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Background. Most reported human H5N1 viral infections have been severe and were detected after hospital
admission. A case ascertainment bias may therefore exist, with mild cases or asymptomatic infections going
undetected. We sought evidence of mild or asymptomatic H5N1 infection by examining H5N1-specific T-cell and
antibody responses in a high-risk cohort in Vietnam.

Methods. Peripheral blood mononuclear cells were tested using interferon-y enzyme-linked immunospot T assays
measuring the response to peptides of influenza H5, H3, and H1 hemagglutinin (HA), N1 and N2 neuraminidase, and
the internal proteins of H3N2. Horse erythrocyte hemagglutination inhibition assay was performed to detect antibodies
against H5N1.

Results. Twenty-four of 747 individuals demonstrated H5-specific T-cell responses but little or no cross-
reactivity with H3 or H1 HA peptides. H5N1 peptide-specific T-cell lines that did not cross-react with H1 or H3

influenza virus HA peptides were generated. Four individuals also had antibodies against H5N1.

Conclusions.

This is the first report of ex vivo H5 HA-specific T-cell responses in a healthy but H5N1-exposed

population. Our results indicate that the presence of H5N1-specific T cells could be an additional diagnostic tool for

asymptomatic H5N1 infection.

Influenza H5N1 remains endemic in domestic poultry in
large parts of Asia, and although the total number of
human infections is relatively small, sporadic human ca-
ses with a high risk of death are still being reported [1, 2].
Since 2003, >500 human cases of highly pathogenic
influenza A H5N1 have been reported, with 119 cases
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occurring in Vietnam [3]. At present, H5N1 influenza
cannot be transmitted readily between humans, but the
possibility remains of a recombination between H5N1
and other influenza viruses, resulting in a virulent and
easily transmissible virus [4].

The reported frequency and severity of H5N1 infection
in humans is almost certainly biased by the under-
detection of mild or asymptomatic cases: leading to an
underestimate of the number of cases and an overestimate
of the case fatality rate. The extent of this bias is indicated
by seroprevalence surveys that have reported anti-H5
antibody prevalence in exposed groups of between 0%
and 12% [5-9]. The presence of virus-neutralizing anti-
body is important for protection against influenza, and
antibodies that recognize specific hemagglutinin (HA)
subtypes can give an indication of recent infection history
[10, 11]. However, measurement of H5N1-specific neu-
tralizing antibodies has been problematic because the
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traditional hemagglutination inhibition (HAI) assay has low
sensitivity for the detection of H5N1 antibodies [12]. Alternative
assays that have been used for the detection of H5NI1 infection
include horse erythrocyte HAI, microneutralization, and pseu-
doparticle assays [13]. These assays are all subject to false-positive
reactions due to the presence of cross-subtype neutralizing anti-
bodies [14]. Measuring interferon (IFN) y secretion by peripheral
blood mononuclear cells (PBMCs) after stimulation with pools of
HA peptides from different influenza strains demonstrates the
specificity and reactivity of T cells generated by strain-specific
vaccination [15-17] or memory cells generated after natural in-
fection [18-21].

In this study, we set out to investigate the rate of infection
with H5N1 virus in a community in rural Vietnam that had
previously experienced H5N1 cases in both poultry and humans
by measuring the prevalence of specific T-cell responses against
the HA and neuraminidase (NA) of H5N1 influenza virus. We
also compared T-cell responses against the proteome of seasonal
H3N2 and the HA and N1 of H5N1 and HIN1 influenza in the
community cohort with those in a group of persons who had
recovered from H5N1 infection and in healthy controls with no
exposure to H5N1.

MATERIALS AND METHODS

Patient Cohorts
For the community cohort, a household-based cohort was es-
tablished in a community in northern Vietnam that had pre-
viously experienced outbreaks of H5N1 in poultry and human
H5N1 cases. Human HS5NI infections had occurred in the
community in 2004, and additional human cases were identified
in 2007 and 2008 in nearby villages. Poultry outbreaks of H5N1
had been detected in the province intermittently since 2004,
including an outbreak 1 month before the beginning of the
study. Households were randomly selected from a complete
household register using a random number table. If a selected
household declined to participate, the nearest neighbor was
approached for participation. Members of the cohort provided
blood for collection of PBMCs and plasma in December 2007.
For the recovered case patients, persons who were convalescent
after H5N1 infection (n = 19) were recruited between July 2008
and March 2009, at intervals of 84-1449 days (median, 1300) after
H5N1 onset (HHT Trang, A. Fox, T. Dong, LQ Mai, VTK Lien,
T. Powell, TN Duong, NTT Yen, PQ Thai, NT Hien, P Horby,
authors’ unpublished data). For the healthy control group, PBMCs
from volunteers (n = 271) from the United Kingdom and Viet-
nam were tested by enzyme-linked immunospot spot (ELISPOT)
assays [19]. All participants provided written informed consent.
The study was approved by the ethical review boards of the Na-
tional Institute of Hygiene and Epidemiology (Hanoi, Vietnam),
the University of Oxford (United Kingdom), and the London
School of Hygiene & Tropical Medicine (United Kingdom).

Media, Peptides, and ELISPOT Screening

Dulbecco’s phosphate-buffered saline (Sigma—Aldrich) and R10
(Roswell Park Memorial Institute 1640 medium plus 10% vol/vol
fetal calf serum, glutamine, and penicillin streptomycin) medium
were used as described elsewhere [19]. The sequences of the full
influenza proteome from H3N2, A/New York/388/2005 (HA and
NA) and A/New York/232/2004 (H3N2) (internal proteins), HA
from HINI1 (A/Hong Kong/1134/98 and A/NewYork/228/2003),
and H5 and N1 from H5NI1 (A/Vietham/CL26/2004) were
split into overlapping peptides of 18-21 residues overlapping
by 10, using Peptgen (http://www.hiv.lanl.gov/content/sequence/
PEPTGEN/peptgen.html) synthesized by Sigma-Aldrich. Peptides
were divided into pools (Table 1). Overlapping peptides spanning
the entire length of each HA protein were split up into 2 pools
(eg, H5 into H5-1 and H5-2), and the amino acid range is shown
for each pool. The exact sequences of the peptides are available on
request.

Blood samples were taken from volunteers at local sites and
transported to the National Institute of Hygiene and Epidemiol-
ogy on the same day, where PBMCs were isolated and 2.5 X 10’
were incubated with peptides at 2 pg/mL overnight, as described
elsewhere [19]. Plates were read on an ELISPOT plate reader
(CTL). Positive pools were defined using established criteria of
3 times average background and/or >10 spots per well [19]. Spot-
forming units were the actual number of spots generated from
a known number of cells.

Table 1. Peptide Pool Identities

Peptide Identity
Pool (No. of Peptides in Pool)®

HA1-1 H1 HA1 1-294 (37)

HA1-2 H1 HA1 285-565 (37)

HA3-1 H3 HA3 1-298 (37)

HA3-2 H3 HA3 289-556 (37)

HAB-1 H5 HA5 1-281 (38)

HAB-2 H5 HAbL 272-565 (39)

NA1-1 N1 NA1 1-227 (30)

NA1-2 N1 NA1 218-442 (31)

NA2-1 N2 NA2 1-303 (40)

NA2-2 N2 NA2 294-467 (24)

PB1-1 H3N2 PB1 1-380 (50)

PB1-2 H3N2 PB1 370-757 (50)

PB2-1 H3N2 PB2 1-384 (52)

PB2-2 H3N3 PB2 375-759 (52)

M1/2 H3N2 M1 1-252 (34); M2 1-97 (13)
NP-1 H3N2 NP 1-261 (34)

NP-2 H3N2 NP 252-498 (34)

NS1/2 H3N2 NS1 1-230(29); NS2 1-121(17)
PA-1 H3N2 PA 1-370 (49)

PA-2 H3N2 PA 361-716 (46)

@ Numbers are the range of the AMINO ACIDS contained within the pool.
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Generation of B-Cell Lines and Antigen-Specific T-Cell Lines

Epstein Barr virus (EBV)—transformed B-cell lines (BCLs) were
generated by adding EBV supernatant, from a B958 cell line, to
1-2 X 10° PBMCs in a 96-well plate for 3—4 hours, followed by
2 pg/mL cyclosporine (Sandoz Pharmaceuticals) in R15 (RPMI
medium with 15% vol/vol fetal calf serum). Antigen-specific
short-term T-cell lines (STLs) were generated by pulsing PBMCs
with peptide for 90 minutes, washing once, and then culturing in
96-well plates in H10 (10% vol/vol human AB serum; National
Blood Service). Three days later, interleukin-2 (PeproTech EC)
was added at a final concentration of 200 U/mL. STLs were
maintained by restimulating with peptide-pulsed autologous
BCLs every 10-15 days. For cultured ELISPOT assays, STLs were
rested in H10 for 26-36 hours and then used in an ELISPOT assay.
T cells (n = 40 000) were mixed with 10 or 2 pg/mL peptide pools
and cultured for 18-20 hours, and then spots were developed
using above protocol [22, 23]. T-cell lines that did not expand or
were negative at ELISPOT assay were excluded from analysis.

Cloning of Cell Lines

Cell lines were stimulated with peptide-pulsed autologous
BCLs for 3—4 hours followed by labeling with human IFN-y
capture kit (Miltenyi Biotec). High IFN-y producers were
sorted on a MoFlow cytometer (DakoCytomation). Clones were
restimulated every 14-21 days using phytohemagglutin-treated
irradiated allogeneic PBMCs, as described elsewhere [24].

Intracellular Cytokine Staining

Cells were stimulated with 10 pg/mL peptide for 1 hour fol-
lowed by addition of BEA/Monesin (BD Biosciences). After an
additional 12-16 hours, cells were washed, labeled with anti-
CD4 Pacific blue (eBiosciences) anti-CD8 fluorescein iso-
thiocyanate (BD Biosciences), permeabilized with FixPerm (BD)
labeled with anti—tumor necrosis factor o Allophycocyanin
(APC) (eBiosciences) and anti-IFN-y Phycoerythrin PE (eBio-
sciences), then washed with Perm/Wash (BD) and fixed. Cells were
analyzed on a CyAn flow cytometer (DakoCytomation).

HAI Assay and Antibody ELISPOT Assay

Plasma was tested in a standard HAI assay with antigens
representing clade 1 and clade 2.3.4 H5N1 strains circulating
in Vietnam and horse red blood cells, as described elsewhere
[7, 12]. Donors were considered positive if they had an antibody
titer of 1:40 or more [25].

RESULTS

Sufficient blood for ELISPOT assays was obtained from 747
participants in December 2007. Thirty-six participants had re-
sponses to H5 HA by ELISPOT assays. Twenty-four participants
(3.2%) demonstrated specific responses to the H5 HA peptide
pools but far lower (=2-fold, but the majority of H5-specific
responses were 5-fold) or no response to either H1 HA or H3
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Figure 1.  Enzyme-linked immunospot spot (ELISPOT) assay results in cohort
volunteers with H5 peptide-specific responses. Peripheral blood monanuclear
cells were stimulated with overlapping peptides from H1, H3, and H5 proteins
to the first half (4) and second half (B) of the protein. Asterisks denote donors
who were also positive for H5 antibody. C, Percentage of each cohort who
had Hb5-specific T-cell responses by interferon-y ELISPOT assays. Number
of donors in each cohort is shown underneath each bar. Abbreviations:
HA, hemagglutinin; SFU, spot-forming units.
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HA peptide pools. This included 6 donors who only made re-
sponses to H5 peptide pools and were negative for H3 and H1
pools (Figure 1A, B). There were 111 participants who had
ELISPOT responses to H5 that are less than or equal to the H1
and/or H3 responses (Supplementary Table 1). However, none
of 271 healthy controls at low risk of H5N1 exposure showed
H5N1-specific responses, and 16% of person who had recovered
from H5N1 infection made specific responses to H5 HA pools
(Figure 1C). Of these recovered patients, tested during acute
infection for H5 HAI 5 of 14 were positive (HHT Trang,
A. Fox, T. Dong, LQ Mai, VIK Lien, T. Powell, TN Duong,
NTT Yen, PQ Thai, NT Hien, P Horby, authors’ unpublished
data). Thirty-seven (5%) of the
participants had positive H5 antibody titers, and 4 also

community cohort

showed H5-specific T-cell responses (Figure 1A, B, denoted by
asterisks). Within this group of individuals, 12 had T-cell
responses (4 with H5-specific responses, a subset of these) and
25 had no T-cell responses.

For further analysis of the H5-specific responders, STLs and
cultured ELISPOT experiments were performed. Tables 2 and 3
show the results of direct ex vivo and cultured ELISPOT from
a number of different donors who were positive for H5 re-
sponses at initial screening, and PBMCs were then expanded as
STL. Figure 2A shows 3 examples of HA STLs that show higher
responses to H5N1 HA pools than to HIN1 or H3N2 HA pools.
When similar experiments were done with other lines, 4 donors
had H5-specific STL after expansion in vitro (Table 2). Ten
donors had responses to internal pools that were either H3N2
peptide pool specific or cross-reactive with both H5N1 and
H3N2 peptide pools (Table 3).

To determine the T-cell recognition of the single peptides
containing potential epitopes from H5 HA pools in individuals
with H5N1-specific T-cell responses, STLs were generated and
tested by cultured ELISPOT assays using single peptides. The STL
grown from donor 0081 for the HA5-1 pool was able to recognize
only the peptide with the amino acid sequence 160-177 of
HA5,60_77 FRNVVWLIKKNSTYPTIK and not the equivalent
peptides from H1 or H3 (Figure 2B). Another line grown from
this donor using the HA5-2 pool was able to respond only to the
peptide HA5439_s; TYNAELLVLMENERTLDF from the H5
strain of virus but not to the equivalent H1 and H3 peptides
(Figure 2C). A similar response to HA5,39 55 was also found with
a second donor (data not shown). A second line generated from
donor 0081 using pool HA5-2 was specific to peptide HA5344 ¢4
KKRGLFGAIAGFIEGGWQGMYV (Table 2). Notably, HA5344 ¢4
was CD4-restricted and HA5439_s¢ was CD8-restricted, so the H5
HA specificity was not limited to only CD8 T cells.

To investigate whether this cohort had cross-reactive responses
against peptides from the internal proteins of influenza, STLs
were generated to internal peptide pools that had been found to
be positive in initial ELISPOT screening. These lines were tested
for reactivity against seasonal (H3) peptides and also H5 pep-
tides. STLs from 5 donors were able to recognize internal peptide
pools from both H3N2 and H5NI1 (Figure 3 and Table 3). We
found 1 CD4 clone that was able to respond to peptide NS1,43_gs
GHTIEDVKNAIGVLIGGL, a peptide derived from an internal
H3N2 NS1 protein that has not been documented elsewhere. We
also identified several previously unknown individual peptides
containing potential T-cell epitopes in H3N2 internal proteins
that were cross-reactive with equivalent H5N1 peptides: PA 4350

Table 2. H5 Hemagglutinin (HA) Responders and Generation of HA5-Specific Short-Term T-Cell Lines (STLs)

Ex Vivo Responses STL

Donor? and Stimulation Pool® HBEN1° H3N2 H1N1 Single Peptide Identity? CD4/CD8 Cell Type®
Donor 0081

HA5-1 + - - HAB160-77 ND

HA5-2 + - - HAB 439 56, HAB344 64 CD8, CD4
Donor 0092

HAB-1 bk - = CDs8

HA5-2 ++ - - CDs
Donor 0148

HAB-2 ++ - - HAB344_64 CD4
Donor 0275

HA5-2 + - - CD4

Abbreviation: ND, no data.
@ Donor number assigned during collection.

b Peptide pool used to stimulate the STL or peripheral blood mononuclear cells (PBMCs), as shown in Table 1.
¢ Ex vivo enzyme-linked immunospot response on fresh PBMCs; ++ indicates strong response (>100 spot-forming units [SFU]/10° PBMCs); +, medium response

(40-99 SFU/10° PBMCs); —, no response (<40 SFU/10° cells).
9 Single peptide defined by incubation of STLs with single peptides.

¢ Lymphocyte subset CD4/CD8 defined by tumor necrosis factor o or interferon-y secretion in intracellular cytokine staining (ICS) after restimulation.
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Table 3. Internal Peptide-Specific Short-Term T-Cell Lines (STLs)

Ex VivoP© Expanded STL Specificity

Donor andPool® H3N2 H5N1 H3N2 Single Peptide Identified? CD4/CD8g®
Donor 0018

NP-1 ++ +++ +4++ NP1g9-216 CcD8
Donor 0053

NP-1 ++ ND +++ CD4
Donor 0080

NP-1 ++ ++ ++ CD8/CD4

NS1/2 ++ ++ Sy CcD4
Donor 0081

PB2-2 IFaF ND SRR PB2457_44, PB2637_55 ND

NS1/2 ++ ND ++ NS1163-85 CD4
Donor 0092

PB1-1 ++ ND + CD4

NP-1 ++ + ++ ND

PA-1 ++ ND + CD4
Donor 0109

NP-1 + ND + ND
Donor 0130

NP-2 + ND ++ ND
Donor 0141

NP-1 ++ + ++ ND

NP-2 S 3 TFaF CD4
Donor 0142

M1/2 ++ + Sy CcD4

NP-1 ++ + ++ CD8
Donor 0275

M1/2 ++ + ++ CD4

NP-2 S i T CD4
Donor 0492

NP-2 ++ ND ++ CD8/CD4

Abbreviation: ND, no data.
@ Peptide pool as defined in Table 1.

® Ex vivo enzyme-linked immunospot (ELISPOT) response on fresh peripheral blood mononuclear cells (PBMCs); ++ indicates strong response (>100 spot-
forming units [SFU1/10® PBMCs); +, medium response (40-99 SFU/10° PBMCs); —, no response (<40 SFU/10° cells).

¢ Derived STL. Rested ELISPOT response: —. no response, +, =50 SFU/10° cells; ++, 50-100 SFU/10° cells; +++ > 100 SFU/10° cells.

9 Single peptide identified by stimulation in ELISPOT.

¢ CD4/CD8 defined by tumor necrosis factor o or interferon-y intracellular cytokine staining (ICS) after restimulation.

RIKTRLFTIRQEMASRGL, PB2457 44 RLNTMHQLLRHFQK-
DAKYV, PB2s;;55 TVNVRGSGMRILVRGNSPV, NPigg 516
RGINDRNFWRGENGRRTR, and PA 6 5, KACELTDSIWIEL-
DEI, noted in Table 3.

DISCUSSION

We used ELISPOT assays to analyze T-cell responses to in-
fluenza in members of a community exposed to H5N1 and
found that 24 of 747 (3.2%) had specific responses to H5 HA
peptides but little or no response to equivalent H3 or H1 HA
peptides. H5-specific responses were further confirmed by

cultured ELISPOT assays and by growing STLs and clones.
Although H5 HA-specific CD4 T-cell responses can be generated
in unexposed healthy individuals by in vitro expansion from
PBMCs [26], this is the first study to detect H5 HA-specific
T-cell responses directly ex vivo in a cohort at high risk of H5N1
exposure. In contrast, we did not detect any ex vivo H5
HA-specific T-cell responses in 271 unexposed healthy controls.

Almost 5% of participants (37 of 747; 4.9%) had horse
erythrocyte HAI antibody titers =1:40, and 4 of them had both an
H5N1-positive antibody titer and H5-specific T-cell responses.
The poor correlation between the antibody and T-cell measure-
ments may be a result of different kinetics of persistence after
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Figure 2. Hemagglutinin (HA)-specific short-term T-cell lines show
specificity for H5 pools, but not H3 or H1 pools, and are specific to
single H5 HA peptides. A, Peripheral blood mononuclear cells (PBMCs)
were expanded in vitro using HA5-1 or HA5-2 peptide pools and
interleukin (IL) 2. Ten days later, cells were rested overnight in IL-2—free
media and then tested in an enzyme-linked immunospot spot (ELISPOT)
assay using H5 pools, HA5-1 or HA5-2, depending on the specificity of
the line, or a mixture of H3/H1 pools from the same corresponding

virus exposure. H5N1 antibodies have been shown to persist after
severe infection [27] but decline after mild or asymptomatic in-
fection [5]. H5-specific T-cell responses are seen only in a small
proportion of confirmed cases, possibly because T-cell responses
are short-lived, as seen with seasonal influenza [28], and it is not
known how long specific H5 T-cell responses may persist. Both
HAI and T-cell assays may not identify all infections, because
there have been studies in which only 2 of 5 virologically con-
firmed H5NI1 cases have antibodies detectable by HAI [12], and
H5N1-specific T cells are not detected in all persons convalescing
after confirmed H5N1 infection (HHT Trang, A. Fox, T. Dong,
LQ Mai, VIK Lien, T. Powell, TN Duong, NTT Yen, PQ Thai,
NT Hien, P Horby, authors’ unpublished data). Therefore, mea-
sured rates of prevalence could be underestimated whichever assay
(antibody or T cell) is used. Multiple time points and samples
would answer questions of persistence [5, 27], and further studies
are needed to explore this issue. Not many donors make both
T-cell and antibody responses, and this may be due to underlying
issues of immune repertoire between different donors or for the
H5N1 cohort differences in clinical interventions [29]. Because the
measured proportion of H5 HAI-positive results was greater in
patients who had recovered from H5N1 infection than in the
community cohort, HAI correlates to some extent with rate of
infection or exposure. T-cell or antibody responses have been
shown to persist for up to 6 months in vaccine studies [30, 31] but
to decline after early time points. Most studies use only early time
points [less than one month] after infection [15, 16]. Therefore,
this study was undertaken during the influenza season to obtain
samples during or shortly after influenza exposure [25].

The detection of subclinical H5N1 infection has several im-
portant implications. First, it can provide a more accurate as-
sessment of the probability of animal-to-human transmission
and of the severity of human H5NI1 infection. Second, persons
with subclinical or asymptomatic H5N1 infection will not be
hospitalized and may be at risk of coinfection with another
seasonal virus, which could reassort with H5N1 [32]. Third,
identifying groups with different severities of H5N1 infection
can contribute to our understanding of the pathogenesis of se-
vere H5N1 influenza and factors that may influence suscepti-
bility to severe disease [6].

Most donors have cross-reactive H5N1 T-cell responses to
peptides from internal influenza genes that have been shown
elsewhere to respond to infected target cells [19, 20]. There
could be an important role for cross-reactive T-cell responses in
protection against H5N1. Further characterization of these

region of the HA protein. B, C, STLs were restimulated with antigen
pulsed autologous B cells. After 10-day stimulation and 30-hour rest,
cells were tested in their response to specific peptides and the release
of interferon-y was measured by ELISPOT assay. A, B, C, Results shown
are spot-forming units (SFU) per 10° cells of duplicate or triplicate wells
(= standard deviations).
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Figure 3. Short-term T-cell lines derived from H3NZ2 internal peptide pools
show cross-reactive responses to both H3N2 and H5N1 peptide pools. Short-
term lines were rested overnight in H10 media and then tested in a cultured
enzyme-linked immunospot spot assay against peptide pools from internal
genes of H3NZ2 and H5N1 peptide pools. Line specificity is shown on the axis,
and duplicate values with background subtracted are shown * standard
deviations. Abbreviations: NP, nucleoprotein; NS, non-structural protein; PB1
and 2, polymerase basic protein 1 and 2; PA, polymerase acidic protein;
M, matrix protein; SFU, spot-forming units.

recognized peptides will help in the design of universal influenza
vaccines that target the less variable internal genes of the virus.

H5 HA-specific T cells are most likely to have been generated
as a result of prior infection with, or exposure to, a low level of
H5NI1 virus. CD8 T cells are stimulated more readily by virus
infection rather than inactivated vaccines [31, 33]. A low level of
infection may have occurred because upper human respiratory
tract lacks the 02,3-galactose sialic acid receptors that H5N1
viruses preferentially bind [34] so that the H5N1 virus is unable
to replicate to a high titer.

In conclusion, we report evidence of possible subclinical
H5N1 infection demonstrated with T-cell ELISPOT assays.
These responses were not detectable by horse erythrocyte HAL
We consider that detection of H5N1-specific T-cell responses
may be a useful adjunct to serology to identify the prevalence of
infection with H5N1. Further research is needed with different
cohorts in different geographical areas to determine whether this
is universally applicable. Characterization and comparison of
T-cell responses between asymptomatic responders and patients
who have recovered from H5N1 infection may provide insights
into the immune responses associated with severity of infection.
Identification of cross-reactive epitopes in asymptomatic in-
dividuals may provide useful information for universal influenza
vaccine design.
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