R e S e a rC h a rt I C | e Related Commentary, page 3273

Memory T cells established
by seasonal human influenza A infection
cross-react with avian influenza A
(H5N1) in healthy individuals
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The threat of avian influenza A (H5N1) infection in humans remains a global health concern. Current influ-
enza vaccines stimulate antibody responses against the surface glycoproteins but are ineffective against strains
that have undergone significant antigenic variation. An alternative approach is to stimulate pre-existing mem-
ory T cells established by seasonal human influenza A infection that could cross-react with H5N1 by targeting
highly conserved internal proteins. To determine how common cross-reactive T cells are, we performed a com-
prehensive ex vivo analysis of cross-reactive CD4* and CD8" memory T cell responses to overlapping peptides
spanning the full proteome of influenza A/Viet Nam/CL26/2005 (H5N1) and influenza A/New York/232/2004
(H3N2) in healthy individuals from the United Kingdom and Viet Nam. Memory CD4* and CD8" T cells isolat-
ed from the majority of participants exhibited human influenza-specific responses and showed cross-recogni-
tion of at least one H5N1 internal protein. Participant CD4* and CD8" T cells recognized multiple synthesized
influenza peptides, including peptides from the H5SN1 strain. Matrix protein 1 (M1) and nucleoprotein (NP)
were the immunodominant targets of cross-recognition. In addition, cross-reactive CD4* and CD8" T cells
recognized target cells infected with recombinant vaccinia viruses expressing either HSN1 M1 or NP. Thus,
vaccine formulas inducing heterosubtypic T cell-mediated immunity may confer broad protection against

avian and human influenza A viruses.

Introduction
As transmission of highly virulent avian influenza A (H5SN1) virus-
es to humans continues to occur in large parts of the world (385
reported cases including 243 deaths as of June 2008; ref. 1), there
remains real concern that such a virus might mutate or reassort
with a human influenza virus and hence acquire efficient human
to human transmission and cause an influenza pandemic (2).
Currently available influenza vaccines induce antibodies against
the viral surface glycoproteins HA and neuraminidase (NA), with
the HA being by far the more important. While neutralizing anti-
bodies can provide sterilizing immunity by blocking infection, this
protection is only specific for the immunizing and closely related
strains and is ineffective against heterologous strains with sero-
logically distinct HAs. H5N1 influenza viruses continue to evolve
and change antigenically (3, 4), and the WHO has reported the
emergence of H5 HAs that are antigenically distinct from the HS
HAs used for vaccine production (5). HSN1 vaccine candidates
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developed so far are based on the clade 1 viruses (6-9). Induction
of cross-reactive neutralizing antibodies against several clade 2
HS5N1 strains by an adjuvant clade 1 vaccine has been documented
recently (10). However, drastic antigenic changes are inevitable if
and when the H5N1 virus adapts to transmit efficiently between
humans. A pandemic strain may even be of another subtype. Thus,
antibody-based vaccines developed against current HSN1 strains
alone are unlikely to confer adequate protection against a pandem-
ic strain, and there is an urgent need for another vaccine strategy.

An alternative or additional approach would be to stimulate T
cell-mediated immunity, particularly virus-specific CD8" CTLs
that target the highly conserved internal proteins, as well as CD4*
T cells that provide help for the generation and maintenance of
CD8 memory T cells (reviewed in refs. 11, 12). While CTLs do not
prevent the establishment of infection, there is good evidence in
mice and humans that T cells provide partial protection against
influenza by promoting viral clearance and reducing the severity of
symptoms (13-15). Influenza-specific CTLs mostly target internal
proteins (16-21) and can provide partial protection across heter-
ologous strains by targeting such conserved regions (22).

In view of the annual exposure to seasonal human influenza
viruses (predominantly H3N2 and HINT1), most healthy adults
may possess immunological memory against influenza virus.
Indeed, influenza A virus-specific and mostly cross-reactive CD4*
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Cross-reactive memory T cell responses targeted to the internal proteins of avian influenza A (H5N1) virus in healthy individuals. All participants
(including responders and non-responders) from the UK (A; n = 48) and Viet Nam (B; n = 42) are represented on the x axis. The total magnitudes
of ex vivo ELISpot IFN-y responses to the overlapping peptide pools covering all H5SN1 internal proteins are represented on the y axis. Each
colored segment represents the source protein corresponding to peptide pools eliciting H5SN1 cross-reactive T cell responses. M, matrix protein;

PA, polymerase acidic protein.

(23, 24) and CD8" (24-27) memory T cell responses have been
demonstrated in humans. Recognition of target cells infected with
swine or avian strains by T cell cultures derived from healthy indi-
viduals has also been reported (28, 29).

Despite the evidence supporting potential heterosubtypic pro-
tection that influenza A-specific T cells may confer, our under-
standing of T cell-mediated immunity to influenza infection
remains incomplete, particularly in the context of human infec-
tion with avian influenza A (H5N1) viruses (30). Such limitation
stems largely from the technology available for earlier studies.
As the frequency of circulating influenza-specific T cells decline
after recovery, in vitro stimulation of T cell cultures was neces-
sary in most studies to expand the antigen-specific populations
to a detectable level. A shortcoming of this method is that T cells
expanded by culture in the presence of antigen may consist of pref-
erentially expanded populations that do not truly represent the
overall memory T cell repertoire in vivo. This limitation can now
be overcome by using IFN-y enzyme-linked immunosorbent spot
(ELISpot) assays, in which fresh PBMCs are stimulated with over-
lapping peptides representing the whole virus proteome set out in
a 3-dimensional matrix system. This can provide a more compre-
hensive picture of the virus-specific memory T cell populations
circulating in peripheral blood.

In the present study, the overall influenza A virus-specific mem-
ory T cell response and the extent of cross-reactivity to HSN1 in
healthy individuals from the United Kingdom (UK) and Viet Nam
(n =48 and 42, respectively) were evaluated ex vivo using the over-
lapping peptides spanning the full proteome of the influenza A/
New York 232/2004 (H3N2) and A/Viet Nam/CL26/2004 (HSN1)
strains. The H5N1 cross-reactive T cell responses were further
examined against target cells infected with the recombinant vac-
cinia viruses (rVACVs) expressing the matrix protein 1 (M1) or
nucleoprotein (NP) of the H5N1 strain. We report here that the
majority of healthy individuals possessed influenza A-specific
CD4" and CD8" memory T cell populations that were broadly
cross-reactive to HSN1 internal proteins and discuss the relevance
of these observations to a pre-pandemic vaccine strategy.
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Results

Ex vivo assessment of CD4* and CD8" T cell responses against the full pro-
teome of the HSN1 and H3N2 influenza A viruses in bealthy individuals. In
this study we examined the virus-specific CD4" and CD8" memory
T cell responses to the human H3N2 influenza A virus proteome
and determined the extent of cross-reactivity to the HSN1 virus in
healthy individuals with low risk of avian influenza exposure in 2
populations, using 48 volunteers from the UK and 42 from Viet
Nam (a country in which H5N1 outbreaks in poultry and avian to
human transmission continue to be reported). Because participants
in this study reported no previous H5N1 virus exposure (Vietnam-
ese participants were confirmed HS seronegative by hemagglutina-
tion inhibition assay), we reasoned that any recognition of HSN1
antigens would involve cross-reactive memory T cell populations
established from previous exposure to human influenza strains.

Freshly isolated PBMCs were tested for responses to a panel of
457 overlapping peptides spanning all internal proteins of clade 1
HS5N1 influenza virus (referred to as peptide matrix system 1; Supple-
mental Table 1; supplemental material available online with this
article; doi:10.1172/JCI32460DS1) using ex vivo IFN-y ELISpot
in conjunction with an additional panel of 259 peptides of the
H3N2 internal proteins that differ in sequence from the equiva-
lent regions of the HSN1 strain (peptide matrix system 2; Supple-
mental Table 1). Together, the 2 panels contained 716 overlapping
peptides representing the complete internal protein regions of
the H5N1 and H3N2 influenza A strains (83%-98% amino acid
sequence identity). The extent of T cell cross-recognition of the
surface glycoproteins HA and NA of the HSN1 and H3N2 strains
(peptide matrix systems 1 and 3; Supplemental Table 1) was
evaluated in 20 Vietnamese healthy donors (34%-39% amino acid
sequence identity). All overlapping peptides were placed into one
3-dimensional and two 2-dimensional peptide matrix systems as
described in Supplemental Table 1.

The majority of the participants (91% in the UK and 98% in Viet
Nam) exhibited influenza A virus-specific memory T cell respons-
es. Furthermore, 81% (UK) and 93% (Viet Nam) of the partici-
pants displayed broadly cross-reactive memory T cell responses
Volume 118 3479
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against the HSN1 internal proteins (Figure 1). The distribution
and magnitude of the IFN-y responses against all HSN1 internal
proteins are summarized in Figure 1. The frequencies of such
cross-reactive memory T cell populations were generally compa-
rable with those found in other acute respiratory virus infections
(e.g., respiratory syncytial virus, ref. 31; adenovirus, ref. 32) and
those specific for other repeatedly encountered foreign antigens
(e.g., tetanus toxoid; ref. 33) but were significantly lower than
those found in chronic viral infections (e.g., HIV, CMV; ref. 34).
Cross-recognition of the HSN1 HA and/or NA was also detected
in 11 of the 20 healthy Vietnamese individuals tested, but with
considerably lower frequencies compared with the responses
against the H3N2 HA and NA (Figure 2).

The breadth and magnitude of the T cell responses varied con-
siderably between individuals (Figures 1 and 2). In a study that
assessed influenza-specific T cell responses using in vitro bulk cul-
tures derived from 3 volunteers, the memory T cell responses were
detected against epitopes distributed on a wide variety of virus

Figure 2

Ex vivo recognition of the HA and NA of the H3N2 and H5N1 influenza
A strains by healthy Viethamese individuals. Shown are the magnitudes
of ex vivo ELISpot IFN-y responses to the overlapping peptide pools rep-
resenting HA (black) and NA (gray) of the H3N2 (A) or H5N1 (B) strains
from H5-seronegative healthy Viethamese participants (n = 20). These
participants are shown on the x axis in the same order for A and B.

proteins (24). A similar broad repertoire of influenza-specific T cell
responses was observed in a number of participants in this study.
However, among the 90 participants, there was a wide range in the
number of target regions recognized. Many donors of diverse HLA
backgrounds displayed IFN-y T cell responses distributed widely
across the influenza proteome, as demonstrated in a study involv-
ing subjects with A2 and A11 haplotypes (27). Other individuals
exhibited responses more specifically targeted to one or more
internal proteins (examples are provided in Supplemental Figure
1). The number of viral proteins targeted by the HSN1 cross-reac-
tive memory T cell populations ranged from 0 to 10, with the
majority of responders recognizing 3 or 4 different proteins.

M1 and NP are the dominant targets of HSN1 cross-recognition. M1
and NP appeared to be the most immunogenic protein targets of
HSN1 cross-reactive memory T cell responses (Figure 3). The rela-
tive dominance of these 2 proteins was similarly observed during
the assessment of the overall memory T cell responses to the H3N2
strain (data not shown). The majority of the healthy participants
(77%, UK; 86%, Viet Nam) displayed cross-recognition of the H5N1
M1 and/or NP. M1 elicited the highest magnitude of HSN1 cross-
reactive IFN-y responses ex vivo, followed by NP (UK) and poly-
merase basic protein 1 (PB1; Viet Nam).

Confirmation of the HSN1 CD4* and CD8" T cell epitope regions. The
positive responses detected during the peptide pool screening
of the UK volunteers were confirmed subsequently at the single
peptide level in a second round of ex vivo ELISpot assays. With
increased sensitivity of ELISpot assay, it was possible to detect not
only immunodominant responses but also subdominant respons-
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Peptides containing H5N1 CD4+ and CD8+ T cell epitope regions cross-recognized by healthy individuals

Source Amino acid Sequence CD4/CD8 Frequency of Referencest
protein  number dependency? recognition®
A/Viet Nam/CL26/2004 (H5N1) H3N2-equivalent regions?
M1 1-15 MSLLTEVETYVLSII MSLLTEVETYVLSIV CcD8 1
33-49 AGKNTDLEALMEWLKTR Identical to H5N1 CcD8 1
40-57 EALMEWLKTRPILSPLTK Identical to H5N1 CD8 9
55-72 LTKGILGFVFTLTVPSER Identical to H5N1 CD4 1 70
55-72 LTKGILGFVFTLTVPSER Identical to H5N1 CD8 2 37,71
63-80 VFTLTVPSERGLQRRRFV Identical to H5N1 CD4 1 55
71-88 ERGLOQRRRFVAONALNGNG Identical to H5N'7 CD4 2 55
87-104 NGDPNNMDRAVKLYKKLK NGDPNNMDKAVKLYRKLK CD4 1
95-112 RAVKLYKKLKREITFHGA KAVKLYRKLKREITFHGA CD4 1 7
95-112 RAVKLYKKLKREITFHGA KAVKLYRKLKREITFHGA CcD8 1
103-119 LKREITFHGAKEVALSY LKREITFHGAKEIALSY CD4 2 55
110-125 HGAKEVALSYSTGALA HGAKEIALSYSAGALA ? 1
152-168 EQIADSQHRSHRQMATI EQIADSQHRSHRQMVAT ? 1
166-182 ATITNPLIRHENRMVLA VATTNPLIKHENRMVLA ? 3
173-189 IRHENRMVLASTTAKAM IKHENRMVLASTTAKAM CD4 4 27,55
180-199 VLASTTAKAMEQMAGSSEQA Identical to H5N'T CD4 1
190-206 EQMAGSSEQAAEAMEIA Identical to H5N1 ? 1
197-213 EQAAEAMEIANQARQMV EQAAEAMEIASQARRMV CD4 1 55
204-219 EIANQARQMVQAMRTI EIASQARRMVQAMRAV CD4 3 55
210-227 RQMVQAMRTIGTHPNSSA RRMVQAMRAVGTHPSSST CD4 3 55
241-252 QKRMGVQMQRFK Identical to H5N1 CD8 3 72
NP 18-33 ERQNATEIRASVGRMV DRQNATEIRASVGKMI CD4 2
24-41 EIRASVGRMVSGIGRFYI EIRASVGKMIDGIGRFYI CD4 1
32-49 MVSGIGRFYIQMCTELKL MIDGIGRFYIQMCTELKL CD8 1
40-57 YIQMCTELKLSDYEGRLI YIQMCTELKLSDHEGRLI CD8 3 73
56-71 LIQNSITIERMVLSAF LIQNSLTIEKMVLSAF ? 1
70-87 AFDERRNRYLEEHPSAGK AFDERRNKYLEEHPSAGK CD8 1
102-119 GKWVRELILYDKEEIRRI GKWMRELVLYDKEEIRRI CD4 2 55
170-186 STLPRRSGAAGAAVKGY STLPRRSGAAGAAVKGI CD8 2 24
192-208 ELIRMIKRGINDRNFWR ELIRMVKRGINDRNFWR CD4 1 55
213-230 RRTRIAYERMCNILKGKF RKTRSAYERMCNILKGKF CD4 3 74
221-238 RMCNILKGKFQTAAQRAM Identical to H5N1 CD4 2
229-246 KFQTAAQRAMMDQVRESR KFQTAAQRAMVYDQVRESR CD4 2
258-273 FLARSALILRGSVAHK Identical to H5N'7 CD8 3 75
264-281 LILRGSVAHKSCLPACVY LILRGSVAHKSCLPACAY CD4 1 55,72
315-332 LIRPNENPAHKSQLVWMA Identical to H5N1 CD4 1 55
329-346 VWMACHSAAFEDLRVSSF VWMACHSAAFEDLRLLSF CcD8 1 73
386-403 WAIRTRSGGNTNQQRASA Identical to H5N1 CD4 1
394-408 GNTNQQRASAGQISV GNTNQQRASAGQISV ? 1
397-414 NQQRASAGQISVQPTFSV NQQRASAGQTSVQPTFSV ? 1
404-420 GQISVQPTFSVQRNLPF GQTSVQPTFSVQRNLPF CD4 2 55
427-444 AAFTGNTEGRTSDMRTEI AAFTGNTEGRTSDMRAEI ? 1
443-458 EIIRMMESARPEDVSF EIIRMMEGAKPEEVSF CD4 1 55
470-487 KATNPIVPSFDMNNEGSY KATNPIVPSFDMSNEGSY ? 1

Positive responses detected during the peptide pool screening of the UK volunteers were subsequently confirmed at the single peptide level in a second

round of ex vivo ELISpot assays. Previously identified epitope regions are in bold. H5N1 and H3N2 amino acid sequence variations are underlined. AAfter
depletion, most subdominant responses (<40 SFU/10° PBMCs) were detectable in neither CD4+ nor CD8+ T cell depleted populations and therefore were
excluded from the subsequent analysis of influenza-specific CD4+ and CD8+ T cell distribution. ?, undetermined. BNumber of participants recognizing cor-

responding peptides. CReferences for previously identified epitopes. PA/New York/232/2004 (H3N2).

es involving memory T cell frequencies as low as 20 spot-forming
units/10¢ (SFU/10°) PBMCs. Direct ex vivo detection of such low-
frequency T cell populations had not been possible in many ear-
lier studies because of the limited sensitivity of assays such as Cr
release assay. These assays often required in vitro proliferation of
low-frequency populations in the presence of antigens, and those
with low in vitro proliferation capacities often went undetected.
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We confirmed 73 peptides containing HSN1 T cell epitope regions
recognized by healthy individuals, and of these, 28 were identical in
sequence to the equivalent H3N2 regions (Tables 1 and 2). In addi-
tion, there were 62 H3N2 epitope regions whose sequences differed
from their HSN1 equivalents (see Supplemental Table 2 for all con-
firmed epitope regions). Notably, at least 1 immunodominant or
subdominant epitope region was present in each protein, but M1
October 2008 3481
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Table 2

Peptides containing H5N1 CD4+ and CD8+ T cell epitope regions cross-recognized by healthy individuals

Source  Amino acid CD4/CD8  Frequency of  References
protein number dependency® recognition
A/Viet Nam/CL26/2004 (H5N1) H3N2-equivalent regions?®
HA 344-360 KKRGLFGAIAGFIEGGW NVPEKQTRGIFGAIAGFIGIFGAIAGFIENGWEGMV CD4 2 23
M2 63-77 PATAGVPESMREEYR PSTEGVPESMREEYR ? 1
69-84 PESMREEYRQEQQSAV PESMREEYRKEQQNAV CD8 1
NS 60-77 AGKQIVERILEEESDKAL VGKQIVEKILKEESDEAL ? 2
68-85 ILEEESDKALKMPASRYL ILKEESDEALKMTMVSTP CD4 1
76-92 ALKMPASRYLTDMTLEEM STPASRYITDMTIEELSR CD4 1
NS2 31-45 MITQFESLKLYRDSL MITQFESLKIYRDSL CD4 3
PA 441-458 MRRNYFTAEVSHCRATEY Identical to H5N1 CD8 1
PB1 21-38 TFPYTGDPPYSHGTGTGY Identical to H5N1 CD8 2
43-60 VNRTHQYSEKGKWTTNTE Identical to H5N1 ? 1
57-73 TNTETGAPQLNPIDGPL Identical to H5N1 ? 1
64-82 PQLNPIDGPLPEDNEPSGY Identical to H5N1 ? 1
86-103 DCVLEAMAFLEESHPGIF Identical to H5N1 ? 1
123-140 TQGRQTYDWTLNRNQPAA Identical to H5N1 ? 1
270-287 GLPVGGNEKKAKLANVVR Identical to H5N1 ? 1
316-333 RMFLAMITYITRNQPEWF MFLAMITYITKNQPEWF ? 1
402-419 SLSPGMMMGMFNMLSTVL Identical to H5N1 CD4 1
410-426 GMFNMLSTVLGVSILNL Identical to H5N1 ? 1 27
417-433 TVLGVSILNLGQKRYTK TVLGVSILNLGQKKYTK CD4 1
432-449 TKTTYWWDGLQSSDDFAL Identical to H5N1 CD4 1
470-486 CKLVGINMSKKKSYINR CKLVGINMSKKKSYINK ? 1
498-514 RYGFVANFSMELPSFGV Identical to H5N1 CD8 1
505-521 FSMELPSFGVSGINESA Identical to H5N1 ? 1
562-579 HRGDTQIQTRRSFELKKL Identical to H5N1 ? 1
705-722 YRRPVGISSMVEAMVSRA YRRPIGISSMVEAMVSRA cD8 1
PB2 205-221 YMLERELVRKTRFLPVA Identical to H5N1 CD8 1
212-229 VRKTRFLPVAGGTSSVYI VRKTRFLPVAGGTSSIYI CD8 1
544-561 SVLVNTYQWIIRNWETVK SVLVNTYQWIIRNWEAVK CD4 1
598-615 TLFQQMRDVLGTFDTVQI TLFQQMRDVLGTFDTTIAQI ? 1

Positive responses detected during the peptide pool screening of the UK volunteers were subsequently confirmed at the single peptide level in a second
round of ex vivo ELISpot assays. Previously identified epitope regions are in bold. H5N1 and H3N2 amino acid sequence variations are underlined. AA/New
York 388/2005 (H3N2) for HA and NA and A/New York 232/2004 (H3N2) for the internal proteins. NS1, nonstructural protein 1.

and NP contained the highest number of H5N1 cross-reactive T
cell epitope regions (21 and 23, respectively) as well as the majority
of the most frequently recognized peptides (Table 1).

Distribution of influenza A-specific CD4* and CD8* memory T cell
responses across the virus proteome. The responses detected against
positive peptide pools and confirmed T cell epitope regions were
characterized further for CD4" or CD8" T cell dependency by deple-
tion experiments using anti-CD4 or CD8 antibodies conjugated
to magnetic beads. The distribution of ex vivo CD4* and CD8*
memory T cell responses across the whole influenza proteome was
assessed: CD4" T cell responses were more abundant (59%) than
CDS8" responses (41%) and were distributed widely across all influ-
enza proteins, whereas CD8" T cell responses were targeted mostly
against internal proteins (Figure 4). Detected responses to the HA
and NA were entirely CD4" T cell dependent.

Recognition of target cells infected with yVACVs expressing HSN1 M1 or NP.
To test further the effector functions of the above T cells, 10 CD4*
and 10 CD8" antigen-specific T cell lines were established from
healthy responders in the UK using the immunodominant HSN1
T cell epitope regions cross-recognized on ex vivo ELISpot assay
(Table 3). An additional 7 H3N2 epitope regions whose HSN1
equivalent peptides had not been cross-recognized were chosen

as controls. The antigen specificity and CD4/CD8 dependency of
each T cell line was confirmed by IFN-y ELISpot and intracellular
cytokine staining (ICS) (data not shown). In addition, T cell lines
were prescreened by IFN-y ICS for their ability to recognize autolo-
gous target cells infected with human influenza A viruses (sum-
mary provided in Table 3). Peptide-specific CD4* and CD8" T cell
clones were generated from the majority of the established T cell
lines by limiting dilution.

In view of the relatively high peptide concentration required for
ex vivo IFN-y ELISpot assay, artificial T cell cross-recognition of a
number of peptides seemed a possibility. To investigate whether
T cell responses to HSN1 peptides were functional against natu-
rally processed H5N1 virus proteins, rVACVs expressing the M1
or NP of H5N1 were constructed (HSN1 M1-VACV, NP-VACV).
Autologous EBV-transformed B cell lines (BCLs) were infected by
these viruses and used as targets. rVACVs expressing the M1 or
NP of the human HINT1 strains (M1-VACV and NP-VACV) and
H3N2 strain (NP-VACV) (19, 21, 35) were also used in parallel. The
extent of cross-recognition of target cells infected with rVACVs
by CD4* and CD8* T cell clones derived from healthy individuals
were evaluated by Cr release assay, CD107a degranulation assay,
and ICS (IFN-y, TNF-o,, IL-2, and IL-4).
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High levels of cross-recognition of target cells infected with
H5N1 M1-VACV or NP-VACV were exhibited by a number of CD4*
and CD8" T cell clones. Cells infected with wild-type VACVs were
not recognized. Good cytolytic capacity was displayed by the cross-
reactive CD8" T cells even at low effector to target ratios (repre-
sentative examples provided in Figure 5, A and C). These clones
also appeared to be highly functional, simultaneously secreting
cytokines such as IFN-y and TNF-a coupled with upregulation of
CD107a in recognition of the target cells expressing the M1 or NP
of the H5N1 strain as well as those of the human strains (represen-
tative examples provided in Figure 5, B and D, and Supplemental
Figure 2). Highly cross-reactive CD4" T cell clones, such as clones
M1 95-112_ HUK21 (clone specific for M1 95-112 and derived
from donor HUK21) and M1 241-252_HUKO1 also displayed poly-
functional capacities, producing high levels of cytokines such as
IFN-y, TNF-a, and IL-2 upon cross-recognition (Figure 5, E and F,
and Supplemental Figure 2). No production of IL-4 was detected.

Cross-reactive CTL activity against the HSN1 M1 and NP was
also displayed by 7-day polyclonal virus-specific T cell cultures
derived from healthy individuals in the UK (representative exam-
ples shown in Figure 6, A and B). Despite relatively low frequencies,
it was possible to separately detect and analyze CD4* and CD8*
HSNI cross-reactive subpopulations that secreted detectable levels
of cytokine(s) upon recognition of target cells expressing the HSN1
M1 or NP (representative example displayed in Figure 6C).

Discussion

Heterosubtypic T cell-mediated immunity to influenza A viruses
in humans has been widely reported (24-26, 36). While cross-
reactive T cells cannot prevent establishment of infection, they
can enhance recovery by promoting virus clearance and reduce
the severity of illness (15). It has also been demonstrated that in
vitro T cell cultures derived from healthy individuals can lyse tar-
get cells infected with swine or avian influenza viruses (28, 29).
Together with a large number of studies in mice that demon-
strated cross-protection conferred by influenza A-specific T cells
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Figure 4

Distribution of influenza A-specific CD4+ and CD8* memory T cell
responses across the virus proteome. The total frequency of CD4+ (gray
bars) and CD8+ (black bars) T cell recognition of positive peptide pools
of each viral protein is shown for participants from the UK (A; n = 34)
and Viet Nam (B; n = 27). The analysis involved ex vivo IFN-y responses
against the peptide pools of the H3N2 HA and NA and all H5N1 inter-
nal proteins. Responders who were unavailable to supply fresh blood
samples for the depletion study were excluded from this analysis.

during subsequent challenges (reviewed in ref. 11), these studies
suggest that vaccines stimulating cross-reactive T cell populations,
potentially used in conjunction with the current antibody-based
strategy, may confer broader and more effective protection against
a potential pandemic strain. However, most studies using T cell
cultures expanded in vitro were unable to assess accurately the
overall influenza-specific memory T cell response and the extent
of cross-reactivity to heterologous strains, particularly regarding
the breadth, magnitude, and immunodominance hierarchy of
the responses, at the population level. If a novel vaccine formula
designed to stimulate cross-protective T cells is to be developed, it
is crucial to address these questions first.

In the present study, we provide for what we believe to be the first
time, a comprehensive ex vivo assessment of virus-specific CD4*
and CD8" memory T cell responses against the full proteome of
the human influenza A (H3N2) virus together with measurement
of the extent of cross-reactivity to avian influenza A (HSN1) using
freshly isolated PBMCs from 48 healthy individual from the UK
and 42 healthy individuals from Viet Nam. Of 90 healthy donors
with no prior exposure to HSN1, 81% and 93% of healthy donors
living in the UK and Viet Nam, respectively, displayed detectable
cross-reactive CD4" and/or CD8* memory T cell responses to the
H5N1 internal proteins. In contrast, cross-recognition of the HSN1
HA and NA was exhibited by only 9 and 7, respectively, of 20 Viet-
namese participants tested, and the T cell pools were of consider-
ably lower frequencies compared with those specific for the H3N2
HA and NA. It is worth noting that HA and NA, predominantly
targeted by CD4" T cell populations, appear less immunogenic for
T cell recognition than most internal proteins, regardless of the
subtypes tested. Despite relatively high amino acid sequence iden-
tity (approximately 80%) between the NA of the HSN1 and human
HINT1 strains, ex vivo cross-reactive T cell recognition of the NA
was unremarkable. Thus, it would seem reasonable to suggest that
internal protein regions, highly conserved and more frequently rec-
ognized by both CD4" and CD8" cross-reactive memory T cells, may
serve as effective targets for vaccines designed to boost potentially
cross-protective memory T cell populations.

Previous reports have identified M1 and NP as major targets of
influenza-specific CTL recognition in humans (20, 37). Our ex
vivo study verified M1 and NP as the most immunogenic protein
targets of H5N1 cross-reactive CD4" and CD8" T cell responses.
Moreover, CD4* and CD8* T cell clones specific for M1 or NP
epitopes displayed cross-reactive effector functions against the
target cells expressing the HSN1 M1 or NP, respectively. Trans-
fer of NP-specific CTL clone protects mice from otherwise lethal
challenges with homologous and heterologous influenza A viruses
(22). Although no such direct evidence exists in humans, a good
correlation has been documented between pre-existing influenza
Avirus-specific CTL activities and enhanced viral clearance upon
nasal challenge (15). Thus, it is likely that our observations on
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Figure 5

Effector functions displayed by CD4+ and CD8* T cell clones upon recognition of target cells infected with the rVACVs expressing HSN1 M1 or NP.
Representative examples. (A and C) 5'Cr release assay. Cross-reactive cytolytic activities against target cells infected with HSN1 NP-VACV
(A) or H5N1 M1-VACYV (C) displayed by CD8+ T cell clones specific for NP 258—-273 (donor HUK21) (A) or for M1 58-66 (donor HUKO1) (B).
E:T, effector to target ratio. (B and D) ICS for effector cytokine secretion or upregulation of degranulation marker by CD8* T cell clones specific
for NP 258-273 (donor HUK21) (B) or for M1 58-66 (donor HUKO1) (D) in recognition of peptide-pulsed or VACV-infected target cells. (E and F)
ICS for effector cytokine secretion by CD4+ T cell clones specific for M1 241-252 (donor HUKO1) (E) or for M1 95—-112 (donor HUK21) (F).

cross-reactive influenza-specific memory T cells in healthy indi-
viduals may correlate with enhanced antiviral protection upon
exposure to H5N1 influenza A viruses. Interestingly, the domi-
nance of M1- or NP-specific responses observed at the population
level during peptide pool screening was evident at the individual
level when positive pool responses were confirmed at the single
peptide level: M1- or NP-specific epitope regions were consistently
immunodominant in a number of participants of diverse HLA
backgrounds (data not shown). This held true for both CD4* and
CD8" H5N1 cross-reactive and H3N2 strain-specific T cell epit-
ope regions. It appears that M1 and/or NP may serve as potential
universal influenza vaccine targets to provide broad protection to
populations of diverse genetic backgrounds. Notably, vaccination
of mice with DNA encoding NP elicited NP-specific CD4* and
CD8" effector T cells and provided measurable protection against
otherwise lethal heterosubtypic challenges (38).
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Influenza A-specific T cells detectable by ex vivo IFN-y ELISpot
have been previously characterized as a subset of circulating memo-
ry T cell populations capable of immediate effector function upon
antigen encounter without a need to differentiate or proliferate
(39). IEN-y secretion, an important component of antiviral protec-
tion in influenza infection (40), was detectable within 6-12 hours
of stimulation with peptides. In view of the diverse tissue tropism
associated with highly pathogenic HSN1 viruses (41), it is possible
that circulating HSN1 cross-reactive memory T cell populations
capable of immediate effector function could confer partial pro-
tection against human infection with H5N1 viruses.

Highly cross-reactive CD4* and CD8" effector functions against
target cells infected with rVACVs expressing the HSN1 M1 or
NP were detected both at the single-cell and polyclonal levels.
In addition to exhibiting good cytolytic activities (CD8" clones),
cross-reactive T cell clones also displayed a high degree of poly-
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functionality, simultaneously secreting IFN-y, TNF-a, and IL-2
(CD4* clones), together with upregulation of CD107a in recog-
nition of HSN1 antigens. The induction of such multifunctional
T cell populations in mouse and man has been associated with
superior antiviral protection and vaccine efficacy (42-44). Further
characterization of such broadly cross-reactive and highly func-
tional CD4* and CD8" T cell responses is in progress. This includes
epitope optimization and determination of HLA restrictions, not
included in the comprehensive analysis reported here.
Population differences in HSN1 cross-reactive T cell responses
were observed between the cohorts from the UK and Viet Nam. A
higher percentage of Vietnamese participants displayed detectable
HS5N1 cross-reactive memory T cell responses ex vivo. In addition,
although the difference did not reach statistical significance, we
detected ex vivo IFN-y T cell responses of higher magnitude to the
HS5N1 internal proteins from Vietnamese participants (mean over-
all magnitudes: 390 (Viet Nam) and 287 (UK) SFU/10¢; P = 0.058).
Potential explanations for these differences include host genetic
differences, exposure to region-specific, unrelated pathogens (an
example is discussed in ref. 45), and variations in the circulating
influenza virus strains in the 2 regions. Moreover, there is a clearly
defined influenza season in the UK, whereas in southern Viet Nam,
acute influenza cases are reported throughout the year.
Considerable variation in virus-specific T cell recognition pat-
terns was observed between different individuals in aspects such as
the magnitude and breadth of the responses, CD4 and CD8 depen-
dence, cross-reactivity, and dominant protein targets. McMichael
etal. demonstrated a correlation between pre-existing influenza A-
specific CTL activity and enhanced virus clearance upon subse-
3486
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quent intranasal challenge with live virus even in the absence of
cross-protective antibodies (15). This suggests that pre-existing
influenza-specific memory T cells played a clear role in protection
against disease in subsequent infection with heterologous strains.
Thus, it is likely that individual variations in circulating memory T
cell pools, particularly in the memory pools that are cross-reactive
between subtypes, would at least partially contribute to the deter-
mination of clinical outcome of subsequent influenza infections
together with other variables such as HLA haplotypes (46), age
(47), antigen doses (48), and exposure history to influenza viruses
and other pathogens (45, 49). It may even be possible that such
variations have contributed to differential outcomes in human
infection cases with highly pathogenic HSN1. We are currently
investigating this possibility in Viet Nam.

In a recent retrospective epidemiological analysis, Epstein
provided a good example of heterosubtypic protection against
influenza A infection conferred by immunological memory
established from previous natural infection: adults who had
experienced natural infection with the HINT1 strain in 1957 were
significantly better protected from the H2N2 pandemic strain
later that year (50). In view of the absence of evidence suggesting
the existence of neutralizing antibodies that are cross-reactive
between the HIN1 and H2N2 strains, this observation further
suggests that pre-existing cross-reactive memory T cells may be
beneficial in subsequent heterosubtypic infection. However, it is
worth noting that T cell memory to influenza in humans, par-
ticularly CD8* CTL activities, is short-lived, with a half-life of
2-3 years (51), and needs regular boosting by natural infection
or appropriately designed vaccines.
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There is growing interest in targeting conserved regions of internal
proteins, such as M1 and NP, in combination with the existing vac-
cine formula in preparation for a potential pandemic. In view of the
80%-90% amino acid sequence identity of these proteins between the
avian and human type A strains, our data pertaining to the immu-
nodominant protein regions recognized by healthy individuals of
diverse HLA backgrounds could serve as a potent catalyst for such
endeavors. For instance, the epitope regions we identified that fre-
quently elicited highly cross-reactive CD4*and CD8" T cell responses
merit special attention for the potential development of a universal
vaccine that would generate or boost T cell responses against sea-
sonal human influenza as well as avian influenza viruses.

Despite extensive HLA polymorphism, the majority of HLA-A
and -B allelic variants can be classified into 9 supertypes based on
their shared peptide-binding specificity (52, 53). Epitope-based
vaccines containing conserved peptides recognized by various
MHC molecules may therefore confer broad and potent protec-
tion against influenza. However, developing such vaccines that can
provide broad coverage across the diverse populations remains a
challenge, as different HLA types are expressed at varying frequen-
cies in different ethnic groups. Thus, the analysis of cross-reactiv-
ity of and population coverage by (54) epitopes of interest should
parallel comprehensive epitope mapping efforts (55, 56). Such
endeavors may be facilitated by a centralized database, such as the
Immune Epitope Database and Analysis Resource (http://www.
immuneepitope.org), which provides comprehensive T and B cell
epitope listing of various organisms as well as relevant analysis
tools and resources (30, 57).

Currently available inactivated subunit vaccines are inefficient at
boosting influenza-specific CTLs, as antigens cannot reach the cyto-
sol and thus cannot be processed and presented as MHC-peptide
complexes for T cell recognition. Stimulation of cross-reactive mem-
ory T cells could be potentially achieved by cold adapted live attenu-
ated influenza vaccines (LAIVs) that closely mimic natural infec-
tion. Several trials have reported that LAIVs can boost virus-specific
CTLs as well as mucosal and serum antibodies and provide broad
cross-protection against heterologous human influenza A viruses
(58,59). While the safety and efficacy of the reassortant viruses bear-
ing modified H5 HAs (60) in humans remains to be determined, it
would be worth evaluating the extent of cross-protection against
HS5N1 potentially conferred by currently available seasonal human
LAIVs. Memory T cell populations boosted by these vaccines may in
theory cross-react and provide partial protection against HSN1 by
targeting highly conserved internal virus proteins.

The aim of such T cell-based approaches would be to provide
broader partial protection against overwhelming infection and
help lower morbidity and mortality rather than to provide com-
plete protection against establishment of infection. This would be
a highly relevant and perhaps more realistic public health goal in
a pandemic situation.

In summary, the data presented here form an important basis
from which to evaluate the role of virus-specific cross-reactive T
cells in broad partial protection from human infection with avian
(H5N1) and human influenza A viruses.

Methods

Subjects. Influenza-specific T cell memory responses were studied in 48
healthy volunteers in Oxford, UK (age 20-63 yr), and 42 healthy volunteers
in Ho Chi Minh City, Viet Nam (age 23-51 yr), all of whom were deemed to

be at low risk of HSN1 exposure. Hemagglutination inhibition assay (using
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horse red blood cells) confirmed the absence of HS antibody in Vietnamese
participants. Samples were collected between December 2005 and Novem-
ber 2006. All participants were devoid of any symptoms indicative of acute
influenza infection at the time of sample collection. Informed consent was
obtained from all participating individuals prior to the study.

Ethical approval was obtained from the Scientific and Ethical Commit-
tee of the Hospital for Tropical Diseases, Ho Chi Minh City, Viet Nam, and
the Oxford Tropical Research Ethics Committee (OXTREC), Oxford, UK.

Synthetic peptides. A total of 1,028 15- to 18-mer peptides overlapping
by 10 amino acid residues and spanning the full proteome of the HSN1
and H3N2 influenza A viruses (151 HA, 125 NA, 58 M1, 26 M2, 121 NP,
57 nonstructural protein 1 [NS1], 31 NS2, 155 acid polymerase [PA], 135
basic polymerase [PB1], and 169 PB2) were designed using the Los Ala-
mos National Library web-based software PeptGen (http://www.hiv.lanl.
gov/content/sequence/PEPTGEN/peptgen.html) and synthesized (purity
>95%; PEPscreen; Sigma-Aldrich) using the sequences of the following
strains: A/Viet Nam/CL26/2004 (H5N1), A/New York 388/2005 (H3N2)
(HA and NA), and A/New York 232/2004 (H3N2) (internal proteins).

Designing and deconvoluting 2- and 3-dimensional peptide matrix systems. The
overlapping peptides spanning the HSN1 internal proteins and the H3N2
HA and NA were assigned into a 3-dimensional matrix system in which
each peptide was represented in 3 different peptide pools. The first dimen-
sion of the peptide matrix system was designed so that peptides from dif-
ferent source proteins were separated into different pools (595 peptides,
peptide matrix system 1; Supplemental Table 1). (Peptide pools 15 and 16
of the peptide matrix system 1 and peptide pool 2 of the peptide matrix
system 2 contained a mixture of overlapping peptides of the M1 and M2.
However, the responses detected against these pools were determined to be
targeted predominantly to the M1 when the positive pool responses were
confirmed at the single peptide level.) The optimal peptide arrangement
for the second and third dimensions of the 3-dimensional peptide matrix
system was determined by a series of software simulations (using Decon-
volute This! software; ref. 61), with the goal of minimizing the number of
subsequent assays required to determine individual peptides containing T
cell epitopes (61). The overlapping peptides spanning the H3N2 internal
proteins with amino acid sequences that were different from their HSN1
equivalents were arranged into a smaller 2-dimensional peptide matrix
system in which each peptide was represented in 2 different pools (295
peptides, peptide matrix system 2; Supplemental Table 1). An additional
2-dimensional matrix system for the overlapping peptides spanning the
HS5N1 surface glycoproteins (77 HA and 61 NA) was designed (138 pep-
tides, peptide matrix system 3; Supplemental Table 1). The responses from
positive peptide pools of the peptide matrix system 1 were deconvoluted
using Deconvolute This! software (61).

Lymphocyte purification and ELISpot assays. Six- to 12-hour IFN-y ELISpot
assays were performed using either freshly isolated or cryopreserved PBMCs
as described previously (39). Influenza-specific T cells detected ex vivo using
this method in humans have been previously characterized to be of memory
phenotype (CD45RO") (39). In view of the fact that little or no mRNA for
IFN-y is expressed in naive CD4* and CD8* T cells (62), and that frequencies of
antigen-specific naive T cell populations are very low (below the limit of direct
detection by methods such as IFN-y ELISpot assay) (63, 64), it was extremely
unlikely that the ex vivo IFN-y responses we detected were generated by naive
T cell populations. All peptide pool screening assays were carried out with
freshly separated PBMCs, whereas some individual peptide testing was done
with cryopreserved PBMCs. No significant difference was observed between
responses generated by fresh or cryopreserved PBMCs. PBMCs (250,000) were
used in each ELISpot well in the final volume of 100 ul. The end concentration
of peptide in each well was 2-3.5 uM when testing peptide pools and 2 uM
when testing individual peptides. For negative and positive controls, PBMCs
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were incubated with media alone and with phytohemagglutinin (Wellcome),
respectively. SFUs were counted using an automated ELISpot reader (AID).
Responses were considered positive when the number of SFUs per well was
greater than 3 times the average negative control value for the given assay and
4 times the mean negative control value (1.6 SFU/well) obtained from the
initial peptide pool screening of all participants (median, 1 SFU/well; range,
0-7 SFU/well). Adjusted SFUs after subtracting average negative values were
expressed as SFU per 10° PBMCs.

CD4* and CD8" T cell depletion. Confirmed epitope-containing peptides
generating more than 40 SFU/10° PBMCs (participants in the UK) and
positive peptide pools generating more than 40 SFU/10° PBMCs (partici-
pants in Viet Nam) were characterized further by CD4* and CD8* T cell
depletion of fresh PBMCs using anti-CD4 or anti-CD8 antibody-coated
magnetic beads (Dynabeads; Invitrogen) according to the manufacturer’s
protocol. CD4* T cell-depleted and CD8* T cell-depleted PBMC popula-
tions were tested in parallel to aid interpretation. After depletion, most
subdominant responses (of less than 40 SFU/10° PBMCs) were detectable
in neither CD4* nor CD8" T cell-depleted populations and therefore were
excluded from the subsequent analysis of influenza-specific CD4* and
CD8" T cell distribution.

Antigen-specific CD4* and CD8* T cell lines and clones. Establishment of
peptide-specific T cell lines has been previously described (65). Briefly, 3 x 10°
to 5 x 106 PBMCs were pulsed as a pellet for 1 h at 37°C with 100 uM of
peptides containing T cell epitope regions and cultured in R10 at 2 x 10°
cells per well in a 24-well Costar plate. IL-2 was added to a final concentra-
tion of 100 U/ml on day 3. The cultures were restimulated after 14 d using
autologous BCLs pulsed with the appropriate peptides. Antigen-specific
CD4*and CD8"* T cell clones were established by limiting dilution of the T
cell lines as described previously (66).

Induction of influenza-specific polyclonal T cell culture. Induction of influenza-
specific short-term culture has been previously described (20, 21, 25). Brief-
ly, freshly isolated PBMCs at 1.5 x 10° cells/ml were incubated with 4-5 HA
units of influenza A/New Caledonia/20/99 (HIN1) or A/Sydney/5/97
(H3N2) in serum-free RPMI for 1 h at 37°C. FCS was then added to 10%,
and the cells were incubated for 6-14 days.

Influenza A viruses. The following virus strains were used: A/New Caledo-
nia/20/99 (HIN1), A/Sydney/5/97 (H3N2), A/X31 (H3N2), and B/Hong
Kong/330/2001 (a generous gift from Alan J. Hay, World Influenza Centre,
National Institute for Medical Research, UK). Viruses were stored within
allantoic fluid at -80°C.

Construction of r'VACVs. The M1 open reading frame (nucleotides 1-759)
of the cDNA copy of RNA segment 7 from influenza A/VN/1194/2006
(HS5N1) (kindly provided by Alan J. Hay) was amplified by PCR using the fol-
lowing primers designed to introduce a Kozak sequence around the initiat-
ing methionine codon (shown in bold) and unique NotI and Smal restriction
sites (underlined) for subcloning: 5'-AGAATGATATCGCGGCCGCCAC-
CATGAGTCTTCTAACCGAGGTCGAAACGTA-3' (5’ primer); 5'-GTG-
CAGATGCAGCGATTCAAGTGACCCGGGAAGGCCTAG-3' (3' primer).

The PCR product was purified from an agarose gel after electrophoresis,
digested with EcoRV and Smal, and cloned into a Smal site of the VACV
expression vector pSC11 (67) downstream of the 7.5K promoter, and the
resultant plasmid was termed pSCI11-HSNI1 M1. The DNA sequence was
confirmed by sequencing. A thymidine kinase-negative rVACV expressing
the M1 was constructed as described (67-69) and termed HSNI M1-VACV.

Similarly, a full-length cDNA copy of RNA segment 5 (encoding NP)
from influenza A/VN/1194/2006 (H5SN1) was amplified by PCR using
the following primers containing NotI and Smal restriction sites (under-
lined): 5'-ATAAGAATGCGGCCGCCACCATGGCGTCTCAAGGCAC-
CAAACGA-3' (§' primer); S'-AGACAATGCAGAGGAGTATGACAATTA-
ACCCGGGAAGGCCTAG-3' (3' primer).
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The M1 gene was removed from pSC11-H5N1 M1 by Notl and Smal diges-
tion, and the NP PCR product was digested with the same enzymes and
cloned into the plasmid. The resultant plasmid was termed pSC11-HSN1 NP,
and the fidelity of the DNA sequence was confirmed by sequencing. There
was a single nucleotide difference from the published sequence (AY651498)
at position 59 (A to G) that led to an amino acid change (Q20R). This plas-
mid was used to construct a rVACV expressing NP as for M1, and the virus
was termed HSN1 NP-VACV. rVACVs expressing the M1 (21) or NP (19, 35)
of the HIN1 and H3N2 human influenza A strains have been reported.

Target cell preparation. EBV-transformed BCLs were washed 3 times and
suspended in 100 pl serum-free RPMI. rVACV or influenza A virus was
added at 3-10 pfu/cell. Wild-type VACV was used as a negative control. After
incubating for 1.5 h at 37°C, cells were washed and resuspended in R10
medium and incubated for 4 h (influenza or VACV) or overnight (VACV).
Infected cells were washed 3 times with R10 medium before being used
for ICS or before being labeled with 200 uCi Na’!Cr prior to cytotoxicity
assays (20, 21). BCLs pulsed with appropriate peptides at 100 uM
for 1 hat 37°C were also tested.

Cytotoxicity assay. A standard 5!Cr release assay was used as described
previously (20, 21).

ICS and flow cytometry. The following directly conjugated antibodies were
obtained from BD Biosciences: IFN-y (PE), TNF-o. (APC), CD107a/b (FITC),
IL-2 (APC), IL-4 (FITC), CD4 (perCP), and CD8 (perCP). Antigen-specific
CD4* and CD8" T cell clones or virus-specific polyclonal short-term cul-
tures were stimulated with virus-infected or peptide-pulsed target cells in
the presence of anti-CD107a/b for 1 h and incubated with monensin (BD
Biosciences) for a further 5 h at 37°C. Negative controls included unstimu-
lated cells and target cells infected with influenza B/Hong Kong/330/2001
or wild-type VACV. CD4" or CD8" T cell populations producing cytokines
were detected by flow cytometry (44).

Statistics. The SPSS statistics package was used for all statistical analysis.
The log-transformed mean magnitudes of total influenza-specific IFN-y
responses in the UK and Viet Nam groups were compared using the indepen-
dent sample 2-tailed ¢ test. P < 0.05 was considered statistically significant.
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