor
(50 pg/ml), and antigen (HA stalk peptides, 100 pg/ml) for
12 h. Cells were washed twice and stained with anti-CD3e and
anti-CD4 for 15 min on ice.

High-throughput next generation sequencing

We isolated untouched mouse CD4+ T cells by negative
selection using a commercial isolation kit (Miltenyi Biotec)
according to the manufacturer’s instructions. Flow cytometry
analysis confirmed that the cells were over 90% pure. The
TCRS CDR3 regions were amplified and sequenced from
300 ng of extracted DNA from each sample on the Immuno-
SEQ platform (Adaptive Biotechnologies, Seattle, WA, USA).
An ImmunoSEQ Analyser completed the subsequent
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Table 1 Sample properties

Sample Productive Productive
Name Organ Raw reads total reads unique reads
M1 Spleen 110 858 80440 11119
M2 Spleen 476 609 347 647 34962
M3 Spleen 132 505 94 063 12532
M4 Spleen 174175 128 509 19325
P1 Spleen 120 695 81974 11296
P2 Spleen 190 061 168 220 9740
P3 Spleen 122833 90635 6497
P4 Spleen 160 565 118 258 14892
PC1 Spleen 155199 140 766 11507
PC2 Spleen 132270 124 145 12125

processing and analysis of the data. Error corrections of the
sequencing results’* were automatically made by the analysis
platform for the precise quantification of rare T-cell clones.?®
The resulting data were normalized for PCR bias, and the
detailed properties of all samples are shown in Table 1. For
each sample, we had on average ~ 1.4e5 productive reads that
are in-frame and fully annotated (V, J segments assigned).

Software and statistical analysis

PESTLE and SPICE, software provided by the NIH (http://
exon.niaid.nih.gov), were used to visualize the multifunctional
T-cell responses. Statistical analyses were performed using the
GraphPad Prism 5 software (GraphPad, San Diego, CA, USA).
Significant differences in animal survival were analyzed using
the log-rank test and pairwise comparisons. Student’s t-test
(unpaired, two-tailed) was used for comparisons between data
from specified different conditions. P<0.05 was considered
significant (*).

RESULTS

Identification of a CD4 T-cell epitope on the HA stalk
domain

To determine the role of CD4 T-cell responses in the cross-
protective immunity against influenza infection, we initially
identified the HA stalk-specific CD4 T-cell epitopes. A series of
96 overlapping 15-mer peptides spanning the entire HA stalk
domain (332 amino acids in length) of the pHIN1 virus was
used for the stimulation of splenocytes obtained from BALB/c
mice after 5 and 10 weeks of pHINI1 sub-lethal infection. As
shown in Figure la, a peptide spanning residues HA2 113-131
(SNVKNLYEKVRSQLKNNAK) was identified by positive IFN-
vy ELISPOT responses. The position of the identified CD4
T-cell epitope is located on the membrane-proximal region of
the HA stalk domain (Supplementary Figure 2A). Alignments
of the amino-acid sequences and a phylogenetic analysis were
performed to examine the conservation of this epitope with
pHIN1 A/Luxembourg/46/2009 with the corresponding
regions of other influenza subtypes (Supplementary Figures
2B and C). Our results showed that the identified CD4 T cell
epitope is not only highly conserved among the HIN1 strains
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Figure 1 Identification of an HA stalk-specific CD4 T-cell epitope and memory HA stalk-specific CD4 T-cell immune responses. (a) IFN-y
ELISPOT analysis of splenocytes obtained 5 and 10 weeks after pHIN1 sublethal infection (n=8 and n=12, respectively). Cells were
stimulated with a set of overlapping 15-mer peptides spanning the HA stalk protein. Stimulations were performed with individual peptides.
(b) IFN-y ELISPOT analysis of splenocytes obtained 10 weeks post pH1IN1 sublethal infection (n=4) with the depletion of CD8* T cells
and CD49b* NK cells (CD8749b~ SP) or without depletion (control SP). ns, non-significant. (c) Splenocytes were harvested 10 weeks after
pHINI sublethal infection and stimulated with a mixture of peptides 105, 106 and 107 or were stimulated with negative control peptides.
Responses were visualized using an ICS assay. Representative flow cytometry profiles are shown. (d) The magnitude and polyfunctionality of
CD4 T-cell responses. All of the possible combinations of the responses are shown on the X-axis, whereas the percentages of the
functionally distinct cell populations within the total CD4 T-cell population are shown on the Y-axis. Rows: C, CD107a; I, IFN- vy; 2, IL-2;
T, TNF-a. Responses are grouped and color coded on the basis of the number of functions. “P<0.05. Error bars represent the s.d.
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tested (with 94.7% sequence identity) but also more closely
clustered with those of the group 1 subtypes. The mean values
of the protein sequence identities were 69.6% and 48.8%
among the group 1 and group 2 subtypes, respectively.

Functional characterization of HA stalk-induced CD4 T-cell
responses

To confirm the ELISPOT data and to ensure the peptide HA2
113-131 indeed harbors a CD4 T-cell epitope, we harvested
mouse splenocytes 10 weeks post sub-lethal pHINTI infection
and used the peptide to stimulate the splenocytes with the
depletion of CD8" T cells and CD49b* NK cells (CD8 49b~
SP) or without depletion (control SP). The results showed that
there is no difference in the peptide-induced IFN-y responses
with or without the presence of CD8" T cells and NK cells
(Figure 1b). In addition, we compared splenic lymphocytes
stimulated with the peptide HA2 113-131 or an irrelevant
control peptide (IKRFAKREEFMOKHIE). Figure lc shows
responses in the ICS assay using specific antibodies to
determine T-cell lineage (CD3 and CD4), degranulation
(CD107a) and the cytokine-producing cells (TNF-a, IL-2 and
IFN-y). The quality of the anti-viral CD4 T-cell response was
examined by analyzing TNF-a, IL-2 and IFN-y secretion and
examining the surface expression of CD107a as an indirect
marker for cytotoxicity. In total, 16 different antigen-reactive
CD4 T-cell populations were characterized (Figure 1d). The
elicited antigen-reactive CD4 T-cell responses were polyfunc-
tional, with 38% of the CD4 T cells exhibiting two, three or
four functions. Compared with the negative control, the
stronger antigen-specific response obtained in the infected
mice re-stimulated with peptides containing the HA stalk
epitope ex vivo was due to an enhancement in the absolute
frequencies of the CD4 T-cell population producing IL-2,
TNF-a and CD107a or IL-2 and CD107a.

a
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HA stalk-reactive CD4 T cells are induced by peptide
immunization

To induce HA stalk-specific CD4 T cells, mice were immunized
three times (2 week intervals) with the peptide HA2 113-131
(Pep_Immun group) or PBS (Mock group). Both were
emulsified in Alum. Two weeks following the last boost, mouse
splenocytes were re-stimulated ex vivo by the same peptide or
an irrelevant control peptide. The cells were subsequently
stained for CD3, CD4 and CD154 surface markers to identify
antigen-reactive CD4 T cells by FACS analysis (Figure 2b). A
small but distinct population of CD4 T cells expressing CD154
(0.32+0.17%) was detected in the immunized group but not
in the Mock group (P<0.05, Figure 2c). Moreover, no
spontaneous upregulation of CD154 by CD4 T cells could be
detected in the immunized mice that were not re-stimulated
with the peptides (P<0.05, Figure 2¢). However, no IFN-y-
producing CD4 T cells were detected by ICS or the ELISPOT
assay following peptide immunization (data not shown).

HA stalk-specific CD4 TCRf signatures

To explore the alterations in the CD4 T-cell repertoire land-
scape following peptide immunization, we analyzed the TCR}
repertoire in the spleens of mice from the Pep_Immun group
(P1-P4; n=4) and the Mock group (M1-M4; n=4) using
high-throughput sequencing. First, we examined the gene
segment usages (Figure 3a). Qualitatively, similar Vp distribu-
tions were observed in all samples, with only a few segments
that differed in frequency between the two groups. For
example, V1 and VP31 were overexpressed in the Pep_Im-
mune group compared with the Mock group, whereas V313
was under-expressed in the Pep_Immune group. As another
measure to examine repertoire evenness, the spectratyping
analysis of the CDR3 length distributions was applied for the
evaluation of clonal dominance in the CD4 T-cell repertoires
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Figure 2 Detection of CD154-expressing CD4 T cells following HA stalk peptide immunization. (@) Scheme of peptide immunization. Mice
were primed and boosted with peptides containing an HA stalk epitope (Pep_Immun group) or PBS (Mock group) in Alum. Two weeks after
the final boost, splenocytes from mice were harvested for antigen-specific detection. (b) Splenocytes were re-stimulated for 12 h with or
without the presence of peptides (Pep_restim. or No_restim.) and then stained for CD4 and CD154. One representative flow cytometry
profile of four experiments is shown. (c) The frequency of CD154 expression in CD4 T-cell populations was measured. “P<0.05. Error bars

represent the s.d.
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Figure 3 Comparison of the TCRp repertoires of CD4 T cells. (a) VB usage analysis. Each bar represents the mean frequency of a Vp gene
segment in the spleens of mice from the Pep_Immun group or the Mock group. (b) CDR3 spectratyping analysis. Each bar represents the
relative frequency of a particular CDR3 length (in amino acids) measured across each individual spleen sample. Upper panel: Pep_Immun
group (P1-P4); lower panel: Mock group (M1-M4). (c) Sharing of clones between each sample computed by averaging across the two ratios

of shared reads over total reads for each sample.

(see Figures 3b for representative plots). The analysis revealed
that the length distributions were highly homogenous among
the samples, without any skewness of a specific CDR3 length.
Hence, when comparing both the Vf usages and spectratyping
analysis, no significant change was observed in splenic CD4
T cells of the two groups, suggesting the maintenance of the
phenotypic balance after peptide immunization.
High-throughput sequencing of the TCR repertoire enables
us to compare repertoires at a higher resolution beyond the
CDR3 length distribution or the gene segment usage using an
analysis at the level of individual TCR sequences. Thus, the
similarity between samples was subsequently examined by a
comparison of the overlapping clonotypes. Productive
sequences that shared identical VP and JP gene segments and
the CDR3 amino-acid sequence were used for the analysis. The
percentage of sample overlap was computed by averaging the
two ratios of the shared reads over the total reads for each
sample using the ImmunoSEQ Analyser (Materials and meth-
ods). The results indicated that the fraction of shared clones in
the Pep_Immun group is higher than those in the Mock group
(Figure 3c). An average sharing of 0.086% was found between
the Pep_Immun mice, whereas only 0.006% was shared
between the Mock mice. To further estimate the overall
similarity across samples from the same group, the average of
all the pairwise correlation coefficients for each group
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comparison was calculated. We found that the Pep_Immun
group had a higher within-group correlation compared with
the Mock group (12 =0.1420 vs r* =0.0225). Thus, these results
suggest that there might be convergent HA stalk-specific TCR
repertoire signatures derived from peptide immunization.

HA stalk-reactive CD4 T cells and TCRf signatures in
protective immunity

As HA stalk-specific CD4 T cells are induced in vivo, we
evaluated their role in protection. We challenged the mice with
the pHINI1 virus after peptide immunization as described
above. As the primary read-outs for protective immunity, we
monitored the weight loss and the survival time of the mice
(Figure 4). Our results showed that the immunization of the
mice with the peptide emulsified in alum showed partial
protection (33%) against lethal infection by the pHIN1 virus.
This result was significantly different from the Pep_
Immun_CD4% group (P<0.05) and the Mock group
(P<0.05), in which no mouse survived. We next examined
the TCRp clonotypes in the CD4 T-cell populations of two
immunized mice that survived the virus challenge (analyzed on
day 15 post challenge, PC1 and PC2) in order to search for the
identical VP and Jp gene usage and the CDR3 amino-acid
sequences. The identified 36 overlapping clonotypes and their
frequencies are listed in Table 2. These clonotypes were then
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Figure 4 Protective immunity. Mice immunized with HA stalk peptides (Pep_Ilmmun), mice immunized with HA stalk peptides and
depleted of CD4 T cells (Pep_Immun_CD49), and mice immunized with PBS in alum (Mock) were challenged by 5x MLD50 of mouse-
adapted pH1INI1 virus (A/Luxembourg/46/2009) two weeks after the final boost (n=12 mice/group, representative of two distinct
experiments). (a) Body weight was monitored daily. (b) The percent survival rate after the virus challenge is shown by a Kaplan—Meier
survival plot and was analyzed with the log-rank test and pairwise comparisons.

tracked in the CD4 T-cell populations of mice in the
Pep_Immun group (P1-P4) and the Mock group (M1-M4).
Three clones (numbered 1, 12 and 25) were found in the CD4
subsets of the majority of the mice in the Pep_Immun group
and not present in any mouse of the Mock group (Table 2).
The higher frequencies of these three TCRp clonotypes after
the virus challenge may imply the expansion of the HA stalk-
specific clones in order to protect the mice from the viral
challenge.

DISCUSSION

In the present study, we report the mapping of a CD4 T-cell
epitope at the stalk region of the influenza HA protein. Ex vivo
stimulation of splenocytes from infected BALB/c mice with the
HA stalk peptide, which spanned residues HA2 113-131
(SNVKNLYEKVRSQLKNNAK), resulted in polyfunctional
CD4 T-effector responses, including IL-2, IFN-y and TNF-a
secretion and degranulation. Our results showed that immu-
nization with this CD4 T-cell epitope peptide provides partial
protection against a challenge of a lethal dose of the pHINI1
virus. The identification of this HA stalk-specific CD4 T-cell
epitope allows us to characterize and determine the require-
ments for protective cellular immune responses against the
influenza virus.

In addition to our findings in BALB/c mice, Yang et a
also reported that the same CD4 T-cell epitope (SNVK
NLYEKVRSQLKNNAKE) within the pHIN1 HA stalk protein
in DRB5-restricted humans using an ex vivo tetramer staining
approach, implying a future application by exploiting the
identified epitope in human vaccine development. However,
our analyses suggested that the identified CD4 T-cell epitope is
restricted to the HA stalk of HI subtype viruses. Our sequence
alignment showed that the CD4 T-cell epitope of the pHIN1
virus shares 47.37% amino-acid sequence identity with that of
the H3N2 (A/Aichi/2/1968) virus (Supplementary Figure 2B).
There was no immune response detectable in the splenocytes
from H3N2 (A/Aichi/2/1968) sub-lethally infected mice after

l.26

re-stimulation with the identified HA stalk peptide. In addition,
the splenocytes from the pHIN1 sub-lethally infected mice did
not react to the CD4 T-cell epitope peptides that were
previously identified in the H3 HA stalk protein.”” These
results demonstrate that H1 and H3 influenza viruses harbor
distinct CD4 T-cell epitopes on their respective HA stalk
proteins, implying that there might be no cross-reactive
CD4 T cell toward both the H1 and H3 HA stalk proteins in
BALB/c mice.

In accordance with previous observations, in vivo exposure
to stimulation with the peptide antigen is sufficient to prompt
T-cell proliferation, whereas the possession of effector func-
tions is contingent on stricter antigen presentation
requirements.”®?° For example, a previous report by Storni
et al’® showed that the injection of the virus-derived peptide
alone was enough to stimulate virus-specific T cells to
proliferate extensively in mice, but not sufficient to induce
IFN-y secretion. Harari et al3! further reported that the
differentiation of Thl cell-polarized T cells, which have an
important role in the clearance of infectious pathogens,
requires prolonged exposure to antigens. In agreement with
these findings, Jelley-Gibbs et al.>> demonstrated that antigen
presentation by highly activated antigen-presenting cells is
essential to induce highly differentiated CD4 T-effector cells,
which are able to produce high levels of the cytokine IFN-y.
Our own results add support to these observations that HA
stalk-specific CD4 T cells capable of IFN-y secretion were only
found in mice after pHINI sub-lethal infection but not in
peptide-immunized mice. In addition, these HA stalk-specific
CD4 T effectors induced by sub-lethal virus infection could
persist efficiently as long-term memory cells for more than
10 weeks after infection.

The reason that we could not detect any cytotoxic char-
acteristics in the HA stalk-specific CD4 T cells derived from
peptide immunization may be that certain inflammation-
induced co-stimulatory signals derived from the virus, such
as pattern recognition molecules, are too few to induce Thl-
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cell polarization and the subsequent IFN-y secretion. McKins-
try et al>® have demonstrated that adaptive transfer of Thl-
polarized memory CD4 T cells in mice provides full protection
against lethal influenza infections, whereas adaptive transfer of
unpolarized (Th0) memory CD4 T cells gives only partial
protection. Similarly, we observed that the induction of
unpolarized HA stalk-specific CD4 T cells by peptide immu-
nization protected one-third of the mice from lethal influenza
virus infection. Collectively, these results emphasize the impor-
tance of eliciting Thl responses for better protection against
virus infection. Indeed, in the vaccination approach that utilizes
a recombinant Adenovirus vector encoding HA from the
pHIN1 virus, which provides complete protection against the
lethal pHINT1 virus challenge, we observed a significant Th1-
polarized memory CD4 T-cell population targeting the identi-
fied epitope of the HA stalk. These IFN-y-producing and HA
stalk-specific CD4 T cells expanded significantly following
further lethal virus challenge, indicating their vital role in
fighting against the viral infection. Thus, for the future
optimization of the influenza vaccine, the selection of adjuvant
candidates, such as the cytosolic RIG-like helicases, which can
orient the Thl response,34 should be taken into consideration
in order to provide better cellular immune protection.

Previous experiments by Swain et al.3> presented evidence
that although influenza-specific memory T cells were readily
found in the periphery, few memory CD4 T cells could be
recovered from the lungs. This is compatible with the finding
that only the most highly differentiated and activated CD4
T-effector cells acquire the proper adhesion molecules for
tissue homing and for trafficking to inflammatory sites. After
the development of a resting memory state, these CD4 effectors
lose the expression of tissue homing molecules and migrate
more restrictedly to lymphoid sites.*® In addition, access to a
high level of influenza antigens as well as the time duration
available for naive CD4 T cells to undergo multiple thresholds
of differentiation and proliferation could both be important
factors for the induction of protective memory CD4 T cells.?’
In this report, we observed the occurrence of antigen-specific
memory CD4 T-cell clones in mouse spleens by applying a
vaccination strategy in which BALB/c mice were intraperito-
neally immunized with 60 pg of HA stalk peptide every 2 weeks
for a total of three times. These peptide-induced stalk-specific
CD4 T cells expanded significantly in mice after they survived
an intranasal challenge with a lethal dose of the virus, implying
their vital role in resolution of infection.

Finally, using high-throughput sequencing, we conducted a
comprehensive analysis of the mouse CD4 TCRp repertoire in
order to investigate whether immunization with the identified
HA stalk peptide gave rise to predictable CD4 T-cell repertoires
with clonotypes shared across individuals. As in other similar
studies,”>* we investigated only the mouse TCRp because of
the limitations of the current next generation sequencing
techniques to analyze TCRa chain complexity.”® The emer-
gence of shared TCR sequences can be derived by selective
advantages of TCR clonotypes that harbor structural features
optimal for peptide-MHC recognition.>® For example, a previous
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study in rhesus macaques with simian immunodeficiency virus
infection showed that the occurrence of shared virus-specific
TCR clones correlates with protection and inversely correlates
with viral load.?? Likewise, several human studies have shown
that control of HIV replication by elite controllers without any
antiretroviral therapy is mediated by some protective TCR
clonotypes with certain protective MHC alleles, such as HLA-
B*27 and HLA-B*57.4%4 Consistent with these findings, mice
immunized with the HA stalk peptide exhibited interindividual
sharing of convergent TCR sequences, which was not found
in the non-immunized mice. After the lethal virus challenge,
the expansion of certain shared TCRp clonotypes was observed
in the surviving mice. Therefore, the association found between
shared TCR clonotypes among different individuals with
protective immune responses implies the potential of
antigen-specific TCR clones as surrogate predictors of disease
outcome.?!

Taken together, it is critical to identify which antigens or
epitopes derived from the influenza virus can be targeted and
recognized by the immune system in order to design optimized
vaccination systems. Here, our findings in BALB/c mice not
only contribute to identify a novel epitope on the HA stalk
domain for mouse CD4 T cells but also provide knowledge of
such antigen-specific CD4 T-cell responses against lethal
infection by the pHINI influenza virus and its antigen-
driven protective TCRf usage signature that can be used to
monitor and improve our understanding of the cellular
immune responses following vaccination.
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