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The recent threat of an avian influenza pandemic has generated significant interest in enhancing our
understanding of the events that dictate protective immunity to influenza and in generating vaccines that can
induce heterosubtypic immunity. Although antigen-specific CD4 T cells are known to play a key role in
protective immunity to influenza through the provision of help to B cells and CD8 T cells, little is known about
the specificity and diversity of CD4 T cells elicited after infection, particularly those elicited in humans. In this
study, we used HLA-DR transgenic mice to directly and comprehensively identify the specificities of hemag-
glutinin (HA)-specific CD4 T cells restricted to a human class II molecule that were elicited following
intranasal infection with a strain of influenza virus that has been endemic in U.S. human populations for the
last decade. Our results reveal a surprising degree of diversity among influenza virus-specific CD4 T cells. As
many as 30 different peptides, spanning the entire HA protein, were recognized by CD4 T cells, including
epitopes genetically conserved among H1, H2, and H5 influenza A viruses. We also compared three widely used
major histocompatibility class II algorithms to predict HLA-DR binding peptides and found these as yet
inadequate for identifying influenza virus-derived epitopes. The results of these studies offer key insights into
the spectrum of peptides recognized by HLA-DR-restricted CD4 T cells that may be the focus of immune
responses to infection or to experimental or clinical vaccines in humans.

Influenza virus is a major human pathogen. Despite the
ready availability of vaccines, the infection of humans with
influenza virus causes significant morbidity and mortality (re-
viewed in references 13, 37, 46, and 98). In industrialized
societies, influenza is the leading virus-induced cause of death
and is estimated to cause more than 40,000 deaths annually in
the United States alone. In many more individuals, influenza
virus infections cause significant debilitation that can be long
lasting. In the United States, influenza virus infections are
estimated to cause 100,000 hospitalizations annually. The fac-
tors that determine the impact of influenza virus infection on
human health are diverse and include the immunological com-
petence of the human host, the particular strain of infecting
influenza virus, which determines overall pathogenicity (re-
viewed in references 50 and 69), and the genetic relatedness
between the infecting virus and virus strains that were endemic
previously or used in clinical vaccines (reviewed in references
37, 44, and 73). The recent threat of a new pandemic of avian
influenza (44, 57, 73, 86, 90, 91, 106) has generated renewed
interest in gaining better understanding of the factors that
dictate protective immunity to influenza virus, including the
enhancement of vaccines that induce heterosubtypic immunity.

It is now understood that protective immunity to influenza
virus infection is due to the combined participation of many
arms of the innate and adaptive immune responses. The com-
ponents of the innate immune system, including interferons,
macrophages, and natural killer cells, are triggered very early
upon host infection with influenza virus and are typically ef-
fective at limiting early viral replication (reviewed in references
96 and 112). However, the ultimate clearance of influenza virus
depends critically on the adaptive immune response and is
mediated by antigen-specific T cells and B cells. Antigen-spe-
cific CD8 T cells are critical for the cytotoxic elimination of
virus-infected cells in the lung, while antigen-specific B cells
are an essential component of the protective immune re-
sponse, producing neutralizing antibodies which provide the
most significant source of protection from future infections
(15, 96). Protective antibodies that inhibit viral entry and rep-
lication are typically of high affinity and are most commonly
reactive with the virion envelope proteins hemagglutinin (HA)
and, less commonly, neuraminidase, respectively (reviewed in
references 29, 96, and 97).

Antigen-specific CD4 T cells play a central role in generat-
ing protective immunity to influenza virus through the provi-
sion of cognate help to B cells, a requisite event for immuno-
globulin (Ig) switch and the affinity maturation of B cells (63,
64), and through their ability to help CD8 T cells, which ap-
pears to be essential for long-term CD8 memory responses (19,
41, 42, 48, 70, 93, 94). Finally, CD4 T cells may participate
directly in viral clearance via cell-mediated cytotoxicity or the
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production of cytokines in the lung (reviewed in references 7,
95, and 99). Understanding the role of CD4 T-cell immunity to
influenza virus and evaluating the efficacy of influenza vaccines
in humans requires insight into the specificity and diversity of
epitopes elicited upon infection and upon vaccination. Much of
the data presently available on the specificity of CD4 T-cell
responses to influenza virus are limited to a few peptide
epitopes, typically those identified after long-term culture of T
cells (3, 8, 22, 24–26, 53), which has the potential to signifi-
cantly alter the representation of T-cell specificities and lead to
oligoclonality in culture. Studies on the CD4 T-cell repertoire
in humans is further complicated by the high level of repre-
sentation of memory CD4 cells within peripheral blood, which
may disproportionately contribute to the responses detected
after acute infection or exposure to vaccines.

In this study, we have sought to directly and comprehen-
sively identify the specificity of HA-specific CD4 T cells re-
stricted to a human class II molecule that are elicited in naı̈ve
individuals after infection with an H1N1 strain of influenza A
virus that has been endemic in North America within the last
decade. We used DR1 transgenic mice for the identification of
immunodominance patterns, an experimental strategy that al-
lows analyses of de novo-generated immune responses without
the complication of preexisting influenza virus-specific memory
CD4 T cells and also the study of lymphocytes from lymphoid
tissues that can be used immediately for the identification of
peptide specificity. The HLA-DR1 molecule was chosen as a
model human major histocompatibility complex (MHC) class
II molecule because it is expressed in a large fraction of indi-
viduals in the United States (18, 62, 65) and because it shares
peptide binding characteristics with a number of other DR
molecules, including DR4 and DR7 (20, 40, 89), which are also
expressed in a large proportion of individuals (14, 18, 65, 80,
89). We studied the specificity of primary CD4 T-cell responses
to A/New Caledonia/20/99 virus, an H1N1 strain that has been
circulating for almost a decade in the United States and has
consequently been included in vaccines in North America for
the past 7 years (27, 28, 49, 108, 111). For these studies, we
used HLA-DR1 transgenic mice with MHC class II transgenes
that encode peptide binding domains derived from the human
class II molecule and membrane-proximal domains derived
from the murine homolog of HLA-DR (I-E) to promote in-
teractions with the murine CD4 protein expressed in these
mice. The HLA-DR1 transgenic mice have been used exten-
sively as a murine model of human arthritis (36, 54, 67, 68, 79),
as well as an experimental tool to identify CD4 T-cell epitopes
and study the MHC class II-restricted presentation of HLA-
DR1 antigens (12, 72, 79).

To comprehensively evaluate the diversity of CD4 T cells that
are specific for the HA protein, we obtained overlapping peptides
representing the entire HA protein sequence and tested these
peptides by using enzyme-linked immunospot (ELISPOT) assays
(2, 23, 45, 100) to directly enumerate peptide-specific CD4 T cells
isolated from the spleens of infected DR1 transgenic mice. The
results of these experiments reveal a surprising degree of diversity
among influenza virus-specific CD4 T cells and also suggest that
presently available algorithms to predict CD4 epitopes are as yet
inadequate for identifying influenza virus-derived epitopes. The
results of these studies offer new insight into the diversity and
specificity of influenza virus-specific, DR1-restricted CD4 T cells

elicited during primary immune responses to influenza virus in-
fection that correspond to likely candidate epitopes for human
immune responses to infection or to experimental or clinical vac-
cines.

MATERIALS AND METHODS

Virus production. Embryonated eggs, purchased from SPAFAS Inc. (North
Franklin, CT), were incubated at 70°F and 100% humidity for 9 days, followed by
the infection of the allantoic cavity with 100 �l of human influenza virus A/New
Caledonia/20/99 (H1N1; generously provided by John Treanor at the University
of Rochester) at a concentration of 103 50% egg infective doses (EID50), or 103

times the dose necessary to infect 50% of the embryonated eggs, per ml. The
infected eggs were incubated for 48 h at 37°C and then for 24 h at 4°C. The
allantoic fluid was harvested under sterile conditions and centrifuged at 2,000 �
g for 20 min and 4°C. Small aliquots of the supernatant were frozen at �70°C,
and the virus titer was determined by infecting new embryonated eggs with serial
dilutions of the harvested allantoic fluid in triplicate. The resulting allantoic fluid
was harvested from eggs infected with the serial dilutions and immediately
titrated by an HA assay of chicken red blood cells according to the procedure
recommended by the 2005-to-2006 World Health Organization bulletin for the
identification of influenza virus isolates from subjects with influenza. The titer
was reported as the number of EID50 per milliliter of allantoic fluid.

Cell lines and reagents. Cell lines were maintained at 37°C and 5% CO2 in
Dulbecco’s modified Eagle’s medium supplemented with 5% fetal bovine serum,
5 mM HEPES, 2 mM L-glutamine, 1 mM nonessential amino acids, and 5 � 10�5

M 2-mercaptoethanol, all purchased from Invitrogen. DAP-3 cells transfected
with the genes for DR1 were provided by E. Long, NIAID, NIH, and were
screened periodically for class II surface expression by monoclonal antibody
staining and fluorescence-activated cell sorter analysis. The DR1 transgenic mice
(B10.M/J-TgN-DR1) (110) were obtained from D. Zaller (Merck) through Tac-
onic laboratories and were maintained in the pathogen-free facility at the Uni-
versity of Rochester Medical Center according to institutional guidelines. As
originally described (110), these mice express a chimeric HLA-DR1 class II
molecule with the peptide binding membrane-distal domain derived from the
human HLA-DR1 protein and the membrane-proximal domains derived from
the murine I-E protein in order to promote interactions with the murine CD4
protein. Monoclonal antibody-producing cell lines used to purify CD4 T cells
were originally obtained from the American Type Culture Collection and in-
cluded 3.155 (anti-CD8), RA3/3A1/6.1 (anti-B220), L243 (anti-DR), and Y3P
(anti-I-Af). Low-Tox M rabbit complement and Lympholyte-M used for the
purification of CD4 T cells were both purchased from Cedarlane Laboratories.
Antibodies used to assess the purity of the CD4 T cells included CD4-fluorescein
isothiocyanate (CD4-FITC; clone RM4-4) from BD Biosciences, CD8a-FITC
(Ly-2 clone 53-6.7) from eBiosciences, anti-HLA-DR–FITC (clone HK14) from
Sigma, and anti-mouse Ig from BD Biosciences. The antibody used to detect I-Af

was FITC-labeled I-Ak (A�
�; 10-3.6) from BD Biosciences, which is known to

cross-react with I-Af. Purified anti-mouse CD16/CD32 (Fc�III/II receptor) clone
2.4G2, purified rat anti-mouse interleukin-2 (IL-2; JES6-1A12), biotinylated rat
anti-mouse IL-2 (JES6-5H4), rat anti-mouse gamma interferon (IFN-�; clone
R4-6A2), and biotinylated rat anti-mouse IFN-� (clone XMG1.2) for ELISPOT
assays were all purchased from BD Biosciences.

Influenza infections. Unless otherwise indicated, HLA-DR1 transgenic mice
were infected intranasally with A/New Caledonia/20/99 at 100,000 EID50 in 30 �l
of phosphate-buffered saline (PBS). Groups of mice were 2 to 4 months old at
the time of infection and were anesthetized by intraperitoneal injection with
tribromoethanol (Avertin; 250 to 300 �l per mouse) prior to intranasal infection
to ensure inhalation of the virus solution. Seven to eight days postinfection, the
mice were sacrificed and spleens were excised and used as a source of CD4 T
cells for ELISPOT analyses. Spleens from six to seven mice were pooled unless
otherwise stated.

Cell purification. A single suspension of cells from the spleens of infected mice
was depleted of red cells by treatment for 5 min at room temperature with ACK
lysis buffer (0.15 M NH4Cl, 1 mM KHCO3, and 0.1 mM Na2-EDTA in H2O, pH
7.2 to 7.4; GIBCO). The resultant lymphoid cells were depleted of non-CD4 T
cells by incubation at 2 � 107 cells/ml with monoclonal antibody supernatants
from cell lines 3.155 for CD8 cells, RA3/3A1/6.1 for B cells, L243 for DR cells,
and Y3P for I-Af cells at a final dilution of 1:4. Cells were then washed and
resuspended at 2 � 107 cells/ml in complement (Low Tox M; Cedarlane)-
containing buffer at 37°C for 30 min. Dead cells were removed by density
gradient centrifugation with Lympholyte-M according to the manufacturer’s
instructions. Viable cells were recovered and washed twice to remove residual
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Lympholyte-M. In some experiments, a second step of purification was taken to
isolate T cells based on the expression of CD4. CD4 T cells were purified from
antigen-presenting cells (APC) and CD8 cells by incubation with a limiting
dilution (1:6,500) of allophycocyanin-conjugated anti-CD4 (RM4-5 [BD Bio-
sciences, CA]), which had been previously titrated to determine the lowest dose
that provided adequate separation from other cell types, and sorted by prepar-
ative flow cytometry. Sorting of the CD4-positive cells was performed using a BD
FACSAria cell sorting system. The purity of the cell populations was assessed by
collecting samples before and after complement-mediated lysis and after sorting
by staining for CD4-FITC, CD8a-FITC, DR1-FITC, I-Af–FITC, and B cells by
using an Ig-FITC antibody.

ELISPOT assays. ELISPOT assays were performed as previously described
(105), with some modifications. Briefly, 96-well filter plates (Millipore) were
coated with 2 �g of purified rat anti-mouse IL-2/ml in PBS at room temperature
for at least 2 h and then washed with cell culture medium to remove any unbound
antibody. CD4 T cells (350,000) were cocultured with 30,000 DAP-3 fibroblasts
that either did or did not express the DR1 MHC class II protein and with the
indicated peptides at a final concentration of 10 �M in a total volume of 200 �l
for 16 to 18 h at 37°C and 5% CO2. Cells were removed from the plates, and the
plates were washed with wash buffer (PBS plus 0.1% Tween 20), after which 50
�l of a solution of 2 �g of biotin rat anti-mouse IL-2/ml prepared in wash buffer
with 10% fetal bovine serum was added and the plates were incubated for a
further 30 min at room temperature. The plates were washed again, blotted, and
probed with a 1:1,000 dilution of alkaline phosphatase-strepavidin (Jackson
ImmunoResearch, PA). The plates were then incubated at room temperature for
30 min, after which they were washed, blotted dry, and developed using Vector
blue substrate kit III (Vector Laboratories, CA) prepared in 100 mM Tris, pH
8.2. After drying, the quantification of spots was performed with an Immunospot
reader series 2A using Immunospot software, version 2.

Peptides. 18-mer peptides overlapping by 11 amino acids to encompass the
entire sequence of the HA protein from the H1N1 strain of influenza virus
A/New Caledonia/20/99 were synthesized by Mimotopes (Clayton, Victoria, Aus-
tralia). The peptides were reconstituted at 10 mM in PBS, with or without added
dimethyl sulfoxide for hydrophobic peptides and 1 mM dithiothreitol for cys-
teine-containing peptides. The stocks were stored at �20°C. Working stocks (100
�M) in Dulbecco’s modified Eagle’s medium (Invitrogen Corp., Carlsbad, CA)
were made, sterilized by filtration, and stored at �20°C. Individual peptides were

synthesized by Biopeptides (San Diego, CA) and dissolved and stored as de-
scribed above.

Binding predictions. The entire sequence of the HA protein from the human
influenza virus A/New Caledonia/20/99 (H1N1; accession number, AAP34324)
was input into the websites for Rankpep (http://bio.dfci.harvard.edu/Tools
/rankpep.html), SYFPEITHI (http://www.syfpeithi.de/home.htm), and ProPred
(http://www.imtech.res.in/raghava/propred/). Different threshold values were
used to perform the query for each algorithm. With Rankpep, 11 peptides scored
above the recommended binding threshold of 8.01. With SYFPEITHI, the top 11
peptides were selected, while for ProPred, the threshold was fixed at 1%, which
is considered to provide a high level of stringency with a low rate of false
positives. Under these conditions, nine of the top peptides were identified.

RESULTS

To evaluate the specificity of HLA-DR1-restricted CD4 T
cells elicited in response to the A/New Caledonia/20/99 influ-
enza virus strain in DR transgenic mice, we first established
conditions for T-cell priming in response to increasing doses of
infectious virus introduced intranasally in PBS, an infection
route meant to mimic infection in humans. Lymphoid cells
were isolated from spleens and lymph nodes of infected mice
at 7 to 8 days after the introduction of the virus, and CD4 T
cells were purified from the cell population by the depletion of
CD8 and MHC class II protein-positive cells. To evaluate the
antigen specificity of influenza virus-primed CD4 T cells, we
used ELISPOT assays, which allow the direct ex vivo quanti-
fication of antigen- or peptide-reactive lymphocytes without
any extended in vitro culture (21, 45, 100, 101). Because early
experiments indicated that, in our hands, IL-2 production was
more sensitive than IFN-� production for the detection of
influenza virus-specific CD4 T cells (Fig. 1A), IL-2 ELISPOT

FIG. 1. Comparison of results from IL-2 and IFN-� ELISPOT assays for the enumeration of influenza virus-specific CD4 T cells and the
titration of the virus in mice. (A) Mice were infected intranasally with 100,000 EID50 of A/New Caledonia/20/99 virus. Seven days later, mice were
sacrificed and CD4 T cells were purified from splenocytes and cocultured with an influenza virus-infected DR1 homozygous human B-cell line,
LG2. The number of cytokine-producing cells per 300,000 input CD4 T cells was quantified by IL-2 or IFN-� ELISPOT assays. Shown are the
average numbers of spots from triplicate wells of cytokine-secreting cells as calculated by subtracting the numbers of spots detected with uninfected
cells (85 and 8 for IL-2 and IFN-�, respectively). Similar results were obtained with infected DR1 gene-transfected DAP-3 cells and with selected
antigenic peptides as stimulators on DR1-positive uninfected cells (data not shown). Spleen cells from three mice were pooled prior to analyses.
(B) Mice were infected intranasally with 200,000 (black bars), 20,000 (white bars), 2,000 (gray bars), or 200 EID50 of A/New Caledonia/20/99
influenza virus. The number of IL-2-producing, influenza virus-specific CD4 T cells from spleens was determined 7 days later by 18-h stimulation
with infected DAP.3-5.3.1 DR1-positive transfectants or syngeneic spleen cells infected with virus at a multiplicity of infection (MOI) of 5. IL-2
ELISPOT results were quantified with an automated plate reader as the averages for triplicate wells by subtracting the background values obtained
with uninfected APC (28 and 65 for spleen and DAP-3 cells, respectively). The response of the mice infected at 200 EID50 was below the
background level and is not shown. Spleen cells from two mice per group were pooled prior to analyses.
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assays were used to enumerate antigen-reactive CD4 T cells
for the remainder of the study.

Shown in Fig. 1B are the results of ELISPOT assays follow-
ing the titration of the virus in vivo in the DR1 transgenic mice,
with the infecting dose introduced intranasally in PBS as EID50

of virus grown in fertilized chicken eggs and recovered in
allantoic fluid. Priming in the infected mice was assessed by
quantifying IL-2 immunospots produced by CD4 T cells iso-
lated from DR1 transgenic mice 7 days postinfection in re-
sponse to virus-infected syngenic splenocytes (Fig. 1B, left) or
fibroblasts transfected with the gene encoding HLA-DR1 (Fig.
1B, right). These experiments indicated that the A/New Cale-
donia/20/99 H1N1 strain of influenza virus, which has never
been adapted to grow in mice, shows good infectivity in mice
and primes T cells when introduced at relatively low doses
(�2,000 EID50/mouse). The highest dose tested, 200,000
EID50, was not lethal to the animals, and all mice appeared
healthy at 7 to 10 days postinfection, independent of the dose
of virus used for infection. For the remainder of the assays,
100,000 EID50 per animal was used to infect mice and prime
influenza virus-specific CD4 T cells.

To assess the peptide specificity of the influenza virus-spe-
cific CD4 T cells, synthetic overlapping 18-mer peptides, offset
by 7 amino acids, representing the entire translated sequence
of HA expressed in the A/New Caledonia/20/99 virus were
used. The HA0 precursor protein of HA is more than 550
amino acids in length, and therefore, more than 80 peptides
were synthesized in order to span its entire sequence. Because
of the high number of peptides in the peptide scan, we used a
peptide-pooling strategy (100, 101) to initially identify individ-
ual HA peptides to which CD4 T cells respond. Shown in Fig.
2B is the layout of the matrix with the number of the individual
peptide shown. Figure 2A shows the results of an HA-specific
ELISPOT analysis of the peptide pools, with the results pre-
sented as the number of IL-2 spots detected per 106 CD4 T
cells after subtracting the number of background spots (�20).

Pools displaying positive reactivity (Fig. 2, 1R, 2R, 3R, 4R, 5R,
7R, 8R, 9R, 1C, 3C, 4C, 5C, 6C, 7C, and 9C) each contained
candidate peptides, while negative pools (Fig. 2, 6R, 10R, 2C,
and 8C) were presumed to have no or very weak CD4 T-cell
epitopes. Peptides within these negative pools were eliminated
from further consideration. Peptides belonging to more than
one strongly positive pool were considered to be candidates for
the most dominant T-cell epitopes and were tested as single
peptides in IL-2 ELISPOT assays. For these studies, we used
an additional step of purification to be certain that the CD4 T
cells detected were indeed restricted to DR1. The repertoire of
DR1 transgenic mice is thought to be largely restricted to the
human class II molecule expressed by a transgene, but the mice
do express low levels of an endogenous class II protein (I-Af)
that is thought to poorly select and activate CD4 T cells (110).
Although the T-cell population was completely depleted of
CD8 T cells prior to the addition of T cells to the ELISPOT
assay, the depletion of class II protein-positive cells was only
about 90% complete (Fig. 3). It was therefore conceivable that
some of the peptide epitopes detected in the pool arrays were
restricted to the endogenous I-Af class II molecule expressed
in the B10.M host. Therefore, in all of the subsequent analyses,
we adopted an even more rigorous purification strategy to
eliminate any endogenous APC present among the spleen cells
from the infected donors. Spleen cells were depleted of APC
and CD8 T cells by treatment, as before, with a cocktail of
specific anti-CD8, anti-class II molecule, and anti-B-cell anti-
bodies and complement. CD4 T cells were further purified
from the residual viable cells by using a positive selection
strategy involving preparative flow cytometry with limiting con-
centrations of an anti-CD4 antibody that was found not to
inhibit T-cell responses (data not shown). Figure 3 shows that
this strategy led to the isolation of CD4 T cells with more than
98% purity. We found in separate experiments that the use of
higher concentrations of the anti-CD4 antibody GK1.5 blocked
the antigen-dependent IL-2 production, attesting to the func-

FIG. 2. Peptide screening by the peptide-pooling matrix method. Mice were infected intranasally with 100,000 EID50 of A/New Caledonia/20/99
virus. The number of IL-2-producing CD4� splenocytes was determined 8 days later by 18-h coculture with DAP-3 DR1-positive transfectants
cultured with the pools of peptides shown in panel B. The averages of results for duplicate wells as calculated by subtracting the background value
obtained with no peptide (48.5) are shown in panel A. The highlighted rows and columns in panel B identify those pools with high levels of IL-2
ELISPOT responses, and the intersections of the rows and columns correspond to predicted epitopes that elicit high numbers of responding CD4
T cells. Peptides belonging to more than one of the most stimulatory pools are shaded and were considered to be candidates for the most dominant
T-cell epitopes. Spleen cells from six mice were pooled for this experiment.
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tionality of the CD4 T-cell-class II molecule interactions in the
HLA-DR1 transgenic mice.

HA-derived peptides were tested individually in several sub-
sequent IL-2 ELISPOT assays using purified CD4 T cells iso-
lated from mice infected 8 days previously. The results of a

sample IL-2 ELISPOT assay with 21 single peptides are pre-
sented in Fig. 4. These results show the typical range in reac-
tivity observed in independent assays, with several peptides,
such as peptide 23 and peptide 63, eliciting the greatest num-
ber of DR1-restricted T cells while other peptides elicited

FIG. 3. Purification of CD4 T cells for ELISPOT analyses. Splenocytes were harvested from infected mice, and a portion was reserved for
staining (top row, prepurification). The remainder of the cell set was depleted of class II protein-positive and CD8 cells by using antibodies and
complement. A portion of the remaining cells was reserved for staining (middle row) and exemplifies the typical level of purity of cell groups used
in the experiments described in the legends to Fig. 1 to 3. The remaining portion was incubated with a subsaturating concentration of anti-CD4
antibody, purified by preparative flow cytometry as described in Materials and Methods, and reanalyzed by analytical flow cytometry (bottom row).
All cell populations were stained with FITC-labeled anti-CD4 (second column), anti-CD8a (CD8	; third column), or anti-A�

k (10-3.6) that
cross-reacts with I-Af (fourth column). Results for unstained cells are shown in the first column. The percentage of CD4-positive cells in each
population is shown in the top left corner of each CD4 graph. The results shown for the population of CD4 T cells obtained after preparative flow
cytometry are typical of results from the experiments described in the legends to Fig. 4 and 5.

FIG. 4. Representative results from a single-peptide screen demonstrate the diversity of the primary CD4 response to influenza virus HA. Mice
were infected intranasally with A/New Caledonia/20/99 influenza virus, and the number of IL-2-producing CD4 splenocytes was determined 8 days
later by 18-h in vitro stimulation with DAP.3-5.3.1 DR1-positive transfectants cultured with the single 18-mer peptides of interest at a 10 �M final
concentration. IL-2 ELISPOT results quantified as the averages for duplicate wells with the background value (11 spots) subtracted are given. The
results shown are representative of those of two to three independent experiments for each peptide. Spleen cells from six to seven mice were pooled
for each experiment.
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intermediate (e.g., peptide 14), low (e.g., peptide 27), or un-
detectable (e.g., peptide 1) responses. We then sought to for-
mally test the MHC class II restriction of the candidate pep-
tides identified through the course of experiments using
individual peptides. CD4 T-cell ELISPOT assays with the in-
dividual candidate HA peptides were performed in the pres-
ence of DR1-positive fibroblasts that expressed DR1 from
transfected genes as their only MHC class II molecule, with
endogenous MHC class I molecules being derived from the
strain of origin of the fibroblasts (C3H [H-2k]). Untransfected
fibroblasts were used as negative-control APC. The results of
this experiment, presented in Fig. 5, show that all of the pro-
visionally identified HA-derived CD4 T cells were indeed re-
stricted to the HLA-DR1 class II molecule. Even the relatively
minor specificities detected, exemplified by peptides 11, 27,
and 45, were restricted to HLA-DR1. None of the influenza
virus-specific CD4 specificities identified in our studies were
detectable in uninfected mice (data not shown).

After comprehensively identifying the HA-derived peptides
recognized by CD4 T cells, we asked how well these empirically
defined epitopes compared to those selected by algorithms
presently used to predict class II epitopes. Three programs
available on the Web (reviewed in references 9, 75, and 84) to
predict the binding of peptides to MHC molecules, ProPred (1,
66, 87), SYFPEITHI (31, 35, 74), and Rankpep (16, 32), which
have been used previously to predict T-cell epitopes, were used
to scan the entire HA sequence for peptides predicted to bind to
HLA-DR1. These programs implement different algorithms to
predict peptide binding to HLA-DR1. Each algorithm identi-
fied approximately 12 to 15% of the peptides (e.g., 9 to 11 out
of a total of more than 75 peptides) as candidate immunodom-
inant peptides. These predicted peptides are highlighted in Fig.
6, which shows a ladder representation of each peptide con-

tained in the HA peptide set. The empirically defined peptide
epitopes are indicated in this figure as well, with the most
immunodominant, the intermediate, and the minor peptides
denoted. The criteria used for grouping the peptides are indi-
cated in the legend to Fig. 6. Table 1 shows the results of
multiple independent experiments with each of the identified
peptides, allowing for significant confidence that the relative
immunodominance depicted in Fig. 6 is reproducible.

Several interesting observations emerge from the analyses
shown in Fig. 6. First, different peptides were predicted by each
of the three different algorithms, with only two 9-mer peptides
(in peptide 1 and peptide 48) selected by all three. Four pep-
tides were selected by at least two algorithms, but the algo-
rithms selected different peptides within the 18-mer peptides.
More than 10 9-mer peptides were selected by only a single
algorithm, and of the algorithms that were tested, Rankpep
appeared to give results that were the most discordant from
those from the other two. The other remarkable observation
made from this type of analysis is that many of the empirically
defined epitopes were not predicted by any of the three algo-
rithms. Two of the four most immunodominant peptides (con-
tained within peptide 37 and peptides 63 and 64) and four of
the six subdominant peptides were not predicted to be immu-
nodominant by any of the algorithms that were used to scan the
HA sequence. This result suggests that presently available al-
gorithms are as yet inadequate for predicting peptides that will
be the focus of the CD4 T-cell response, at least to influenza
virus.

DISCUSSION

In the studies reported here, we have comprehensively iden-
tified the major HLA-DR1-restricted peptide epitopes from

FIG. 5. Confirmation of DR1 restriction of CD4 T cells. Mice were infected intranasally with A/New Caledonia/20/99 virus, and the number
of IL-2-producing CD4 T cells from spleens was determined 8 days later by 18-h in vitro stimulation with DAP.3-5.3.1 DR1-positive (black bars)
or DAP.3 DR1-negative (stippled bars) fibroblasts cultured with single peptides at a 10 �M final concentration. Results of the IL-2 ELISPOT
analyses were quantified as the averages for duplicate wells after the background value (10 spots) was subtracted. Spleen cells from seven mice were
pooled prior to analyses.
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influenza A virus HA that are the focus of the primary CD4
T-cell response that occurs after intranasal infection with in-
fluenza virus. We conclude from this series of experiments that
the repertoire of HA-specific CD4 T cells elicited in a primary
response to influenza virus infection is quite diverse and en-
compasses more than 30 different peptide specificities, includ-
ing at least four dominant and five to six subdominant epitopes
and more than 20 minor specificities. Our estimate of the
number of immunodominant HA peptides is a minimal esti-
mate, because epitopes contained in overlapping peptides may
represent two peptide registers rather than a single epitope
shared by two overlapping peptides. For example, one of the
major epitopes identified, stimulated by peptides 63 and 64,
has at least two plausible registers for binding to the HLA-
DR1 molecule, and preliminary data (not shown) indicate the
presence of CD4 T cells from infected mice that recognized
both registers. Also suggesting that our identification should be
considered a conservative estimate of the diversity in the re-
sponse is that our ELISPOT experiments detected an addi-
tional number of very minor specificities. These were present

in sufficiently low frequencies that we did not indicate the
corresponding peptides as positive for reactivity, but it was
noted that the numbers of T cells specific for many additional
peptides were consistently above the background level. It is
possible that cell populations could become enriched with T
cells with these specificities as individuals repeatedly encounter
influenza virus or vaccines, a common event in human popu-
lations.

The identification of immunodominant influenza virus-de-
rived peptides presented by a common human MHC class II
molecule as we describe in this report will be extremely valu-
able at several levels for present efforts in vaccine design and
in the study of the natural infection of humans with influenza
virus. First, there is a great deal of interest in peptide-based
vaccines as stable reagents to induce protection against patho-
genic organisms such as influenza virus (10, 17, 33, 39, 40, 76,
83). One of the main challenges in the design of peptide-based
vaccines is the extent of polymorphism in the human MHC,
which in turn influences the degree of coverage that any set of
peptides will have in the targeted population. Knowledge of

FIG. 6. Summary of empirically observed immunodominant HA peptides and comparison with peptides predicted to be presented by
HLA-DR1 by algorithms available on the Web. The HA sequences of 18-mer overlapping peptides are shown as a ladder. The underlined peptide
sequences are those eliciting a response as determined by the number of cytokine-producing CD4 T cells generated compared to the number
generated in response to one of the major immunodominant peptides (peptide 63). Any peptide that elicited less than 5 percent of the response
elicited by peptide 63 was considered negative for reactivity, while those with a score of 6 to 24% were considered weak but positive for epitopes
and are indicated by a single underline. Those peptides eliciting between 25 and 60% of the number of IL-2-producing CD4 T cells generated in
response to peptide 63 were considered subdominant and are underlined twice, while those peptides that elicited at least 61% of the CD4 T-cell
response elicited by peptide 63 were considered to be immunodominant epitopes and are indicated by triple underlining. Highlighted regions of
the peptide sequences predicted by the algorithms tested to bind to HLA-DR1 are coded as noted in the upper right corner of the figure. Epitopes
that were predicted by more than one algorithm are highlighted in green or hatched colors. cds, coding sequence.
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the MHC restriction and the immunogenic peptides is essential
for assembling peptides that will cover a high percentage of the
targeted population. The second major value in the informa-
tion gleaned from these studies is for vaccine testing. Most
presently licensed influenza vaccines are tested almost exclu-
sively for their ability to elicit antibody responses, with surpris-
ingly few published studies on the specificity of CD4 T-cell
responses to vaccines (30, 49, 60, 92). If immunodominant
peptides and MHC restriction molecules are identified, lym-
phocytes from vaccine recipients can be tested for CD4 T cells
that recognize influenza virus-derived peptides. This additional
layer of analysis of vaccine recipients will add significant new
insight into what factors control vaccine efficacy, how closely
antibody responses correlate with T-cell responses, and which
parameter is the best predictor of efficacy for any given vac-
cine. The identification of OR1-restricted peptides that are the
focus of the immune response to influenza virus will also be

extremely valuable for MHC peptide tetramer derivation. Mul-
timers of MHC class II peptides that bind specifically to the
T-cell receptors on the surfaces of antigen-specific CD4 T cells
represent a powerful new technology to isolate and analyze
antigen-specific T cells (reviewed in references 38, 52, 61, 71,
and 78). Despite the potential power of MHC tetramer tech-
nology, at the moment there are only a few MHC class II
tetramers to detect human CD4 T cells that are specific for
influenza virus. A major limitation in the use of tetramers is
that the construction of these reagents requires the identifica-
tion not only of immunodominant influenza virus-derived pep-
tides but also of the precise MHC molecules that present these
peptides to the CD4 T cells. Collectively, the results of the
studies described in this report provide a comprehensive and
unbiased assessment of the specificity of CD4 T cells elicited
upon the host’s first confrontation with influenza virus.

One question raised by the results of this study is why the

TABLE 1. Reproducibility of responses to individual peptides tested by ELISPOT analysesa

Peptide no.
No. of indicated responses/no. of tests

Peptide no.
No. of indicated responses/no. of tests

Negative Weak Moderate Strong Negative Weak Moderate Strong

1 2/2 42 1/2 1/2
2 2/2 43 3/3
3 3/3 44 Mtx 1/1
4 Mtx 45 3/3
5 2/2 46 2/3 1/3
6 1/2 1/2 47 3/3
7 3/3 48 Mtx
8 2/2 49 Mtx
9 2/2 50 Mtx 1/1
10 4/4 51 Mtx 1/1
11 3/3 52 3/3
12 Mtx 53 Mtx
13 1/2 1/2 54 1/2 1/2
14 2/5 3/5 55 2/2
15 3/3 56 Mtx
16 3/3 57 3/3
17 Mtx 1/1 58 Mtx
18 3/3 59 Mtx
19 1/3 2/3 60 Mtx, 1/1
20 2/2 61 Mtx, 1/1
21 Mtx 62 Mtx
22 Mtx 63 10/10
23 4/4 64 2/2
24 7/7 65 Mtx, 1/1
25 1/2 1/2 66 Mtx
26 Mtx 67 Mtx, 1/1
27 3/3 68 Mtx
28 Mtx, 1/1 69 2/2
29 4/5 1/5 70 1/3 2/3
30 2/2 71 Mtx 1/1
31 Mtx 72 Mtx
32 1/2 1/2 73 1/2 1/2
33 1/2 1/2 74 Mtx
34 1/1 75 Mtx
35 Mtx 76 Mtx 1/1
36 1/2 1/2 77 Mtx, 1/2 1/2
37 4/6 2/6 78 1/4 2/4 1/4
38 2/2 79 Mtx
39 Mtx 80 Mtx, 1/1
40 1/3 2/3 81 Mtx, 1/1
41 2/3 1/2 82 Mtx

a Shown are the results of independent ELISPOT analyses of individual peptides. Responses were scored based on the number of IL-2 spots relative to the number
produced in response to peptide 63, as described in the legend to Fig. 6. Also shown is the number of times each peptide was tested. Mtx indicates that the peptide
was excluded by the matrix screening.
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CD4 T-cell repertoire elicited by primary exposure to influ-
enza virus is so diverse. We speculate that after natural
infection with influenza virus, several events involved in
endosomal peptide acquisition by class II molecules may
promote a very broad reactivity of CD4 T cells to influenza
virus proteins beyond the typical four to eight peptides that
are the focus of the response to exogenous protein antigens.
Upon viral infection, the predominant APC that primes
influenza virus-specific CD4 T cells is an actively infected
dendritic cell (4, 5, 34, 56, 59, 109). We hypothesize that the
abundant viral protein synthesis within dendritic cells over-
rides some of the major forces that normally restrict the
antigen specificity of CD4 T cells. The high-level synthesis of
influenza virus antigens allows them continual access to
class II molecules, thereby attenuating the consequences of
endosomal DM editing that is thought to dramatically nar-
row the repertoire of peptides presented by class II mole-
cules (reviewed in references 6, 11, 43, 81, 103, and 104).
Because of the continual synthesis of the antigens within the
dendritic cells, DM editing does not preclude the class II-
restricted presentation of peptides that are typically re-
moved from class II molecules during the presentation of

exogenous antigens, particularly those with low-stability in-
teractions with the MHC class II molecule (11, 51, 55, 58,
81, 88, 102). In fact, the abundant and endogenous synthesis
of viral antigens by the priming APC may account partly for
the relatively low predictive value of the binding algorithms
tested because the strength of the binding of the peptide to
the MHC class II molecule per se may not determine the
epitope hierarchy expressed on the APC and, thus, may not
be the driving force in shaping the immundominance hier-
archy. We have found that the broad diversity of CD4
epitopes is not unique to HA but extends to viral antigens
that are normally poorly presented by class II molecules,
such as the cytoplasmic/nuclear protein NS1 (our unpub-
lished results), lending support to the idea that the high-
level synthesis of viral antigens by the infected APC pro-
motes an unusually broad diversity of class II peptide
complexes. Also potentially playing a role in diversifying the
selected T-cell repertoire is the frequency of antigen-bear-
ing dendritic cells that prime the CD4 T cells in the lymph
node. During the course of the influenza virus infection, the
number of infected dendritic cells that seed the peripheral
lymph node is quite high, particularly during the early

FIG. 7. Sequence alignment of immunodominant peptides in HA. Shown is the ClustalW alignment of HA protein sequences from the New
Caledonia/20/99 (H1N1), Canada/720/05 (H2N2), and Hong Kong/156/97 (H5N1) strains of influenza A virus. The regions conserved among these
strains are highlighted in green. Other sequences are highlighted as noted at the bottom of the figure. Peptides were grouped according to the
criteria indicated in the legend to Fig. 6. Because the responses corresponded to a number of adjacent peptides, in many cases the stimulatory
peptides overlap in this figure.
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phases of the immune response (56), and is likely to exceed
the typical number of dendritic cells that migrate to lymph
nodes after the subcutaneous introduction of antigen. A
high frequency of antigen-bearing dendritic cells would be
expected to diminish the probability of CD4 T-cell compe-
tition for antigen (reviewed in reference 47). Together, the
above-described factors may contribute to the generation of
a large pool of primed CD4 T cells with diverse antigen
specificities that is considerably less focused than the CD4
T-cell repertoire that is elicited in response to an exogenous
protein antigen or an extracellular pathogen (81, 82).

It is interesting that the peptides recognized by circulating
CD4 T cells span the entire HA protein and include epitopes
that are likely to be unique to the infecting strain of influenza
virus. CD4 T cells of these specificities are likely to be recalled
in HLA-DR1-positive individuals who have received the triva-
lent subunit vaccines in the past decade. CD4 T cells specific
for these genetically variable regions of HA may, however,
decay over the course of an individual’s lifetime if that indi-
vidual is confronted with many different strains of influenza A
virus whose HA proteins diverge substantially from the HA
contained in A/New Caledonia/20/99. Decay may occur
through a lack of boosting with the infecting virus or through
competition in the memory pool with CD4 T cells specific for
other, more highly conserved epitopes within the genetically
conserved proteins encoded by the virus, such as the nuclear or
polymerase proteins (19, 85, 107). Importantly, however, our
study also revealed a large fraction of CD4 T cells specific for
peptides that are contained within regions of HA that are
genetically conserved across different strains of influenza virus.
One of the most notable epitopes in this regard is the peptide
epitope(s) contained within peptides 63 and 64 (shown in Fig.
7). The amino acid sequence from residues 434 to 462 is highly
conserved among H1, H2, and H5 substrains and within many
different isolates of those strains. In fact, in scanning more than
200 H1, H2, and H5 sequences contributed to the NCBI da-
tabase hosted by the National Library of Medicine, we noted
only a single amino acid difference in HA sequences from
human isolates collected over the last five decades. This se-
quence in A/New Caledonia/20/99 virus is in fact identical to
the sequence in isolates from the 1918 “Spanish flu” (77). This
degree of sequence conservation suggests that HLA-DR1-pos-
itive humans that have been previously exposed to H1N1 in-
fluenza virus may have circulating CD4 T cells that recognize
and can be activated by confrontation with an H5 or H2 strain
of influenza virus. CD4 T cells of this specificity are likely to be
recalled and their levels are likely to be boosted each time an
HLA-DR1-positive individual encounters any form of im-
munogen that contains H1, H2, or H5 viruses and may be
particularly effective in providing help for HA-specific B cells
during infection with many strains of influenza virus. In terms
of vaccine design, recent studies have shown that the priming
of CD4 T cells and the expansion of the repertoire to include
selected specificities by using peptide priming strategies can
enhance the kinetics of production of neutralizing antibodies
and promote viral clearance (16, 113, 114). Analyses address-
ing these issues for both animal and human subjects should be
highly informative and are the subject of present investiga-
tions.
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