
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

Jennifer L. Nayak,1,2 Katherine A. Richards,1 Francisco A. Chaves,1 and Andrea J. Sant1

Abstract

Influenza is a contagious, acute respiratory disease that is a major cause of morbidity and mortality throughout
the world. CD4 T cells play an important role in the immune response to this pathogen through the secretion of
antiviral cytokines, and by providing help to CD8 T cells and B cells to promote the development of immuno-
logical memory and neutralizing antibody responses. Despite these well-defined roles in the anti-influenza re-
sponse, our understanding of CD4 T-cell diversity and specificity remains limited. In the study reported here,
overlapping peptides representing 5 different influenza viral proteins were used in EliSpot assays to enumerate
and identify the specificity of anti-influenza CD4 T cells directly ex vivo following infection of mice with influenza
virus, using two strains that express unrelated MHC class II molecules. These experiments evaluated whether the
reactivity of CD4 T cells generally tracked with particular influenza proteins, or whether MHC preferences were
the predominant factor dictating anti-CD4 T-cell specificity in the primary immune response. We made the
unexpected discovery that the distribution of CD4 T-cell specificities for different influenza proteins varied
significantly depending on the single class II molecule expressed in vivo. In SJL mice, the majority of epitopes were
specific for the HA protein, while the NP protein dominated the response in C57BL=10 mice. Given the diver-
sity of human MHC class II molecules, these findings have important implications for the ability to rationally
design a vaccine that will generate a specific CD4 T-cell immune response that is effective across diverse human
populations.

Introduction

Influenza virus is an enveloped, negative, single-stranded
RNA virus that infects a wide range of avian and mam-

malian species (19,35,58). In humans it causes annual epi-
demics, leading to significant morbidity and mortality (60,61).
Although there are currently two types of licensed influenza
vaccines, the burden of influenza disease remains significant
(2). In recent years, influenza virus has been associated with
around 40,000 underlying respiratory and circulatory deaths,
and around 290,000 pneumonia and circulatory hospitaliza-
tions in the United States annually, with a disproportionate
burden of disease in children and the elderly (60,61). This
continued high burden of disease despite the availability of
an effective vaccine may be in part due to the need for yearly
redesign and manufacture of the vaccine, with resulting

lower-than-optimal vaccination rates (3), and a yearly risk of
mismatch between the vaccination and circulating strains
(19,40). The recent human pandemic with a novel strain of
H1N1 influenza, for which there is apparently little pre-
existing antibody-mediated immunity in the majority of
humans, has accelerated the interest in production of vac-
cines that elicit a broadly cross-protective immune response
(4,17,26,45).

Major strides in understanding the protective immune
response to influenza have been made in recent years, and it
is now thought that immunity is the result of a combination
of both the innate and adaptive immune responses. Early
immunity is mediated primarily by the innate response, with
important roles for antiviral cytokines such as interferons in
limiting early viral replication (25,31,39,58). Once intracellu-
lar infection is established, immune control and clearance
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largely depend on the detection and elimination of infected
host cells by the adaptive immune response (19,35,58).
Cytotoxic CD8 T cells home to respiratory sites where virus
replication is localized and eliminate infected cells (18,19,31,
35,40,58,59). Antigen-specific B cells secrete neutralizing an-
tibodies to HA and NA, which provide the most significant
source of protection from future infections (18,19,31,35,40,
58,59). The role of CD4 T cells in this adaptive response is
multifaceted, and includes providing help to promote B-cell
isotype switching and affinity maturation, and expansion
of CD8 effector and memory cells (8,10,18,35,56,57,59). CD4
T cells also participate directly in viral clearance through the
secretion of antiviral cytokines, and possibly through direct,
cell-mediated cytotoxicity (10,11,18,35,57).

In order to further understand the immune response to
influenza and develop improved influenza vaccination strat-
egies, it is necessary to first gain insight into what controls
the specificity and diversity of T-cell epitopes elicited upon
infection and vaccination with this virus. Recently, there
have been great strides in understanding the epitopes im-
portant in the CD8 T-cell response to influenza (6,7,16,59,
65,66). However, an understanding of the specificity of the
CD4 immune response to the influenza virus has lagged
behind. Although it is thought that the CD4 T-cell response is
more diverse than the CD8 T-cell response, questions about
the breadth of this diversity remain (15,46,47). In addition,
the distribution of epitopes among the various influenza
proteins needs to be better understood, as there is now evi-
dence that the specificity of CD4 T cells and antibody-
producing B cells may be linked (54). Thus it is possible that
HA- and NA-specific CD4 T cells may provide the most
potent help for production of neutralizing influenza-specific
antibodies.

CD4 T cells recognize peptides that are loaded onto the
MHC class II molecule in the acidic endosomal compart-
ments of antigen-presenting cells. Based on previous studies
using model antigens and from biochemical identification of
peptides that are presented by class II molecules (13,20,24,
38,48,64), one might predict that membrane-bound proteins
such as HA and NA would have preferential access to the
MHC class II antigen-processing compartment. However,
the abundant viral protein synthesis that occurs within the
infected dendritic cells that prime CD4 T cells, as well as the
intracellular process of autophagy (14,34,36,41), may increase
the access of cytosolic and nuclear antigens such as NS1 and
NP to class II molecules. With regard to the breadth of the
CD4 T-cell response, our previous studies with exogenous
protein antigens suggest that DM editing of peptide loading
onto class II dramatically limits the peptide epitopes pre-
sented, thus limiting the diversity of the responding CD4
T cells (32,33,51,52). Here, too, the paradigms established
through the study of model protein antigens might not be
sufficient to predict that observed with viral infection, be-
cause the abundant viral protein synthesis in infected den-
dritic cells may override DM editing.

In order to further advance the understanding of the
specificity and diversity of MHC class II-restricted epitopes
in influenza, we sought to comprehensively and empirically
evaluate the peptide diversity and immunodominance hier-
archy of CD4 T cells elicited in the primary response to in-
fluenza infection. We used two strains of mice (C57BL=10
and SJL) that express single class II molecules (I-Ab or I-As)

respectively, and asked first, whether these strains displayed
the same overall reactivity to different influenza viral pro-
teins, and second, to what extent the overall pattern of CD4
T-cell reactivity to different viral proteins was influenced by
the particular class II molecule expressed. For epitope iden-
tification, we obtained panels of overlapping peptides re-
presenting the entire sequences of the HA, NA, NP, NS1, and
M1 proteins, and tested these peptides using enzyme-linked
cytokine immunospot (EliSpot) assays to directly enumerate
peptide-specific CD4 T cells isolated from the spleens of
mice following infection with live influenza virus. The results
of these experiments demonstrated a relatively low degree
of diversity in the influenza-specific CD4 T-cell immune re-
sponse restricted to the I-Ab and I-As MHC class II mole-
cules, with a strikingly different response distribution among
influenza proteins, depending on the MHC class II molecule
presenting the peptide to the CD4 T cell.

Materials and Methods

Virus production

Embryonated eggs, purchased from SPAFAS Inc. (North
Franklin, CT), were incubated at 708F and 100% humidity for
9 d. The allantoic cavity was then infected with 100mL of the
A=New Caledonia=20=99 human influenza virus (H1N1),
generously provided by Dr. John Treanor at the University of
Rochester, at 103 50% egg-infective doses (EID50) per milli-
liter. The eggs were incubated at 378C for 48 h, and then for
24 h at 48C. The allantoic fluid was harvested under sterile
conditions and centrifuged at 2000g for 20 min at 48C in
order to remove particulate matter. Aliquots were frozen at
�708C. Virus titer was determined by infecting embryonated
eggs with serial dilutions of the harvested virus, and har-
vesting and immediately titrating the resulting fluid by a
hemagglutination assay of chicken red blood cells according
to the procedure recommended by the 2005–2006 World
Health Organization bulletin for the identification of influ-
enza virus isolates from subjects with influenza.

Influenza infection

Female C57BL=10 (‘‘B10’’), SJL, and B10.S mice were pur-
chased from Jackson Laboratories (Bar Harbor, ME), and
maintained in the pathogen-free facility at the University of
Rochester Medical Center according to institutional guide-
lines. Mice that were on average 3 mo of age were anesthe-
tized by intraperitoneal (IP) injection of tribromoethanol
(provided by Dr. David Topham at the University of
Rochester), at a dose of 200–300 mL per mouse. They were
then infected intranasally with A=New Caledonia=20=99 in-
fluenza (H1N1) at a dose of 20,000–50,000 EID50 per mouse
in 30mL phosphate-buffered saline (PBS), as was previously
described (46,47). At 8–10 d post-infection the mice were
sacrificed and spleens were excised and used as a source of
CD4 T cells for EliSpot analysis. Syngeneic splenocytes from
uninfected mice were used as a source of antigen-presenting
cells for these assays.

Cell purification

Spleens were excised, gently disrupted to yield a single-
cell suspension, and the resulting splenocyte populations
were depleted of red blood cells using ACK lysis buffer
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(0.15 M NH4Cl, 1 mM KHCO3, and 0.1 mM NA2-EDTA in
H2O, pH 7.2–7.4). The remaining cells were washed and
incubated with a pool of monoclonal antibody superna-
tants specific for CD8 T cells and APC at a concentration of
2�107 cells=mL. These cell lines were obtained from the
American Type Culture Collection, and included 3.155 (anti-
CD8), RA3=3A1=6.1 (anti-B220), and M5=114 (anti-I-Ab-
expressing cells) for C57BL=10 mice, and 3.155 (anti-CD8),
RA3-3A1=6.1 (anti-B220), and 10.2.16 (anti-I-As-expressing
cells) for SJL=B10.S mice. Syngeneic splenocytes from unin-
fected mice were depleted of T cells using supernatant from
the J1j.10 cell line (anti-Thy-1.2). Following incubation with
the above antibodies, the cells were resuspended in com-
plement (Low Tox M; Cedarlane Laboratories, Burlington,
NC) at a concentration of 2�107 cells=mL and incubated
at 378C for 30 min. Dead cells were removed by density
gradient centrifugation with Lympholyte-M (Cedarlane La-
boratories). The remaining cells were washed and used in
EliSpot assays. The composition of the resulting cell popu-
lations was assessed by staining for expression of the CD4,
CD8, and MHC class II cell surface markers to quantify
the percentage of each cell type present following the en-
richment process.

EliSpot assays

For the assays, 96-well EliSpot plates (Millipore, Billerica,
MA) were coated with 50mL of purified rat anti-mouse IL-2
(BD Biosciences, San Jose, CA) prepared at a concentration of
2 mg=mL in PBS, and were incubated at room temperature for
at least 2 h. The antibody was removed and the plates were
washed three times with cell culture media. Media from the
last wash was left on for at least 1 h at room temperature to
block nonspecific interactions. APC isolated from syngeneic
mice were plated at a concentration of 500,000 cells=well,
while CD4-enriched T cells were plated at several concen-
trations, ranging from 50,000–300,000 cells=well, and peptide
was added at a final concentration of either 2 or 10 mM.
The plates were incubated at 378C in 5% CO2 for 16–18 h. The
cells were then removed and the plates were washed with
PBS containing 0.1% Tween-20 (EliSpot wash buffer). Then
50 mL of a 2mg=mL biotinylated rat anti-mouse IL-2 solution
(BD Biosciences) was added and the plates were incubated at
room temperature for 30 min. Following repeat washing
with EliSpot wash buffer, alkaline phosphatase-conjugated
streptavidin ( Jackson ImmunoResearch, West Grove, PA)
was added at a dilution of 1:1000. The plates were again
incubated at room temperature for 30 min and washed with
EliSpot wash buffer. Substrate was prepared with the Vector
Blue Substrate Kit III (Vector Laboratories, Burlingame, CA)
in 100 mM Tris (pH 8.2), and the plates were developed for
approximately 5 min before the reaction was stopped with
cold water. Following drying, the plates were analyzed on an
Immunospot Reader Series 2A using Immunospot software
(Cellular Technology Ltd., Cleveland, OH), version 2. Data
were calculated and presented as cytokine EliSpots per mil-
lion CD4 T cells, with background values subtracted.

Flow cytometry

Aliquots of cells obtained before and after CD4 T-cell en-
richment were placed into wells of a 96-well plate, centri-
fuged, and resuspended in FACS buffer (PBS, 2.5% FBS, and

0.1% sodium azide). Fc block (CD16=CD32; BD Biosciences)
was added at a 1:100 dilution and the cells were incubated on
ice for 10 min. The cells were centrifuged and resuspended
in FACS buffer (negative control), a 1:100 dilution of CD4-
fluorescein isothiocyanate (CD4-FITC clone RM4-4; BD
Biosciences), or a 1:100 dilution of CD8a-FITC (Ly-2 clone 53-
6.7; eBioscience, San Diego, CA). Following 15 min of incu-
bation on ice, the cells were washed with FACS buffer and
analyzed on a BD FACS Scan flow cytometer. Data were
analyzed using Cell Quest software.

Peptides

We used 17-mer peptides overlapping by 11 amino acids to
encompass the entire sequences of the HA and NA proteins
from the A=New Caledonia=20=99 influenza virus (H1N1),
the NS1 sequence from the A=New York=444=2001 influenza
virus (H1N1), and the NP and M1 sequences from A=New
York=348=2003 influenza virus (H1N1). The following re-
agents were obtained through the National Institutes of
Health (NIH) Biodefense and Emerging Infections Research
Resources Repository, National Institute of Allergy and In-
fectious Diseases (NIAID), NIH: Peptide Arrays, Influenza
Virus A=New Caledonia=20=1999 (H1N1) Hemagglutinin
Protein, NR-2602; Neuraminidase Protein, NR-2606; Peptide
Array, Influenza Virus A=New York=444=2001 (H1N1)
Nonstructural Protein 1, NR-2612; Peptide Array, Influenza
Virus A=New York=348=2003 (H1N1) Nucleocapsid Protein,
NR-2611; and Matrix Protein 1, NR-2613. The A=New York=
348=2003 amino acid sequences for NP and M1 are com-
pletely conserved, and the A=New York=444=2001 NS1
amino acid sequenc is >99% conserved when compared to
their respective amino acid sequences from the A=New
Caledonia=20=99 influenza virus. The peptides were recon-
stituted to 10 mM in PBS, with or without added dimethyl
sulfoxide for hydrophobic peptides, and 1 mM dithiothreitol
for cysteine-containing peptides. Stocks were stored at
�208C, and working stocks at concentrations of 1 mM or
100mM were prepared in Dulbecco’s modified Eagle’s me-
dium (Invitrogen Corp., Carlsbad, CA), filter sterilized, and
also stored at �208C. The final concentrations of the indi-
vidual peptides used in the EliSpot assays were either 2 mM
(pools containing all peptides for a given protein) or 10 mM
(single-peptide assays or peptide-pooling matrices).

Results

The overall goal of these studies was to comprehensively
and empirically evaluate CD4 T-cell specificity in peripheral
lymphoid tissues following primary infection with influenza
virus. We had a particular interest in determining whether
CD4 T cells reactive to a subset of influenza proteins domi-
nate the response, or if the response was equally distributed
among the viral proteins expressed. Mouse strains expres-
sing only single I-A MHC class II molecules were used to
determine the impact of MHC class II allele variability on the
distribution of specificities, and to simplify the determination
of CD4 T-cell MHC restriction assignment. To accomplish
this goal, C57BL=10 (I-Ab) or SJL (I-As) mice were infected
intranasally with A=New Caledonia=20=99 influenza virus in
PBS. This strain of influenza was isolated from humans and
has been included in clinical vaccines in recent years (1,22).
Although it has not been adapted to mice, it replicates in the
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respiratory tract after intranasal infection of mice and is
cleared within 10 d of infection (data not shown). At 8–10 d
after inoculation with live virus, the mice were sacrificed and
single-cell suspensions were prepared from the spleens. CD4
T cells were purified and then used in an IL-2 EliSpot assay,
with syngeneic splenocytes depleted of T cells used as APC,
and synthetic peptide used as antigen. Representative flow
cytometry data demonstrating cell purity are shown in
Supplementary Fig. 1 (see online supplementary material at
http:==www.liebertonline.com). The CD4 T cells used were
completely depleted of CD8 T cells (<1%), but had variable
(15–40%) class II-positive cells remaining, mostly accounted
for by B cells that are typically more resistant to complement-
mediated lysis.

To evaluate the specificity of CD4 T cells elicited in re-
sponse to primary influenza virus infection, we first obtained
panels of 17-mer peptides overlapping by 11 amino acids
that comprised the entire translated sequences of the HA,
NA, NP, NS1, and M1 proteins. The protein length and
number of peptides in each of these sets are shown in Sup-
plementary Table 1 (see online supplementary material at
http:==www.liebertonline.com). These proteins were chosen
because together they encompass approximately half of the
influenza genome. Importantly, they represent the major
subcellular localizations of influenza virus proteins in in-
fected cells, allowing us to determine if protein localization
has any impact on the overall distribution of the epitopes
identified. HA and NA are transmembrane proteins ex-
pressed both in infected cells and in the influenza virion. NP
and NS1 are both expressed within the cytosol and nucleus
of infected cells. While NP is expressed both in the virion and
within the host cells, NS1 is excluded from the virion par-
ticle. The M1 matrix protein is the most abundant virion
protein, and is expressed in cytosol and nuclei of infected
cells, playing a major role in viral budding (9,23,42,43). To
evaluate if each of these proteins gained access to class II
molecules and elicited CD4 T cells, these overlapping 17-mer
synthetic peptides were tested for their ability to recall
primed CD4 T cells isolated from previously infected mice
using an EliSpot assay. The EliSpot assay has several ad-
vantages for epitope discovery, most notably that it allows
rapid screening of multiple (>100) potential epitopes, and
allows direct enumeration of antigen-specific T cells imme-
diately ex-vivo, without the need for further T-cell prolifera-
tion or persistence in culture (5,21,29). We have found that
the patterns of epitope distribution identified by IL-2 are
similar to those identified by production of IFN-g, but chose
IL-2 for all studies reported here because some strains of mice
produce fewer gamma-producing cells than IL-2-producing
cells [(46) and unpublished data], allowing IL-2 to be con-
sidered a more CD4-inclusive cytokine. Because the strains
chosen express a single MHC class II molecule, the MHC
restriction of any peptides that elicit a positive response will
be known, and thus any discovered epitopes could poten-
tially be used in subsequent studies to derive tetramers to
label antigen-specific CD4 T cells, and more fully character-
ize the functional properties of these responding cells.

In order to determine whether the reactivity of CD4 T cells
predictably tracked with particular influenza proteins, initial
experiments tested CD4 T-cell reactivity to pools of peptides
encompassing the entire sequences of the NP, NS1, M1, NA,
and HA viral proteins. Overlapping peptides representing

each protein were pooled together in a single sample and
added to the cytokine EliSpot assay. We expected the two
different MHC class II molecules to select for different
influenza-derived peptides, as MHC molecules of different
alleles have quite distinct peptide-binding motifs. However,
if immunogenicity was primarily determined by a property
of the viral protein, such as the protein’s abundance or
localization within an infected cell, we reasoned that the
overall distribution of epitopes among the proteins should
be similar between the two mouse strains. On the other
hand, if selectivity of the individual MHC class II molecules
determined specificity, a different distribution of epitopes
among these proteins would be expected.

When CD4 T-cell specificity was examined using this
method, dramatic differences were noted in the distribution
of responses among the different influenza proteins in the
two mouse strains examined (Fig. 1). In the C57BL=10 strain
(Fig. 1A and 1B), the predominant CD4 T-cell specificity was
for NP and NA. Strikingly, there were very few CD4 T cells
specific for HA and M1 in this strain, and only a modest
number of CD4 T cells specific for the small NS1 protein. In
contrast, in the SJL strain (Fig. 1C and D) the epitopes were
distributed primarily among the HA and NP proteins, with
readily detectable CD4 T-cell responses specific for NA
and M1, but with very few cells recruited by peptides re-
presenting NS1. Together, these findings suggested that the
reactivity of CD4 T cells was not determined to a significant
extent by the localization of the protein within the infected
cell, as both the NP protein (cytosolic and nuclear) and the
HA and NA (membrane-associated) proteins recruited sig-
nificant numbers of CD4 T cells, depending on the strain
being examined. In addition, these findings suggested that
the epitope distribution among different viral proteins could
be strongly influenced by MHC class II polymorphism.

To further explore what accounted for the strain-
dependent differences seen in the distribution of the CD4
T-cell specificities among the influenza proteins, the epitopes
within the HA, NS1, NP, NA, and M1 proteins were directly
identified and quantified in both strains. When screening
for epitopes in smaller proteins (NS1 and M1), peptides
were tested individually, with any peptide eliciting on
average >30 CD4 T cells per 1�106 cells above background
considered positive. In order to quickly screen larger pro-
teins (HA, NA, and NP), pools of non-overlapping peptides
were created and organized into a matrix design as described
by Tobery and Caulfield (62,63). Here, non-overlapping
peptides were pooled such that an epitope would trigger
intersecting rows and columns as positive, allowing us to
more rapidly localize epitopes within these larger proteins.
Shown in Supplementary Fig. 2B and D are examples of the
peptide-pooling matrix analyses performed with peptides
representing the NP protein, with layouts of the peptide-
pooling matrix shown (the numbers indicate an individual
peptide’s position in the matrix) (see online supplementary
material at http:==www.liebertonline.com). Shown in Sup-
plementary Fig. 2A and C are examples of NP-specific Eli-
Spots obtained using these matrices, with the results
presented as the number of antigen-dependent IL-2 spots
above background detected per 1�106 CD4 T cells (see online
supplementary material at http:==www.liebertonline.com).
Any pool that elicited on average >40 CD4 T cells per 1�106

cells over background was considered for further analysis,
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while negative pools were presumed to have only very weak
or no CD4 T-cell epitopes. Peptides contained in pools within
negative rows or columns were eliminated from further
consideration, and the other peptides were tested individu-
ally in subsequent studies.

Shown in Fig. 2A through E are the results of CD4 cyto-
kine EliSpots using individual peptides from each of the
influenza virus proteins tested. Epitopes that elicited on av-
erage between 30 and 150 IL-2 spots per 1�106 CD4 T cells
were considered subdominant, while peptides that elicited
greater than 150 but less than 300 IL-2 spots per 1�106 T cells
were considered dominant, and peptides that elicited greater
than 300 IL-2 spots per 1�106 T cells were considered to be
‘‘super-dominant.’’ All peptides were tested in at least 2 in-
dividual experiments, and positive peptides were tested a
greater number of times (Table 1).

The results of epitope mapping using CD4 T cells obtained
from C57BL=10 mice revealed that the diversity of the rep-
ertoire was very limited. Most of the proteins that were
studied contained only a limited number of epitopes; how-
ever, while some proteins contained only subdominant epi-
topes, others had several highly dominant epitopes that
accounted for the majority of the anti-influenza reactivity in

the CD4 T-cell repertoire. When candidate positive NP
peptides were screened individually (Fig. 2A), nine epitopes
were identified, of which four were ‘‘superdominant.’’ Two
of these superdominant epitopes were in overlapping pep-
tides, and thus likely belong to a single unique CD4 T-cell
epitope. Individual peptide screening of the NA protein re-
vealed that the response observed in the large peptide pools
could be accounted for by eight epitopes out of a total of
78 peptides tested, with the responses ranging from around
30 to 200 recruited CD4 T cells (Fig. 2B). In NS1 (Fig. 2C),
four subdominant epitopes were identified, each of which
recruited approximately 80 CD4 T cells per million cells,
while in M1 (Fig. 2D), three minor epitopes were discovered
that recruited around 50 CD4 T cells per million cells. A
similar pattern of only four epitopes was observed for HA,
all of which elicited on average less than 150 CD4 T cells per
million cells (Fig. 2E). Based on these data, we concluded that
there was a narrow distribution of epitopes restricted to the
I-Ab MHC class II molecule in C57BL=10 mice that accounted
for the overall reactivity detected in the pools, with less than
15 epitopes eliciting CD4 T cells at a frequency of greater
than 100 per million cells tested, or 0.01%. The CD4 T-cell
response specific for NP and NA dominated the immune

FIG. 1. Analyzing anti-influenza CD4 T-cell reactivity toward different viral proteins using pools of synthetic peptides
representing the entire protein sequences of HA, NA, NP, M1, and NS1. Individual 17-mer peptides representing the entire
sequences of the above proteins were pooled such that each peptide in the pools was at a final concentration of 2mM. CD4
T-cell-enriched populations from previously infected mice were plated with the indicated peptide pool and the number of
reactive cells was quantified by IL-2 EliSpots, as described in the materials and methods section. Data are shown as the
average number of spots per 106 CD4-enriched T cells, with error bars representing the standard error over all experiments.
Reactivity of CD4 T cells from C57BL=10 (‘‘B10’’) mice are shown in panels A and B, while the reactivity of CD4 T cells from
SJL mice are shown in panels C and D. (Color image is available online at www.liebertonline.com=vim.)
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response to influenza, in large part due to the strongly im-
munodominant epitopes present in these proteins.

When we examined the CD4 T-cell specificity from I-As-
restricted cells obtained from SJL mice, we again found that
the diversity of the repertoire was quite limited. Similarly to
C57BL=10 mice, candidate NP epitopes were individually
screened and 10 peptide epitopes were identified, many of
which were dominant or superdominant (Fig. 2A). Several of
these (16=17, 45=46, and 74=75) were present in overlapping
peptides and thus likely represent a single CD4 T-cell epitope
(Table 1). However, in contrast to what was found in
C57BL=10 mice, 13 peptide epitopes were identified in HA,
four of which elicited greater than 300 CD4 T cells per mil-
lion cells (Fig. 2E). In screening for reactivity towards NA
in SJL mice, only four epitopes were discovered, and these
elicited a cytokine response from only a modest number of
CD4 cells (Fig. 2B). CD4 T cells specific for NS1 and M1 were
identified by screening individual peptides, with only one
subdominant epitope identified in NS1 that elicited on
average around 150 spots per million CD4 T cells (Fig. 2C). In
M1, there was one subdominant and two dominant epitopes
present (Fig. 2D), all of which elicited less than 300 CD4 T
cells per million cells. Based on these data, we were able to
conclude that similarly to the case in C57BL=10 mice, there
was also a relatively narrow distribution of epitopes re-
stricted to the I-As molecule in SJL mice. However, in this
strain the CD4 T-cell response specific for HA dominated the
immune response to influenza, again in large part due to the
strongly immunodominant epitopes present.

In order to ensure that the differences in CD4 T-cell
protein specificity noted between the two mouse strains ex-
amined were not the result of differences in the genetic
background of the mice leading to, for example, different
rates of influenza clearance in vivo, we obtained and infected
B10.S mice with A=New Caledonia influenza. B10.S mice are
MHC congenic with C57BL=10 mice, and like SJL mice, they
express the H-2s haplotype genes and thus the I-As protein.
Screening EliSpot assays were done in these mice using the
same matrices previously used to discover epitopes in the
SJL mouse strain. No striking differences were found in the
patterns of positive and negative pools restricted to the I-As

molecule in the HA, NA, or NP matrices (Fig. 3A, B, and C,
respectively). Also, select I-As-restricted epitopes were
screened in parallel in SJL and B10.S mice, with no major
dissimilarities in the immunodominance pattern of positive
epitopes noted (Fig. 3D). Overall, these results indicate that
the differences in CD4 T-cell protein specificity found be-
tween the C57BL=10 and SJL mouse strains are the result of
the MHC molecule expressed, rather than the result of dif-
ferences in non-MHC-related genetic background genes that
might affect factors such as viral gene expression or influ-
enza growth in vivo.

Based on these results, we concluded that there was a
relatively low degree of diversity in the primary influenza-
specific CD4 T-cell response restricted to both the I-Ab and
I-As MHC class II molecules. Table 1 summarizes the epi-
topes identified in both strains, and when known, the core
epitopes as determined through the use of truncated pep-
tides (data not shown). All of the proteins that were screened
had only a limited number of epitopes, of which several were
strongly immunodominant. Given the limited diversity of
the overall response, it was these strongly immunodominant
epitopes that determined the overall protein specificity of the
responding CD4 T cells. Interestingly, this distribution was
quite distinct in the two mouse strains examined in this
study, depending on the MHC class II molecule presenting
the peptides in the host.

Discussion

In the studies reported here, we have comprehensively
identified the major CD4 T-cell peptide epitopes contained in
NP, NS1, M1, HA, and NA proteins elicited upon primary
infection with influenza in C57BL=10 and SJL mice. We ini-
tiated these studies in order to better understand the diver-
sity and specificity of the primary CD4 immune response to
influenza virus. In theory, there are multiple factors that
could drive the distribution of CD4 T cells specific for dif-
ferent proteins in this virus. These factors include the rep-
resentation of specificities in the naive T-cell repertoire, the
overall size of the protein, the protein’s abundance in the in-
fected cell, access of the protein to the MHC class II peptide
loading compartment, or the ability of the derived peptides
to bind to a given MHC class II molecule. Prior to initiating
these studies, we hypothesized that the primary immune
response to influenza would be driven by a combination of
the abundance of the protein within the infected cell and
access to the MHC class II peptide-loading compartment.
Hence we speculated that the immune response would
be skewed in favor of the both abundant and membrane-
associated HA and NA proteins. However, the results ob-
tained led us to conclude that this is not the case. Instead, the
primary CD4 T-cell immune repertoire restricted to the I-Ab

and I-As MHC class II molecules had specificities for most of
the viral proteins tested. Epitopes from the NS1 protein did
not contribute significantly to the specificity of CD4 T cells in
either SJL or in B10 mice. One might speculate that this
failure of NS1 to elicit T cells might be due to the lack of its
presence in the virion particles that are taken up by APC.
However, in previously published studies in HLA-DR1
transgenic mice, we found the NS1 protein to be highly im-
munogenic (47), suggesting that the failure to detect epitopes
in the strains studied here reflects a lack of suitable I-Ab- or
I-As-binding motifs in peptides derived from this protein.

FIG. 2. Screening of candidate individual epitopes in the NP, NA, NS1, M1, and HA proteins using EliSpot assays. Panels
A–E show the peptides in the C57BL=10 (red) and SJL (blue) mouse strains screened as individual peptides in the NP, NA,
NS1, M1, and HA proteins, as indicated in each panel. Peptides were used at a final concentration of 10 mM, and the number
of reactive CD4 T cells was quantified by the number of IL-2 EliSpots per 106 CD4 T cells, as described in the Materials and
Methods section. All peptides were tested in at least two individual experiments, with the data presented as the average
number of spots per 106 CD4-enriched T cells, and error bars representing the standard error over all experiments. Note that
the standard error for peptide NP 46 in SJL mice in panel A is not fully depicted on the graph shown, as indicated by an
asterisk, but is equal to 130 spots per 106 CD4 T cells. Peptides were determined to be negative using either peptide-pooling
matrices or by screening individual peptides.
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CD4 T cells responding to the influenza virus displayed a
low degree of epitope diversity, with specificities that varied
significantly between strains that expressed these alternate
MHC class II molecules. The total number of CD4 T-cell
epitopes present at >100 cytokine-producing cells per mil-
lion CD4 T cells (or representing >0.01% of the total CD4
T cells tested) within the five proteins examined in this report
was approximately 12 in C57BL=10 mice and 22 in SJL mice.
If we assume that the remaining three large nuclear proteins
(PB1, PB2, and PA) contain a similar number of epitopes, we
can estimate that the total influenza CD4 T-cell repertoire
encompasses approximately 20–35 epitopes. This modest
value is in agreement with findings of an earlier study that
analyzed the epitope specificity of lung-infiltrating CD4 T
cells in response to the X-31 (H3N2) strain of influenza in
C57BL=6 mice (15), and is within the range of diversity es-
timated for CD8 T-cell responses (16,65,66).

The finding that the pattern of epitope distribution among
viral proteins varied significantly between the two strains
studied here suggests to us that for CD4 T-cell responses in
these mice, it may be MHC class II binding preferences
rather than a characteristic of the viral protein that is driv-
ing the apparent distribution of epitopes across the different
influenza proteins. There is some evidence to support the
idea that the I-Ab MHC class II molecule may be somewhat

atypical in its peptide-binding preferences. The crystal struc-
ture of this molecule has been determined in association with
the human CLIP fragment (Ii 81–104), and an Ea peptide
variant (Ea 54–66), and was noted to have smaller P4 and P6
pockets, and to favor the binding of more hydrophobic res-
idues in the peptide binding groove than other I-A molecules
(37,67). In addition, this class II molecule has been shown to
bind to the CLIP peptide with very high affinity (53), which
may increase the dependence of the peptide-binding process
on the H2-DM molecule (12,32,33,51). In peptide elution
studies utilizing automated electrospray ionization tandem
mass spectrometry with computer assisted interpretation of
tandem mass spectra data, 128 distinct peptide sequences
were found associated with the I-Ab molecule, with about
100 additional peptide ions that were isolated, but were
unable to be identified (20). This is in contrast to a similar
study completed by Hunt et al., who found that between 650
and 2000 different peptides were found to be associated with
the I-Ad molecule using reversed-phase HPLC and the com-
bination of microcapillary HPLC-electrospray ionization–
tandem mass spectrometry (24). Overall, these data support
the possibility that I-Ab may be particularly selective in its
peptide-binding characteristics. There is less information
known about the I-As MHC class II molecule and its inter-
action with antigenic peptides. This class II molecule, unlike

FIG. 3. Comparison of the HA, NA, and NP peptide-pooling matrices and individual peptides in the SJL and B10.S mouse
strains. HA (A), NA (B), and NP (C) peptide-pooling matrices were screened in EliSpot assays using CD4-enriched T cells
obtained from previously infected SJL (white bars) and B10.S (black bars) mice, with each peptide in the pooling matrix at a
final concentration of 10 mM. The pattern of positive and negative peptide pools was compared between the two mouse
strains. Data are presented as the percentage of total spots, with error bars representing the standard error over at least two
individual assays. Panel D shows a comparison of select I-As-restricted epitopes in an EliSpot assay using CD4-enriched
T cells isolated from previously infected SJL (white bars) and B10.S (black bars) mouse strains in parallel. Data are presented
as the average number of spots per 106 CD4-enriched T cells, with error bars representing the standard error over all assays
performed.
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I-Ab, does not have particularly high affinity for CLIP (dis-
sociation time <10 h; F. Chaves and A. Sant, unpublished
data), making it less likely that this property alone is re-
sponsible for highly selective peptide capture. However, this
allele is known to be associated with susceptibility to auto-
immune diseases (27,28), and does have two very rare
polymorphisms in amino acids that result in abrogated
peptide backbone hydrogen bond formation at the peptide’s
carboxy-terminus (28). This alteration in hydrogen bonds
may lead to more reliance on strong anchor–pocket interac-
tions for stable peptide binding (50). Although our previous
studies indicate that immunodominant CD4 T-cell epitopes
possess very stable interactions with their presenting MHC
class II molecule (32,51), we have not yet determined if the
same is true for epitopes derived from live influenza infec-
tion. We have not evaluated the dissociation rates of the
immunodominant I-Ab- and I-As-restricted peptides identi-
fied here. Using a recently published neural network algo-
rithm designed for MHC class II molecules (44), the major
peptide epitopes identified here are predicted to have only
modest affinities for their respective MHC class II ligands,
with the epitope contained within NP (306–328), with the
core YSIRPNEN predicted to be the highest-affinity class
II:peptide complex.

If the MHC class II molecules tested in this study are in-
deed very selective in their peptide binding, it may explain
the overall low diversity of epitopes found, as well as why
the distribution of CD4 T cells specific for the influenza
proteins tested seems to vary as a function of the MHC
molecule rather than as a function of protein localization or
abundance. It is important to consider that there may be a
wide range of total diversity in CD4 T-cell responses, de-
pending on the class II molecule expressed. Our previously
published studies analyzing primary CD4 responses to live
influenza virus infection in HLA-DR1 transgenic mice (46,47)
indicate that in responses restricted to this class II allele, the
CD4 T-cell response is highly diverse and includes more than
150 different peptide specificities. Preliminary experiments
(not shown) analyzing the CD4 T-cell response in H-2d-mice
expressing both the I-Ad and I-Ed class II molecules suggest
that, similarly to HLA-DR1 transgenic mice, the response is
characterized by a high degree of diversity, which we esti-
mate will include more than 120 different CD4 T-cell speci-
ficities. In both of these strains, the responses were widely
distributed among all of the viral proteins tested, with many
minor epitopes and many fewer ‘‘superdominant’’ epitopes
than were observed in the SJL and C57BL=10 strains of mice.
Therefore we speculate that the overall specificity of CD4
T cells for different proteins in influenza may in some cases
be dictated by the selectivity of MHC-peptide binding, rather
than by characteristics of viral protein expression or access
to the MHC peptide-loading compartment. If this is the case,
the practice of drawing conclusions about an overall pattern
of immunodominance based on trends noted in a single
mouse strain could be flawed. Instead, it may be necessary to
perform more comprehensive animal studies prior to coming
to any generalized conclusions regarding the relative im-
munogenicity of particular proteins in pathogenic organisms.

It is interesting to consider the implications of the results
of our studies for the human immune response to influenza.
The human MHC class II consists of multiple isotypes (HLA-
DR, HLA-DQ, and HLA-DP), and for some haplotypes there

may be up to two different DR beta chains expressed (49).
The number of class II protein products expressed by any
given individual is extended even more by heterozygosity
at most loci, leading to the possible expression of up to 12
different class II molecules by some individuals (30,55). It is
not known whether any human class II molecules will be as
selective as the murine counterparts studied here. Regard-
less, our results suggest the possibility that in the highly
complex MHC class II genotypes in humans, there could be
quite unequal utilization of some of the MHC molecules,
with those MHC molecules able to bind to a more diverse set
of peptides perhaps being utilized to a greater extent than
the others. This suggests the possibility that the characteris-
tics of the CD4 T-cell repertoire to any given pathogen,
including influenza, may be highly dependent on the array
of MHC class II molecules in a given individual; simply
expressing a particular allele may not indicate significant
representation of those specificities in the host. Better un-
derstanding of the issues detailed here is a prerequisite for
the rational design of epitope-based vaccines that will pro-
mote a specific, CD4 T-cell-mediated immune response.
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