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ABSTRACT Avian species are reservoirs of influenza A viruses and could harbor viruses with significant pandemic potential. We
examined the antibody and cellular immune responses to influenza A viruses in field or laboratory workers with a spectrum of
occupational exposure to avian species for evidence of zoonotic infections. We measured the seroprevalence and T cell responses
among 95 individuals with various types and degrees of prior field or laboratory occupational exposure to wild North American
avian species using whole blood samples collected in 2010. Plasma samples were tested using endpoint enzyme-linked immu-
nosorbent assay (ELISA) and hemagglutination (HA) inhibition (HAI) assays to subtypes H3, H4, H5, H6, H7, H8, and H12 pro-
teins. Detectable antibodies were found against influenza HA antigens in 77% of individuals, while 65% of individuals tested had
measurable T cell responses (gamma interferon [IFN-�] enzyme-linked immunosorbent spot assay [ELISPOT]) to multiple HA
antigens of avian origin. To begin defining the observed antibody specificities, Spearman rank correlation analysis showed that
ELISA responses, which measure both head- and stalk-binding antibodies, do not predict HAI reactivities, which measure pri-
marily head-binding antibodies. This result suggests that ELISA titers can report cross-reactivity based on the levels of non-
head-binding responses. However, the strongest positive correlate of HA-specific ELISA antibody titers was receipt of seasonal
influenza virus vaccination. Occupational exposure was largely uncorrelated with serological measures, with the exception of
individuals exposed to poultry, who had higher levels of H7-specific antibodies than non-poultry-exposed individuals. While the
cohort had antibody and T cell reactivity to a broad range of influenza viruses, only occupational exposure to poultry was associ-
ated with a significant difference in antibody levels to a specific subtype (H7). There was no evidence that T cell assays provided
greater specificity for the detection of zoonotic infection. However, influenza vaccination appears to promote cross-reactive anti-
bodies and may provide enhanced protection to novel influenza viruses.

IMPORTANCE Annual vaccinations are necessary to ameliorate influenza disease due to drifted viral variants that emerge in the
population. Major shifts in the antigenicity of influenza viruses can result in immunologically distinct viruses that can cause
more severe disease in humans. Historically, genetic reassortment between avian, swine, or human influenza viruses has caused
influenza pandemics in humans several times in the last century. Therefore, it is important to design vaccines to elicit broad pro-
tective responses to influenza infections. Because avian influenza viruses have an important role in emerging infections, we
tested whether occupational exposure to birds can elicit immune responses to avian influenza viruses in humans. Instead of a
specific occupational exposure, the strongest association of enhanced cross-reactive antibody responses was receipt of seasonal
influenza vaccination. Therefore, individuals with preexisting immune responses to seasonal human influenza viruses have sub-
stantial cross-reactive antibody and T cell responses that may lead to enhanced protection to novel influenza viruses.
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The primary reservoir of influenza A viruses is within waterfowl
and shorebirds, and those viruses entering the human popu-

lation (either directly or through an intermediate host) do not
generally have significant pandemic potential, but they can cause
severe disease, as is seen with H5N1 infections. While no emergent
influenza viruses were as devastating as the 1918 H1N1 pandemic,
antigenically different strains have entered the human population
on at least four other occasions in the last century: 1957 (H2N2),
1968 (H3N2), 1977 (H1N1), and 2009 (H1N1), causing consider-

able illness in humans (1–3). The surface hemagglutinin (HA) and
neuraminidase (NA) proteins are two of the most immunogenic
influenza proteins, and development of neutralizing antibodies
directed against the HA or NA is associated with immunological
protection, a hallmark of the seasonal influenza vaccination strat-
egy. There are currently eighteen known HA proteins, the most
recent being H17 and H18, identified in bats (4, 5). The H1 to H16
proteins can be divided into two major antigenic groups with five
distinct clades: group 1 consists of clades H1a (H1, H2, H5, and
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H6), H1b (H11, H13, and H16), and H9 (H8, H9, and H12), while
group 2 consists of clade H3 (H3, H4, and H14) and clade H7 (H7,
H10, and H15) (6).

Poultry-specific avian influenza virus (AIV) outbreaks that
have caused significant morbidity and mortality in infected hu-
mans have involved A/H5N1, A/H7N2, A/H7N3, A/H7N7,
A/H7N9, and A/H9N2 viral subtypes (7–10). With the exception
of A/H5N1 and A/H7N9, these viruses generally do not have high
pathogenicity and are not effectively transmitted from person to
person. The immune response in individuals exposed to AIV is
relatively understudied, but empirical serological evidence sug-
gests that humans with frequent animal contact, including veter-
inarians and field workers, have elevated antibody titers against
AIV subtypes (11–13). At least in the case of A/H5N1, humans
have been documented to be infected directly from birds, with no
intermediate host necessary, following direct contact with sick
poultry, including butchering and preparing meats for food con-
sumption. In addition to serological evidence of AIV exposure,
cross-reactive immune memory responses to A/H5N1 exist,
where CD4� and CD8� T cells from humans can recognize cross-
reactive internal influenza proteins, particularly the matrix and
nonstructural proteins (14).

Because observational studies suggest that exposure to birds
can elicit detectable antibodies to avian influenza viruses, we hy-
pothesized that individuals with significant occupational expo-
sure to wild bird populations, either in the field or as a laboratory
worker, will have increased levels of humoral and cellular immune
responses to diverse avian influenza viruses. In this study, we ex-
amined the presence of antibodies and T cell responses to HA
proteins of avian origin in a human cohort with diverse contact
with North American migratory wild bird populations enrolled
during an American Ornithologist Union annual meeting in 2010
(described previously in reference 12). We did not observe any
enhancement of diverse antibody or T cell responses in individu-
als reporting greater exposure to birds compared to those of their
counterparts with little avian contact, except for H7 responses in
those individuals reporting occupational or recreational exposure
to poultry. Instead, the strongest correlate of enhanced cross-
reactive antibody responses was the receipt of seasonal influenza
vaccination. These results provide insights into the diversity of
cross-reactive antibody responses in this occupationally exposed
population and suggest that measuring T cell responses to the HA
does not provide a significantly different impression of antigen
exposure than antibody assays.

RESULTS
Individuals are seropositive to multiple HA antigens of avian
origin. Influenza A viruses are classified into two major groups
based on their antigenic and structural similarities (15–18), and
since antibodies to HA directly correlate with disease protection
(19, 20), endpoint HA-specific antibody titers were first deter-
mined for each cohort individual. Detectable antibodies were
found against avian influenza HA antigens in 77% of the donors.
Not surprisingly, most individuals tested had a strong antibody
response to the seasonal H3N2 human virus-derived H3, but
many also had strong measurable antibody responses to group 1
HA (avian H5, H6, H8, H12) and group 2 HA (avian H4, human
H7) (Fig. 1a), with 66% of donors having some level of detectable
seropositivity to four or more HA proteins (data not shown).

Individuals could be clustered based on their measured end-

point antibody titers to HA antigens (Fig. 1b). Seven distinct clus-
ters of donors were identified, where the clusters could essentially
be visualized from least to most seroresponsive. Cluster 1 included
primarily individuals with the highest antibody responses to H3,
while cluster 7 contained individuals with the highest magnitude
of antibody responses to all 6 antigens tested, including the H7
from the newly emerging Asian A/Anhui. There were no apparent
defining characteristics, including age or species exposure pat-
terns, among individuals within any of the clusters (characteristics
are listed in Table 1); however, the magnitude of response to an-
tigens within a specific HA group (1 or 2) correlated with re-
sponses within that group, i.e., individuals were more likely to
have strong responses to both H5 and H6 (same clade) but not H8,
suggesting that these responses may be more cross-reactive rather
than from direct exposure.

Together, these data suggest that, similar to previous studies
(11–13), individuals with exposure to wild birds generate func-
tional antibody responses to diverse avian strains, but these re-
sponses do not appear strongly correlated with occupational ex-
posure.

Humoral and cellular responses to avian HA antigens do not
correlate in the same individual. Because T cell responses likely
have an important role in resolving infection (21–23), we sought
to determine if the individuals who had significant antibody re-
sponses could also mount meaningful cellular responses to avian
HAs. Therefore, to identify influenza HA-specific cellular re-
sponses, we determined the frequency of gamma interferon (IFN-
�)-producing cells within bulk peripheral blood mononuclear
cells (PBMCs) incubated with antigen-presenting cells pulsed
with purified avian HA proteins (Fig. 2). The scope and magni-
tude of the cellular responses varied considerably between donors,
and most individuals exhibited cellular responses to avian influ-
enza virus HA as measured by IFN-� production (Fig. 2a). The H5

FIG 1 Individuals exhibit cross-reactive antibody and cellular responses to
multiple HA antigens of avian origin. (a) Endpoint ELISA titers were deter-
mined for group 1 avian H5, H6, H8, and H12, group 2 avian H4, and group 2
human H7 hemagglutinin antigens. (b) Heat map representing color-coded
antibody titers. K-means clustering analysis revealed 7 distinct clusters of in-
dividuals based on the endpoint ELISA titers. Gray, samples not tested.
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protein appeared to elicit particularly robust responses. No asso-
ciation was revealed between the measured antibody response and
IFN-� response to a particular HA in the same individual (data
not shown). We next asked whether T cells from individuals
within the defined seroresponsiveness clusters from Fig. 1b re-
acted similarly to each other (Fig. 2b). However, no differences
were observed in T cell IFN-� responses among the 7 clusters,
either in total or when comparing responses to specific HAs.
While there were no overt characteristics present that defined each
cluster, donors from cluster 3 had higher antibody responses to
group 2 HAs (H3, H4, H7) and minimal antibody titers to group 1
HAs (H5, H6, H8, H12). On the other hand, cluster 4 donors had

antibody responses to H5 in addition to the group 2 HAs. To-
gether, these data indicate that the individual who mounts a ro-
bust antibody response to a particular HA does not necessarily
mount an equally robust cellular response to the same HA.

HA-specific antibody titers are enriched in individuals who
report receiving seasonal influenza virus vaccination. Cluster
analysis revealed no clear occupational or demographic discrimi-
nating factors between individuals with high or low HA antibody
titers, but those who had reported receiving seasonal influenza
vaccination had significantly higher antibody titers to H4 (false
discovery rate [FDR] P � 0.025), H5 (FDR P � 0.002), H6 (FDR
P � 0.00035), and H8 (FDR P � 0.00595) proteins than individ-
uals who were not vaccinated (Fig. 3). No differences were found
in antibody responses to H7 or H12 in groups that received a
seasonal influenza vaccination. There were no differences in the
numbers of IFN-�-producing PBMCs in individuals who re-
ported they had received seasonal vaccination (see Fig. S1 in the
supplemental material), implying that seasonal vaccination was
not associated with influenza HA-specific cellular responses in
this cohort.

Enriched antibody titers are observed in participants with
avian exposure. Because this cohort reported frequent occupa-
tional exposure to wild avian species, we investigated whether sub-
groups of individuals could be identified by the type of avian spe-
cies they identified in the questionnaire (12). Participants were
asked if they had exposure to passerines (e.g., perching birds,
songbirds), waterfowl (e.g., ducks, geese, swans), shorebirds (e.g.,
waders, gulls), and raptors. There were no differences between
antibody responses to avian H4, H5, H6, H8, and H12 and human
H7 proteins in groups with and without exposure to particular
avian species (Fig. 4a). In contrast, participants with poultry con-
tact, defined as having contact either occupationally or recreation-
ally, had significantly higher antibody responses to A/Anhui H7
protein (FDR P � 0.0204), but to none of the other proteins tested
(Fig. 4b), than participants without contact.

Cross-reactive ELISA responses do not predict HAI reactiv-
ity. The endpoint enzyme-linked immunosorbent assay (ELISA)
provides a good estimate of the total polyclonal antibody response
to the specific HA in question, irrespective of the neutralizing
capacity, but does not distinguish between regions of specificity
(i.e., the head domain which contains the major antigenic sites
versus the more conserved stalk region). To determine whether
the associations we observed were driven by conventional head-
binding antibodies, we took the remaining plasma (n � 59 partic-
ipants) and performed hemagglutination inhibition (HAI) assays
against representative avian influenza viruses circulating in North
America prior to 2010, including a mallard/H7 (Table 2). Within
the subcohort we tested, 41% of individuals had HAI titers to
H4N6 (geometric mean titer [GMT] [95% confidence interval
(CI)] of 82.34 [59.98 to 113.1]). Ten percent of individuals had
HAI titers to H5N5 (GMT [95% CI] of 89.8 [23.63 to 341.2]), and
29% had detectable HAI titers to H6N1 (GMT [95% CI] of 106.4
[65.27 to 173.5]). Surprisingly, 63% of individuals had HAI anti-
body titers detectable against a North American H7N3 (GMT
[95% CI] of 47.35 [37.47 to 59.82]), while only two participants
had HAI titers to the newly identified H7N9 (GMT of 160.0).
Thus, the overall pattern we observed by ELISA of a high degree of
cross-reactivity among these individuals was maintained.

It was not clear, however, that the individuals that demon-
strated cross-reactivity by HAI were the same individuals who

TABLE 1 Demographic characteristics of study participantsa

Characteristic No. %

Gender
Male 47 49
Female 47 49
Unknown 1 1

Age (yrs)
20–29 24 25
30–39 35 37
40–49 15 16
50–59 10 11
60–69 9 9
70–79 1 1
Unknown 1 1

Race/ethnicity
White, non-Latino 87 92
Latino 1 1
Asian/Pacific Islander 2 2
Other/multiracial 5 5

Experience (yrs)
�1 year 6 6
1–2 years 8 8
2–5 years 14 15
�5 years 67 71

Work experience
Banding and measuring 89 94
Bleeding 60 63
Cloacal swabbing 22 23
Sample collection and preparation 12 13
General care 1 1
Surgery 0
Otherb 7 7

Avian species handledc

Passerines 81 85
Raptors 21 22
Waterfowl 16 17
Shorebirds 16 17
Poultryd 7 7.4
Othere 12 13

Handling season (North America)
Spring 78 82
Summer 85 89
Fall 55 58
Winter 50 53

a The total number of participants was 95; the values in the table omit missing data
(e.g., no answer was given).
b Specified work experience included experimental infections, catch and release, and
nest monitoring.
c Participants could indicate exposure to more than one avian species.
d Poultry handling reported included both occupational and recreational exposure.
e Specified avian species handled included other sea birds, such as those belonging to
the order Pelecaniformes.
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demonstrated cross-reactivity by endpoint ELISA. HAI assays
measure only head-binding (and not stalk-binding) antibodies,
while the ELISA assay captures antibodies binding to both the
head and the stalk region of the HA. If individuals mounting
strong ELISA responses also mounted strong HAI responses, the
ELISA responses may be driven by the strong head-binding anti-
bodies. Conversely, if the ELISA and HAI responses did not cor-
relate, it would suggest that strong responses to the ELISA were
driven by non-head-binding (likely stalk-binding) antibodies.

To test this, we performed a Spearman rank correlation be-
tween the responses measured to each of the tested antigens, either

by ELISA or HAI (Fig. 5). The primary statistically significant
associations were observed only among the same type of assay, i.e.,
ELISA responses correlated largely with other ELISA responses,
while HAI responses correlated with other HAI responses. The
exception was the ELISA response to the recently emerged H7N9
virus, which did not correlate with any other ELISA response but
did correlate with three HAI responses (including the HAI re-
sponse to itself, H4N6, and H6N1). Among the ELISA response,
H3, H8, and H12 responses correlated significantly with all other
antigens measured in ELISA. In the HAI, all responses to all anti-
gens were correlated significantly, with the exception of H7N3 and

FIG 2 (a) The frequency distributions of participants with IFN-�-producing cells as measured by ELISPOT assay to individual HA proteins are shown as
spot-forming units (SFU) per million PBMCs. (b) Individual PBMC IFN-� responses for each HA protein or total response to any HA protein are plotted by
ELISA cluster. Frequencies have been corrected for background IFN-� production in unstimulated control cultures.
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H7N9 with each other. These data indicate that an individual’s
ELISA response to a specific antigen is somewhat predictive of
their ELISA response to other antigens but is not predictive of
their HAI response and vice versa.

To support this analysis, we looked at the 10 individuals with
the highest average HAI and ELISA titers (Table 3), including only
subjects with complete ELISA and HAI results (36 individuals).
Only 3 individuals appeared on both lists, reinforcing the impres-
sion that strong responses in one type of assay are not predictive of
responses in the other.

DISCUSSION

In this study, we had access to a subset of individuals described by
Shafir et al. (12), where individuals who handled migratory birds
were sero-surveilled for exposure to avian influenza viruses. Shafir et
al. reported that transmission of avian influenza viruses from migra-
tory birds to humans was relatively rare, measured by microneutral-
ization assay. We found, in a portion of this same cohort, that indi-

viduals with repeated and diverse (field or laboratory) exposure to
wild birds indeed have measurable levels of humoral and cellular
immunity cross-reactive toward the influenza HA protein alone.
However, there was no clear association between humoral and cellu-
lar immunity and the type of occupational exposure, with the excep-
tion of poultry-exposed individuals having higher levels of H7 anti-
bodies than those of individuals not exposed. Furthermore, those
individuals receiving seasonal influenza vaccination had increased
levels of cross-reactive responses to multiple avian influenza subtypes
compared to those of unvaccinated individuals. Finally, a subset of
our cohort had substantial levels of head-binding HA antibodies, in-
dicating that these cross-reactive responses may elicit functional im-
mune protection.

While the number of virologically confirmed cases of avian
influenza in humans reported by the WHO continues to rise, the
frequency of subclinical avian influenza virus infections of hu-
mans remains understudied, and it is unclear the role cross-
reactive responses have in immunity elicited against diverse influ-

FIG 3 Reported seasonal influenza virus vaccination is associated with enriched HA-specific antibody titers. Endpoint ELISA titers were determined for avian
H4, H5, H6, H8, and H12 and human H7 hemagglutinin antigens. Seasonal vaccination status indicates whether participants had reported receipt of any seasonal
(pre-2009) influenza vaccination or the H1N1pdm09 influenza vaccine. Whiskers of box plots represent 10th and 90th percentiles, and the horizontal line and
plus sign in each box give the median and mean titers of individuals, respectively. Variability in titer is shown by plotting the first and third quartiles of the titers
as the outer limits of the box. Points beyond the whiskers denote outliers. Groups were compared by two-tailed, unpaired t test, and false discovery rate-adjusted
P values are indicated.
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enza antigens, particularly the distinct surface proteins. Evidence
suggests that humans in frequent occupational or recreational
contact with poultry or wild birds have some level of seropositivity
to avian influenza viruses (11, 24–29).

The HA stalk domain contains multiple conserved antigenic
sites that may result in cross-protection against novel viruses (30–
32), and development of a universal vaccine targeting conserved
HA stem regions, particularly those that span group 1 and group 2
HAs, is an appealing approach (30–33). Broadly neutralizing an-
tibodies are produced in many individuals receiving seasonal in-
fluenza vaccinations that cross-react with H1, H2, H5, H6, and H9
antigens (34–36), and evidence suggests that HA stalk antibodies
increase in individuals naturally exposed to influenza viruses over
a 20-year time period (37). Regarding newly emerging influenza
viruses, recombinant Newcastle disease virus expressing HA of a
North American linage H7 virus elicited cross-reactive immune
responses in mice, resulting in protection from challenge with a
broad range of heterologous H7 viruses, including the novel H7,
suggesting that conserved antigenic sites do exist, even in phylo-
genetically divergent strains (38). Glycosylation sites on the HA
head domain can lead to immune escape, but these sites can also
result in polyclonal cross-reactive antibodies against drifted anti-
genic variants, at least in the case of A/H1N1(2009) (39). Many of
the HA responses in our cohort were found to be nonneutralizing
HA-specific antibody titers, measured by ELISA or HAI, and de-
spite their poor hemagglutination inhibition properties, previous
studies have found that even these antibodies can provide protec-
tion in murine models of influenza infection since HA stalk-
binding antibodies, as confirmed by competition assays, are capa-
ble of neutralizing influenza in a complement-mediated
enhancement manner (35, 40) but do not function in the HAI
assay (41–43). Our data showing that having high reactivity in
ELISA assays did not predict reactivity in HAI assays is consistent

with this result and suggests that the high ELISA-reactive individ-
uals may have cross-protective antistalk antibodies. In contrast,
those individuals with cross-reactive HAI responses may be tar-
geting conserved head epitopes. Intriguingly, a recent study sug-
gested that inhibition of germinal center formation and immuno-
globulin class switching by sirolimus treatment can enhance
heterosubtypic immunity in mice (44).

Currently circulating North American AIV may not pose a
significant health threat, but our data suggest that individuals with
preexisting immune responses to seasonal human influenza vi-
ruses have substantial and measurable cross-reactive antibody and
T cell responses that may lead to enhanced protection to novel
influenza viruses. However, the antibody and T cell responses
were not well correlated with each other. Together, our data indi-
cate that the individual who mounts a robust antibody response
does not necessarily mount an equally robust cellular response,
and therefore vaccination strategies that elicit both cellular and
humoral responses would be advantageous. New vaccination mo-
dalities, including adjuvants and attenuated viral vectors, may
support this aim of eliciting broad population immunity by uti-
lizing multiple immune effector mechanisms.

MATERIALS AND METHODS
Participants. Samples were obtained from participants attending the Amer-
ican Ornithologist Union annual meeting in 2010. A detailed description of
the cohort was previously published (12). Inclusion criteria required that
participants handled wild birds and were at least 18 years of age. The Institu-
tional Review Boards of the University of California, Los Angeles, and St. Jude
Children’s Research Hospital approved the study. Written informed consent
was obtained from participants at the time of enrollment, and only those
participants who gave consent for participation in the substudy were in-
cluded. Demographic characteristics are listed in Table 1.

PBMC isolation. PBMCs were isolated from 5 to 8 ml of peripheral
blood collected by venipuncture. Plasma was collected by centrifuging

FIG 4 (a) Exposure to wild avian species is not associated with enriched HA-specific antibody titers. Endpoint ELISA titers were determined for avian H4, H5,
H6, H8, and H12 and human H7 hemagglutinin antigens. (b) Contact with poultry is associated with increased levels of anti-H7 antibodies. Endpoint ELISA
titers were determined for avian H4, H5, H6, H8, and H12 and human H7 hemagglutinin antigens. Whiskers of box plots represent 10th and 90th percentiles, and
the horizontal line and plus sign in each box give the median and mean titers of individuals, respectively. Variability in titer is shown by plotting the first and third
quartiles of the titers as the outer limits of the box. Points beyond the whiskers denote outliers. Box color represents the participant-reported avian species
exposure (white, passerines; gray, waterfowl; red, shorebirds; blue, raptors). Groups were compared by two-tailed, unpaired t test, and false discovery rate-
adjusted P values were determined.
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TABLE 2 Hemagglutination inhibition results against alternative circulating North American avian influenza virusesa

ID

Titer

H3N8 H4N6 H5N5 H6N1 H7N3 H7N9b H8N4 H12N5

1
3 40
11 40
16 40 80 40 160 80 ND ND
17
18 40
24 40 80 40 160 80 ND ND
26 40 40 40 160 80 ND ND
27 80 40 ND ND
28 40 40 80 40 40
29 40
35
36 320 320 320 640 80 ND ND
37 40 40 ND ND
38 40 40 40
41 2,560 1,280 640 1,280 2,560 320 ND ND
44 40
39 40
40 40 ND ND
45 40 40
47 40
48 40
49 80 40 40 ND ND
51 80 40
53 40
54 80 80 40 ND ND
61 80 80 40 ND ND
64 80 80 40 ND ND
65 80 80 40 ND ND
68 40
70 80 80 40 40
71 40 80 40 40 ND ND
72 40 80 40 160 40 ND ND
73 160 40 40 ND ND
57 40
58 40 40 40
59 40
60
75 40 40
76
77
78
79
80
81 40
83 40
84
85 40 40 40
86 80 40 40 40
87 80
88
89 80
90 80
91
92
93
94
95 40 40
96
Reference serac 2,560 �5,120 2,560 1,280 �5,120 640 40 80
GMTd (95% CI) 74.64 (27.35–203.7) 82.34 (59.98–113.1) 89.80 (23.63–341.2) 106.4 (65.27–173.5) 47.35 (37.47–59.82) 160.0 40 40

a Positive HAI titers are considered �1:40, and no value indicates an HAI titer of �40. ND, not determined.
b Recently identified A/Anhui/1/2013 (H7N9).
c See Materials and Methods for the reference sera used in these assays.
d GMT, geometric mean titer.
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whole blood for 10 min at 200 � g, and PBMCs were collected by density
gradient centrifugation using lymphocyte separation medium (MP Bio-
medicals, Santa Ana, CA) and stored in liquid nitrogen for future use.

IFN-� ELISPOT assay. MultiScreen-IP 96-well plates (Millipore, Bed-
ford, MA) were precoated with anti-human IFN-� monoclonal antibody
(clone 1-D1K; MABTECH, Mariemont, OH) overnight at 4°C. PBMCs were
incubated with 1 �g of purified HA protein from virus strains per 1�105 cells
(Table 4) (eEnzyme, Gaithersburg, MD) for 4 h at 37°C. Stimulated cells were
washed with RPMI 1640 with 10% fetal bovine serum (FBS) and plated at 1 �
105 cells per well in duplicate or triplicate per condition depending on cell
availability. Responder PBMCs were added at 1 � 105 cells per well, for a total
of 2 � 105 cells per well. Following 48 h of incubation, IFN-� spots were
developed by incubating with biotinylated anti-human IFN-� monoclonal
antibody (MAb) (clone 7-B6-1; MABTECH). IFN-� spot counts were enu-
merated using a Zeiss Axioplan 2 microscope and KS enzyme-linked immu-
nosorbent spot assay (ELISPOT) software (Munich-Hallbergmoos, Ger-
many). Positive control wells contained whole PBMCs stimulated with
5 �g/ml concanavalin A (Sigma-Aldrich, St. Louis, MO). Negative control
wells contained whole PBMC incubated with medium alone. The number of
specific spot-forming cells (SFC) was calculated by subtracting the number of
spots in the negative-control wells from the number of spots in each experi-
mental well. The magnitude of the HA-specific response was reported as the
number of SFC per million cells.

Enzyme-linked immunosorbent assays. Enzyme immunoassay (EIA)/
radioimmunoassay (RIA) plates (Costar, Corning, NY) were coated with
250 ng of purified HA protein (Table 4) in phosphate-buffered saline (PBS)
overnight at 4°C. The wells were then blocked with PBS containing 5% nonfat
skim milk for 2 h at room temperature. Plasma samples were diluted serially
and 100 �l was added per well. After incubating for 3 h at room temperature,
wells were washed with PBS containing 0.05% Tween 20 and incubated with
horseradish peroxidase (HRP)-conjugated goat anti-human IgG antibody
(Invitrogen, Frederick, MD) for 1 h at room temperature. The wells were
washed again and developed with TMB substrate (ThermoScientific, Rock-
ford, IL). After 15 min, the enzyme reaction was stopped by adding 0.18 M

H2S04, and the absorbance was read at 450 nm using a microplate reader.
Responses were regarded as positive if they had at least four times the mean
background reading in the negative-control wells.

Hemagglutination inhibition assay. Influenza HA-specific HAI titers
were measured in plasma from 59 (out of 95 total) individuals. Reference
sera and donor plasma were treated with receptor-destroying enzyme
(RDE; Denka Seiken Co., Ltd., United Kingdom), and serial 2-fold dilu-
tions of the pretreated and inactivated plasma (1:40) were incubated with
a standardized amount, or 4 agglutinating doses (AD4 HA units), of the
designated influenza virus (Table 1) for 1 h at room temperature to allow
antigen-antibody binding. An equal volume of 0.5% chicken red blood
cell suspension was then added to the mixture. HAI titers were deter-
mined after incubation for 30 min at room temperature as the reciprocal
of the highest plasma dilution that completely inhibited hemagglutina-
tion. Reference sera used as controls included H3 (A/duck/Shantou/1283/
2001), H4N9 (A/duck/Shantou/461/2000), H5 (A/tern/South Africa/
1961), H6 (A/turkey/Massachusetts/3740/1965), H7 (A/fowl plague
virus/Rostock/1934), H7N9 (A/Anhui/1/2013), H8 (A/turkey/Ontario/
6118/1968), and H12N5 (A/ruddy turnstone/Delaware/119/2007).

Statistical analysis. K-means clustering analysis was used to classify
individuals by endpoint HA-specific ELISA titer. Data were grouped into
a predetermined number of nonhierarchical clusters based on their sim-
ilarity using TIBCO Spotfire Decision Site software (Boston, MA). Geo-
metric mean HAI antibody titers (GMTs) were determined, where a value
of 1 was substituted for individual HAI antibody titers of �40 (undetect-
able titer). Differences in T cell responses between ELISA clusters were
evaluated by one-way analysis of variance (ANOVA) with Tukey’s multi-
ple comparison posttest. To control the error rates among differences in
vaccination and avian exposure groups, P values evaluated by Student’s
t test were false discovery rate (FDR) adjusted using the method of Ben-
jamini and Hochberg described in reference 45. FDR-adjusted P values of
�0.05 were considered significant. Whiskers of box plots represent 10th
and 90th percentiles, and the horizontal line and plus sign in each box give
the median and mean titer of individuals, respectively. Variability in an-
tibody titer is shown by plotting the first and third quartiles of the titers as
the outer limits of the box. Statistical analyses were performed using
GraphPad Prism (La Jolla, CA) and R Statistical Software (46) version
3.1.1 (Vienna, Austria). Spearman rank correlation and FDR-adjusted
significance (�0.1) was calculated using the psych package and plotted
with the corrplot package (47, 48).

FIG 5 ELISA responses do not predict HAI reactivity. A Spearman rank
correlation was performed on each individual’s ELISA and HAI responses.
Above the diagonal, significant associations are marked with a circle, while
nonsignificant associations are blank. Similarly, below the diagonal, the cor-
relation coefficient is listed in the square where significant associations were
found. ELISA antigens are in green, while HAI antigens are listed in orange
following the nomenclature of Table 4. A significance level of less than 0.1 was
applied after FDR adjustment.

TABLE 3 Top 10 average ELISA and HAI responses

Assay IDa Avg titer

ELISA 47 10,857
49 9,143
18 8,857
41 8,571
77 8,571
1 8,286
40 7,714
61 7,714
71 7,429
72 7,429

HAI 41 60.0
36 40.0
16 33.3
24 33.3
26 33.3
72 33.3
73 33.3
28 33.3
54 33.3
61 26.7

a IDs appearing in both lists are underlined.
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SUPPLEMENTAL MATERIAL
Supplemental material for this article may be found at http://mbio.asm.org
/lookup/suppl/doi:10.1128/mBio.02107-14/-/DCSupplemental.

Figure S1, EPS file, 2.6 MB.
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