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Immunodominant T-cell responses are important for virus clear-
ance. However, the identification of immunodominant T-cell
peptide + HLA glycoprotein epitopes has been hindered by the
extent of HLA polymorphism and the limitations of predictive
algorithms. A simple, systematic approach has been used here to
screen for immunodominant CD8+ T-cell specificities. The analysis
targeted healthy HLA-A2+ donors to allow comparison with
responses to the well-studied influenza matrix protein 1 epitope.
Although influenza matrix protein 1 was consistently detected in
all individual samples in our study, the response to this epitope
was only immunodominant in three of eight, whereas for the
other five, prominent CD8+ T-cell responses tended to focus on
various peptides from the influenza nucleoprotein that were not
presented by HLA-A2. Importantly, with the four immunodomi-
nant T-cell epitopes identified here, only one would have been
detected by the current prediction programs. The other three pep-
tides would have been either considered too long or classified as
not containing typical HLA binding motifs. Our data stress the
importance of systematic analysis for discovering HLA-dependent,
immunodominant CD8+ T-cell epitopes derived from viruses and
tumors. Focusing on HLA-A2 and predictive algorithms may be too
limiting as we seek to develop targeted immunotherapy and vac-
cine strategies that depend on T cell-mediated immunity.

According to the World Health Organization (WHO), in-
fluenza viruses cause 0.5 million deaths each year (http://

www.who.int/mediacentre/factsheets/fs211/en/index.html), despite
the fact that vaccines are readily available, at least in the wealth-
ier countries. Although these products are modified annually, the
protective antibody response can be ineffective because of the
surface HA and neuraminidase (NA) proteins being mismatched
with the currently circulating viruses. Furthermore, the widely
used inactivated vaccines do not prime memory CD8+ T cells,
reflecting that immunogenic, internal (to the virus) proteins have
been excluded or that the adjuvants used tend to stimulate an-
tibody responses (1). Experiments with animal models have
shown that the recall of memory CD8+ cytotoxic T lymphocytes
(CTLs) leads to early influenza A virus (IAV) clearance and
reduced clinical impairment (2, 3), whereas emerging evidence
further suggests that CTLs provide a measure of protection
against human influenza (4).
Although IAV has been studied for many decades, relatively

few immunogenic peptide + MHC (pMHC) glycoprotein com-
plexes (epitopes) have been characterized for the vast array
(>2,000) of human class I (MHCI: HLA-A, -B, and -C) and
(>1,000) class II (MHCII: HLA-DR, -DP, and -DQ) alleles
(http://www.ebi.ac.uk/imgt/hla/allele.html). Those that are pub-
lished are readily accessed through the web-based Immune
Epitope Database (IEDB) (5). To date, most epitopes have been
identified using HLA binding motifs and peptide prediction
algorithms. For example, working from >4,000 computer-defined
peptides with HLA binding motifs (for six HLA-A and -B and

one HLA-DR), Assarsson et al. (6) identified 54 novel epitopes,
including 38 that were CD8+ CTL-specific. However, it is not
known whether these are immunodominant or subdominant
within any given CD8+ T-cell response.
Immunodominance describes the situation where, although

many pMHC complexes are potentially available, T-cell respon-
ses are reproducibly focused on one or a few key epitopes. A case
in point is the massively overdominant H-2Db/nucleoprotein
(NP)366–374-specific secondary CTL response in IAV-infected
H-2b mice (all published and defined minimal epitopes are shown
as subscripted amino acid positions, such as NP44–52; other pep-
tide sequences are shown as in-line text, such as NP37–54) (7, 8).
In humans, the immunodominance of the HLA-A2–restricted
response to the conserved IAV matrix 158–66 (M158A2) has been
well-established over the years (9, 10). Understanding immuno-
dominance is important, because the available evidence suggests
that, after virus challenge, these numerically prominent CTL
populations provide more effective protection than the smaller
subdominant sets (2). Immunodominant, HIV-specific CTLs limit
virus replication in many asymptomatic or slow-progressing
individuals. Furthermore, the preferential selection of virus
mutants within both targeted HLA binding and T-cell receptors
(TCR) interaction motifs (11, 12) points to the significance of
such epitopes in virus control and suggests a focus for CTL vac-
cination and monitoring strategies.
Practically, however, such a simple proposal is greatly con-

founded by the fact that MHCI and MHCII glycoproteins are,
excluding the immunoglobulins and the TCRs, the most poly-
morphic molecules known in both humans and mice. Some be-
lieve that this extraordinary diversity reflects a process of pMHC-
determined, odorant-based mate selection (13). Others have
argued that the greater the range of MHC types, then the more
likely it is that a population will be able to deal with a novel,
invading pathogen (9, 10, 14). Even so, whatever the selective
pressure, the reality from the aspect of developing better im-
munotherapy or vaccination protocols is that it is essential to
identify optimally immunogenic pMHC complexes. The present
analysis, thus, uses a systematic approach for detecting CTL
epitopes that are immunodominant, or prominent, in healthy
HLA-A2+ individuals that have been infected at some time with
one or other strains of IAV. In general, when evaluated in the
context of predictive models, the findings do not support the idea

Author contributions: C.W., D.Z., S.V., B.T., K.K., P.C.D., and W.C. designed research; C.W.,
D.Z., S.V., and B.T. performed research; S.V., K.K., Q.M.Z., P.C.D., and W.C. analyzed data;
and K.K., P.C.D., and W.C. wrote the paper.

The authors declare no conflict of interest.
1To whom correspondence may be addressed. E-mail: pcd@unimelb.edu.au or weisan.
chen@ludwig.edu.au.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1105624108/-/DCSupplemental.

9178–9183 | PNAS | May 31, 2011 | vol. 108 | no. 22 www.pnas.org/cgi/doi/10.1073/pnas.1105624108

http://www.who.int/mediacentre/factsheets/fs211/en/index.html
http://www.who.int/mediacentre/factsheets/fs211/en/index.html
http://www.ebi.ac.uk/imgt/hla/allele.html
mailto:pcd@unimelb.edu.au
mailto:weisan.chen@ludwig.edu.au
mailto:weisan.chen@ludwig.edu.au
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1105624108/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1105624108/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1105624108


that in silico analysis alone is sufficient to determine the major
epitopes targeted in CTL-mediated immunity.

Results
Identifying Immunodominant Epitopes in Healthy HLA-A2+

Individuals. Previous attempts at dealing with the extraordinary
diversity of potential CTL targets have focused on screening
thousands of algorithm-predicted, motif-containing peptides for
chosen HLA alleles to find novel epitopes. However, accuracy
is known to be low, and the approach does not reproducibly
identify immunodominant pMHCI epitopes, despite most pre-
diction programs having integrated scoring systems. In addition,
many of the known immunodominant determinants from both
viruses and tumors are either unusually long or contain no typical
MHC binding motifs (15, 16). The broad alternative is to do
extensive peptide screens, although this requires a massive effort
for outbred, HLA-diverse human populations.
The systematic protocol that we have developed for the

identification of immunodominant human T-cell responses to
IAV is shown in Fig. 1. The first step was to generate B lym-
phoma cell lines (BLCLs) using EBV transformation and then,
to type their HLA-A, -B, and -C alleles by PCR. The A/Puerto
Rico/8/34 (PR8) strain of IAV infects most peripheral blood
mononuclear cells (PBMCs), and therefore, polyclonal CTL
lines were generated by coincubating IAV-infected PBMC as
antigen-presenting cells (APCs) with autologous PBMC (res-
ponders) at a ratio of 1:9 in the presence of IL-2. Then, 12–15 d
later, each expanded CTL line was assessed for the capacity to
recognize autologous BLCLs infected with a panel of 11 recom-
binant vaccinia viruses (rVVs) encoding individual IAV proteins
(17). The steps taken to ensure that these rVVs infected BLCLs
to an equivalent extent are shown in Fig. S1.
After the protein had been identified for a particular line,

specificity was further screened (Fig. 1A) with synthetic 18mer
overlapping peptides. This approach relies on the superior MHC
binding property of minimal peptides (18) generated by serum
proteases (19). T-cell lines were then raised to the particular
18mer peptide to define both the minimal peptide and the pre-
senting HLA molecule (Fig. 1B). Finally, ex vivo memory CTL
precursor (CTLp) frequencies were compared side by side with
those for the immunodominant M158A2 CTLps from the same
PBMC sample using both intracellular cytokine staining (ICS)
and ELISpot assays (Fig. 1C). The approach, thus, identifies
pMHCI epitopes and then places them in context by defining the
magnitude of CTL memory populations relative to the M158A2
responders that have tended to dominate thinking about IAV
and HLA-A2. Clearly, the protocol (Fig. 1) can be used for any
antigenic system and all HLA types.

Most Immunodominant CTLs in HLA-A2+ Donors Are IAV-
Nucleoprotein–Specific. The first screen of an HLA-A2+ donor
gave the unexpected result that more T cells in the polyclonal
CTL line (donor 1) (Fig. 2A) responded to IAV-NP than IAV-
M. This pattern repeated for four of seven more individuals (Fig.

2 B–H), with the fact that this did not reflect any problem with
M158A2 presentation being validated by the finding that three of
eight lines reacted most strongly to M (Fig. 2 F–H). The poly-
clonal CTL lines from the five donors where NP-specific re-
sponses were either larger than or comparable with those for
M1 (Fig. 2 A–E) were then used to further screen overlapping
NP 18mer peptides (Fig. 3). It was clear that most of these
responses were focused on either one or two of the NP 18mers
(Fig. 3), specifically NP regions 37–54 (Fig. 3A), 133–156 (Fig.
3D), 211–228 (Fig. 3B), 331–354 (Fig. 3E), 373–396 (Fig. 3 A and
C), and 397–414 (Fig. 3 B and D).

Various HLA Molecules Present Immunodominant T-Cell Epitopes
Derived from NP. Because 18mer peptide screen identified the
regions that contained the immunodominant T-cell epitopes,
appropriate 13mer overlapping peptides (within the active 18mer
sequence) were then used to probe the minimal epitopes rec-
ognized by the NP-specific CTLs. These responses were then
compared with those that recognize the control immunodo-
minant M158A2 epitope. Additionally, the screen was extended
to include all of the known IAV peptides that match the PR8
NP sequence (IEDB listing) (Table S1). These published NP
sequences are identified in bold in Figs. 3 and 4 and Fig. S2. As
shown in Fig. S2A, when the 13mers within the NP37–54 and
NP379–396 18mers (Fig. 3) were tested in parallel with the
previously reported HLA-A1/NP44–52 (CTELKLSDY), HLA-B8/
NP380–388 (ELRSRYWAI), and HLA-A2/M158–66 (GILGFVFTL)
minimum epitopes using the donor 1 polyclonal T-cell line, it
was clear that the minimum peptides NP44–52 and NP380–388
stimulated more antigen-specific T cells than the corresponding
18mers and that the responses were much bigger than those to
M158A2 (Fig. S2A, white bars in i). The HLA-A1/NP44–52 and
HLA-B8/NP380–388 responses were further validated (Fig. S2A, ii
and iii) using C1R (20) APC lines that express HLA-A1 or HLA-
B8. Both the NP44–52 and NP380–388 peptides are known to pos-
sess binding motifs for HLA-A1 [position 2 requires a Threonine
(p2T) and p9Y] and HLA-B8 (p3K/R and p9L/I), respectively, and
they had been identified earlier by algorithm prediction (21, 22).Fig. 1. The T-cell epitope screening protocol.

Fig. 2. Most immunodominant T cells are NP-specific. Polyclonal T-cell lines
were raised using IAV-infected PBMCs. After 12–15 d, these lines were tested
for their reactivity to autologous BLCLs infected (MOI = 10) with single rVVs
encoding individual IAV proteins. The total IAV responses stimulated by IAV-
infected, autologous BLCLs are shown in black bars for easier comparison.
A–H correspond to donors 1–8, and the donor HLA alleles are shown in Insets.
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The polyclonal T-cell line from donor 2 was then used to
further characterize the two immunodominant responses detec-
ted by the 18mer screen (Fig. 3B). Three 13mers spanning seg-
ments of NP217–234 (NP215–227, NP217–229, and NP219–231)
stimulated comparable levels of T-cell activation (Fig. 4A, i and
ii). Of these, NP219–228 (YERMCNILKG), which had been pre-
viously published and was included in our screen (Table S1), was
found to be as potent as the 13mer NP219–231 (Fig. 4A, iii).
According to the in silico prediction, NP219–228 should bind to
HLA-B*4402 (6). However, donor 2 does not express B*4402,
and NP219–228 was, in fact, presented by HLA-B*1801 (Fig. 4A,
iii and iv). A typical binding motif for HLA-B*1801 is p1D, p5L,
and p9Y/F, and therefore, NP219–228 would not have been iden-
tified as an HLA-B*1801 candidate by the currently available
computer programs.
The immunogenic determinant within NP397–414 (Fig. 3B)

was shown to be shared by NP401–413 and NP403–415
(AGQISIQPTFS) but not NP405–417 (QISIQPTFSVQR), in-
dicating that GQISIQPTFS likely contains the minimum se-
quence subsequently shown to be presented by HLA-B*1501
(Fig. S2B, ii and iii). The B*1501 molecule selects binding pep-
tides according to a p2Q/L, p5I/V, or p9F/Ymotif. Thus, NP404–412
(GQISIQPTF) displays a perfect binding motif for HLA-B*1501
and is most likely the minimum epitope. Indeed, when the full NP
sequence was subjected to B*1501 epitope prediction by the
http://www.syfpeithi.de/ site and the IEDB site tool (http://www.
iedb.org/), GQISIQPTF was predicted as the second- and fourth-
best B*1501 binder, respectively.
The single immunodominant response to NP373–390 found

for the HLA-2+/B*0801+ donor 3 (Fig. 3C) was confirmed as
being the same immunodominant HLA-B8/NP380–388 shown for
donor 1 (Fig. S2 A and C). Furthermore, the response to HLA-
B8/NP380–388 was sixfold larger than that to M158A2 (3.0% vs.
0.5%) (Fig. S2C, i).
With donor 4 (Fig. 3D), the NP139–156 18mer-specific T

cells were stimulated by NP139–151 but not NP137–149 or
NP141–153. Each differed from NP139–151 by 2 aa at either
end (Fig. 4B, i). Comparison of the overlapping sequences, thus,
indicated that the likely immunogenic sequence is NP140–150
(HSNLNDATYQR). This was subsequently confirmed (Fig. 4B, ii)

by responses to peptides with truncation and/or extension at
either end of this 11mer, with the analysis being done in the
absence of serum proteases to avoid amino acid trimming (19).
Subsequent investigation established that NP140–150 is presented
by HLA-B*1501 (Fig. 4B, iii, iv). As mentioned earlier, B*1501
selects peptides according to p2Q/L, p5I/V, and p9F/Y, and
therefore, this 11mer would not have been predicted by any
computer program because of the unusual length and the lack of
a binding motif for B*1501.
With donor 5, the immunodominant T cells responded to

the NP331–348 and NP337–354 18mers (Fig. 3E), recognizing
four 13mers: NP331–343, NP333–345, NP335–347, and NP337–
349 (Fig. 4C, i). Peptide titration (Fig. 4C, ii) indicated that
NP333–345 and NP335–347 contain the minimal immunogenic
sequence, with the other two perhaps missing a single termi-
nal amino acid (Fig. S2D shows the sequence alignment of
the four peptides). Thus, we tested the candidate NP336–344
(AAFEDLRVL) peptide and those with a single amino acid
truncation or extension at either end in the absence of FCS (Fig.
4C, iii) to establish that NP336–344 was indeed the minimal epi-
tope as the extensions/truncations reduced T-cell stimulating
capacity. Furthermore, using the peptide-pulsed CR1.B3503 cell
line, we showed that this peptide is presented by HLA-B*3503
(Fig. 4C, iv and v).

Ex Vivo Assessment of Immunodominant CTLp Frequencies. The fact
that the preceding dissection used in vitro-expanded CTLs raises
the possibility that the different T-cell sets within these poly-
clonal lines could have changed in relative size during the culture
period. The PBMCs from donors 4 and 5 showed relatively small
difference in response magnitude after restimulation of the IAV-
expanded CTLs with rVV.M1 and rVV.NP (Fig. 2 D and E).
Going back to frozen aliquots of the original PBMC samples,
CD8+ T cells were purified directly ex vivo and then stimulated
in vitro with the appropriate peptides for IFN-γ ICS and
ELISpot analysis. For the same donor, the numbers of CD8+ T
cells responding to B*1501/NP140–150 (Fig. 5A) and B*3503/
NP336–344 were about two to three times more abundant than
those specific for A*0201/M158–66 (Fig. 5).

Fig. 3. Mapping immunodominant NP epitopes. The same IAV-specific T-cell lines used in Fig. 2 derived from five donors with either higher or equivalent
CD8+ T-cell responses to NP than to M1 were also screened for their specific response to the 81 overlapping 18mer NP peptides at a final concentration around
1 μM in an ICS assay. The identified 18mer sequences are shown, and the subsequently identified minimal epitopes are bold (Figs. 1 and 2). A–E correspond to
donors 1–5.
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Discussion
The first unexpected finding from this analysis was that the well-
studied, highly conserved HLA-A2/M158–66 CD8+ T-cell re-
sponse, although consistently detected in all eight donors, was
not numerically immunodominant in >50% of the samples
tested. For several reasons, this cannot be considered a function
of biased sampling. First, the PR8 IAV used here infected most
PBMCs to give APCs that were effective stimulators for the
expansion of polyclonal, IAV-specific T-cell lines. Second, the 11

rVVs that allowed us to identify the immunogenic IAV proteins
infected the APCs to comparable extents, which was shown by
the equivalent production of an mAb-detected, early rVV gene
product and the rVV-derived antigenic peptides recognized by
specific murine T-cell lines (Fig. S1), indicating that any bias that
would confound antigen identification was unlikely. Third, and
perhaps most importantly, immunodominance hierarchies infer-
red from the in vitro analysis of two PBMC samples that showed
similar rankings for CTLs recognizing M158A2 and the NP epit-
opes were additionally validated when T-cell populations were
tested directly ex vivo for specific memory CTLp frequencies.
This relegation of M158A2 in the human CTL response league is
not unprecedented, because using a much more limited approach,
Boon et al. (23) also found that the M158A2-specific set was
smaller (or comparable in size) compared with a B*3501-
restricted response in individuals with almost totally matched
HLA-A and -B alleles.
Virus-specific T-cell responses tend to focus on more con-

served determinants drawn predominantly from internal pro-
teins, such as NP, basic polymerase 1 (PB1), and M1 in the IAVs.
This profile has been established from both in vitro functional
studies (6, 24) and biochemical work with peptides eluted from
IAV-infected cells on HPLC (25). However, the relative im-
portance of different IAV epitopes is still far from clear when it
comes to immunogenicity and protection. Although a great deal
of attention has been given to NP (24, 26, 27), Assarsson et al.
(6) found, in humans, that both CD4+ and CD8+ T-cell re-
sponses are substantially targeted to epitopes derived from the
PB1 and M1 proteins. The present analysis does not, however,
provide unqualified support for this conclusion and emphasizes
the importance of the IAV NP in CTL immunogenicity. Al-

Fig. 4. Various HLA molecules present immunodominant NP peptides. (A) The 13mer peptides within the NP209–237 18mers (donor 2) were screened, with
the 18mer results being shown as open bars (i). Three 13mer overlapping peptides were titrated to compare their activity (ii), and HLA-matched BLCLs were
used to identify the HLA presenting the NP219–231 13mer (iii and iv). (B) The 13mer peptides within NP133–150 (donor 4) were screened as in A (B, i). The
minimal NP140–150 peptide and its amino acid-truncated and -extended variants were tested under serum-free conditions (ii), and the HLA restriction profile
for NP140–150 was determined using HLA matched BLCLs (iii, iv). (C) The 13mer peptides within the NP331–348 18mer (donor 5) were screened as in A (C, i).
Four 13mers were titrated to determine their activity (ii); single amino acid-truncated and -extended peptides of NP336–344 were tested under serum-free
conditions (iii), and the HLA restrictions of 13mer containing NP336–344 were analyzed as in A (iii and iv).

Fig. 5. Ex vivo CTLp analysis for two immunodominant T-cell responses. The
M58, NP140–150 (A and B) and NP336–344 (C and D) peptides were used to
stimulate purified CD8+ T cells from donors 4 and 5, respectively, for 5 h in
the presence of Brefeldin A in an ICS (A and C) or an overnight ELISpot assay
(B and D).

Wu et al. PNAS | May 31, 2011 | vol. 108 | no. 22 | 9181

IM
M
U
N
O
LO

G
Y

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1105624108/-/DCSupplemental/pnas.201105624SI.pdf?targetid=nameddest=SF1


though NP, HA, and M1 are the most abundant IAV proteins
(28), we do not understand why NP (then M) is particularly
prominent, whereas HA hardly figures in the influenza CTL
immunity equation. Such a lack of immunodominant CD8+

T-cell response to HA in the studied donors is unlikely a result
from any lack of IAV exposure, because most adult Australians
had been exposed to H1 IAV strains during the past 10 y as
shown in Table S2.
Unlike HIV, the IAVs do not establish as persistent infections.

In HIV, HLA-dependent (14) CD8+ T-cell immunodominance
hierarchies are correlated with both transient protection and
immune escape, with concurrent fitness loss in the overall CTL
response (11, 12, 14). The need with influenza is also to correlate
epitope specificity with protection (5), which translates, in turn,
into identifying the viral peptides that give immunodominant
responses in the context of defined, common HLA glycoproteins.
At least for Caucasians, a vaccination (or immunotherapy) strat-
egy targeted to HLA-A2 would cover about one-half of the pop-
ulation. As a consequence, research activity relating to epitope
discovery in humans has been significantly biased to peptides that
are predicted to bind to HLA-A2 and its super alleles. In fact,
HLA-A2–restricted epitopes account for 39% of total IAV-
derived components in the IEDB database (http://www.iedb.org/),
with the current count for A2 being 48 (including 3 from NP)
from all of the IAV strains studied thus far. Most are highly
conserved between the IAVs that provided these epitopes and
the PR8 strain used here (Table S3).
Interestingly, only one HLA-A2 epitope (M158A2) was found

to be immunodominant in the present analysis, although in less
than one-half of the HLA-A2+ donors. Similarly, there are 38
epitopes derived from NP, and the majority of the peptides
shared sequences between the original IAV strains and the PR8
strain used in this study (Table S4). Again, in our assays, only
three of the previously published NP peptides were shown to be
immunodominant within a given donor. Beyond that, the sys-
tematic approach used here allowed for the identification of four
unreported immunodominant epitopes: B*1501/NP140–150 (do-
nor 4), B*1801/NP219–228 (donor 2), B*3503/NP336–344 (donor 5),
and B*1501/NP404–412 (donor 2). These epitopes are summarized
in Table S5. The results suggest that M158A2 immunodominance
is dependent on which other HLA alleles are expressed within
any given individual, a phenomenon that is well-recognized for
HIV immunity (14). Therefore, even for Caucasians, the analysis
of CTL response profiles needs to extend beyond HLA-A2.
A recent report claimed high accuracy of epitope predic-

tion for CTL responses to rVV-derived peptides presented in
the context of mouse H-2Kb/Db, because combined, peptide-
stimulated T-cell activation accounted for nearly 100% of that
triggered by the rVV-infected APCs (29). However, Yuen et al.
(30) showed, using the same H-2b (C57BL/6J) mice, that at least
one predicted epitope was incorrect and that the response to
rVV-infected APCs may represent as much as a 50% un-
derestimate. Even taking that possible 50% discrepancy into
consideration, the clear divergence in prediction accuracy be-
tween human and murine systems is not easily explained by
current knowledge. Although tentative, perhaps, it seems possi-
ble that binding motifs containing middle anchors (true for both
H-2Kb and H-2Db) may confer tighter peptide selection and
thus, better predictive outcomes.
Because of the relative small number of samples and the ex-

treme nature of HLA diversity, the present study was not de-
signed primarily to probe the general rules for HLA-dependent
immunodominance. However, because M158–66 is highly con-
served in most IAV strains (6, 9) and T cells specific for M158A2
can be detected in both memory populations and recall responses
(31), it seems reasonable to assume that CTLs with this specificity
would have been primed during an initial IAV exposure and then
restimulated with each subsequent experience of natural IAV

infection. Thus, if an alternative NP-specific response is more
prominent than that to M158A2, it is likely that this reflects more
optimal NP-specific stimulation rather than lack of M158A2
antigenicity.
Interestingly, there is a complete lack of immunogenic IAV

peptide presentation, both from published studies and the
present analysis, for any HLA-Cw allele. As in the host response
to HIV (14), HLA-Cw is unlikely to play much part at the
population level when it comes to influenza immunity. However,
for those three individuals in which M158A2-specific T cells were
immunodominant, the data suggest that other HLA alleles ex-
pressed by the same donors (including A*1101, B*1502, B*4001,
A*0301, B*2705, B*3701, A*2501, B*4402, and B*4501) do not
drive substantial IAV-specific CTL expansion. Conversely, where
the M158A2-specific T-cell response was less prominent, other
HLA-peptide complexes (all involving NP in this analysis) may
simply be more immunogenic.
When it comes to identifying immunogenic peptides and de-

fining pMHCI immunodominance hierarchies, the present sys-
tematic approach is clearly powerful. Even so, only one PR8
virus was analyzed, and it is obviously important to screen for
NP variants that emerge in pandemic and seasonal IAVs (32).
Comparative sequence analysis of the antigenic peptides identi-
fied in the current study showed a high level of NP219–228 and
NP336–344 conservation for circulating IAV strains, both locally
(in Australia, n = 23 H1N1 and n = 40 H3N2) and worldwide
(Table S2). However, more variation was observed in the immu-
nogenic NP140–150 and NP404–412 sequences (Table S2), suggest-
ing either that these epitopes may be subject to greater selec-
tion pressure or that mutants have simply emerged by chance.
Whichever is the case, any NP-related escape could potentially
result in the response overall defaulting to M158A2.
Taken together, using a systematic screening approach to

probe immunodominant CD8+ T-cell responses to IAV in HLA-
A2+ donors led to the confirmation of three previously published
pMHCI complexes and beyond that, allowed for the discovery
of four unpublished immunodominant IAV epitopes. Interest-
ingly, none of these epitopes involved HLA-A2, and with the
exception of B*1501/NP404–412 displaying a perfect binding mo-
tif, three of four would not have been predicted by the currently
available programs. This reinforces the perception that many
other HLA-A and -B glycoproteins have the capacity to present
immunogenic and even immunodominant peptides derived from
NP and/or other IAV proteins. Focusing exclusively on HLA-A2
and M158–66 is too limiting. Particularly when it comes to iden-
tifying novel immunodominant response, peptide binding motifs
cannot provide all of the answers (15).

Materials and Methods
PBMC Samples. Eight HLA-A2–positive buffy coats were obtained from the
Australian Red Cross. PBMC samples were isolated by Ficoll–Hypaque gra-
dient and stored in liquid nitrogen until use. HLA typing was performed by
the Victorian Transplantation and Immunogenetics Service (VTIS).

Viruses. The Mount Sinai strain of PR8 IAV was propagated in 10-d-old em-
bryonated chicken eggs. Allantoic fluids were harvested 2 d after infection,
and aliquots were stored at −80 °C until use. rVV-containing individual HA,
NA, NP, M1, M2, PB1, PB1F2, PB2, acidic polymerase (PA), nonstructural
protein 1 (NS1), and NS2 IAV genes were gifts from Jonathan Yewdell and
Jack Bennink (National Institutes of Health, Bethesda, MD). The viruses were
propagated using a TK- cell line and were stored at −80 °C until use. These
proteins are also derived from the PR8 IAV.

Synthetic Peptides and Antibodies. All peptides were synthesized by Chiron
Mimotopes; IAV-NP overlapping 18mers with 6-aa shifts and 13merswith 2-aa
shifts were synthesized as cleaved pin peptides. Other PR8 NP-derived pep-
tides were synthesized according to the previously published sequences as
crude, desalted peptide (purity > 75%; sequences are shown in Table S1). All
peptides were dissolved in DMSO. Anti-CD3 (PE Cy5.5), anti-CD8 (APC), and
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anti–IFN-γ (PE) mAbs were purchased from BD. Other antibodies are de-
scribed in the appropriate sections.

Cell Culture. All cells were cultured in RF-10 consisting of RPMI-1640 sup-
plemented with 10% FCS, 2-ME (5 × 10−5 M), and antibiotics. Donor BLCLs
were established using standard EBV transformation. The other human
BLCL lines were made available from the International HLA Workshop and
the VTIS. The C1R cells transfected with various HLA molecules were pro-
vided by James McCluskey (A1, A2, and B8; Department of Microbiology
and Immunology, Melbourne University, Melbourne, Australia) and Scott
Burrows (B4402 and B3503; Queensland Institute of Medical Research,
Brisbane, Australia).

Bulk T-Cell Cultures. Aliquots of 0.5 × 106 PBMCs were infected with IAV at
a multiplicity of infection (MOI) of 10 for 1 h at 37 °C in acidic FCS-free RPMI-
1640 followed by RF-10 for 3 h. After being washed two times, the infected
PBMCs (as APCs) were cocultured with 4.5 × 106 PBMCs (as responders) in
RF-10 with 20 U/mL rIL-2 (Roche). Peptide-specific CTL lines were generated
by pulsing PBMCs (5 × 106) with 1 μM NP peptide at 37 °C for 30 min, and
then, washed cells were cultured in RF-10 containing IL-2 for 12–15 d unless
otherwise stated.

ICS and ex Vivo IFN-γ ELISpot Assay. The IFN-γ ICS assay used a standard
protocol (16), whereas for ELISpot analysis, PBMC CD8+ T cells purified
(>95%) with MACS beads (Miltenyi Biotec) were added with the re-
spective minimal peptides to 96-well nitrocellulose plates (Millipore)
coated with an IFN-γ capture Ab (Mabtech); 18 h later, the wells were
washed with PBS containing 0.05% Tween 20. Biotinylated detection Ab

(Mabtech), streptavidin-conjugated alkaline phosphatase, and its sub-
strate (Sigma-Aldrich) were used to develop the IFN-γ spots.

HLA Restriction Assays. Determining the identity of the presenting HLA alleles
depended on the use of multiple, partial HLA class I-matched BLCLs or C1R
HLA transfectants. These cells were pulsed with the peptide of interest, and
then, they were washed extensively and used as APCs in an ICS assay.

Bioinformatics Analysis. Protein sequences were aligned and amino acid
differences were scored to determine the sequence conservation between
local circulating and vaccine strains for the newly identified NP-derived
peptides. The National Center for Biotechnology Information (NCBI) in-
fluenzavirusdatabase (http://www.ncbi.nlm.nih.gov/genomes/FLU/Database/
nph-select.cgi?go=1) was used (December 1, 2010) with the search criteria
Australia, NP, H3N2/H1N1, non-identical sequences excluded, full length only,
from 2000 to 2010, which identified H3N2 (n = 40) and H1N1 (n = 24)
sequences. Selected NP sequences representing influenza strains previously
used in the trivalent vaccine were also accessed from the NCBI influenza virus
resource database (Table S2 footnote has strain names). Protein sequences
were aligned using the NCBI database, peptide regions were mapped, and
frequency of mutation was determined across the various sequence groups.
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