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Abstract

Background: The protective effect of T cell-mediated immunity against influenza virus infections in natural settings
remains unclear, especially in seasonal epidemics.

Methods: To explore the potential of such protection, we analyzed the blood samples collected longitudinally in a
community-based study and covered the first wave of pandemic HINT (pH1N1), two subsequent pHINT epidemics,
and three seasonal H3N2 influenza A epidemics (H3N2) for which we measured pre-existing influenza virus-specific
CD4 and CD8T cell responses by intracellular IFN-y staining assay for 965 whole blood samples.

Results: Based on logistic regression, we found that higher pre-existing influenza virus-specific CD4 and CD8 T cell
responses were associated with lower infection odds for corresponding subtypes. Every fold increase in H3N2-specific
CD4 and CD8T cells was associated with 28% (95% Cl 8%, 44%) and 26% (95% Cl 8%, 41%) lower H3N2 infection odds,
respectively. Every fold increase in pre-existing seasonal HIN1 influenza A virus (sH1N1)-specific CD4 and CD8T cells
was associated with 28% (95% Cl 11%, 41%) and 22% (95% Cl 8%, 33%) lower pH1N1 infection odds, respectively. We
observed the same associations for individuals with pre-epidemic hemagglutination inhibition (HAI) titers < 40. There
was no correlation between pre-existing influenza virus-specific CD4 and CD8 T cell response and HAI titer.

Conclusions: We demonstrated homosubtypic and cross-strain protection against influenza infections was asso-
ciated with T cell response, especially CD4 T cell response. These protections were independent of the protection
associated with HAI titer. Therefore, T cell response could be an assessment of individual and population immunity for
future epidemics and pandemics, in addition to using HAI titer.
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cellular immune responses and can target proteins that
are more conserved across strains [5] and are a target for
some universal influenza vaccines [6].

The role of T cell-mediated immunity in providing
cross-protective immunity to influenza has been studied
extensively in animal models [7-10], but those results
may not be applicable to humans. In the last two dec-
ades, the role of CD8 T cell-mediated immunity against
influenza virus infections in humans has been studied
extensively [11], but the role of CD4 T cells is less well
understood. The first evidence in humans was from chal-
lenge studies, suggesting that pre-existing T cells could
be protective against symptom severity or viral shed-
ding [12, 13], but results from experimental exposures to
infection may not be generalizable to natural exposures.
Previous studies suggested that CD8 response was pro-
tective against severe avian influenza A (H7N9) virus
infection [14]. Two community-based cohort studies
suggested that pre-existing CD8 response was protec-
tive against viral shedding and symptom severity after
infection in the pandemic influenza A (HIN1) virus out-
break in 2009 [15, 16]. However, the protective effect of T
cell-mediated immunity against seasonal influenza virus
infections is still unclear, as it is expected that individuals
may have a certain degree of humoral immunity.

We conducted a community-based cohort study of
families with children from 2009 to 2013 and collected
pre- and post-epidemic sera and pre-epidemic peripheral
blood mononuclear cells (PBMCs) for the first wave of
pandemic influenza and five subsequent influenza A epi-
demics from 2009 to 2013. Our aim was to determine the
association between pre-epidemic levels of CD4 and CD8
T cell response and protection against seasonal influenza
A virus infection, and whether these protections were
independent of the protection associated with HAI titer.
We used inactivated viruses to recall T cell responses
rather than using peptide-specific epitopes to provide an
overall estimate of the virus-specific T cell responses.

Methods

Study design

We conducted a community-based randomized con-
trolled trial (ClinicalTrials.gov NCT00792051) to
evaluate the direct and indirect benefits of influenza
vaccination [17, 18]. In the pilot study [17], before the
2008/2009 influenza season, we enrolled 119 households
each of which had at least one child 6-15 years of age.
In each household, one child within this age range was
randomized to receive either a single dose of trivalent
inactivated influenza vaccination (TIV) or saline placebo.
Serum specimens from red-topped tubes were collected
at the start of the study, and after 6 and 12 months, from
all participants, and in addition, a post-vaccination serum
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specimen was collected after 1 month from the children
who received a vaccine or placebo. Heparinized whole
blood samples were also collected at 6 months after the
start of the study.

In the main study [18] in 2009/2010, between August
2009 and February 2010, we enrolled 796 households
with at least one child 6-17 years of age, including 83
households that had also participated in the pilot study.
One child 6-17 years of age in each household was ran-
domized to receive either a single dose of TIV or saline
placebo [18]. Serum specimens were collected from all
participants at the start of the study and after 12 months,
but only in 25% of the participants after 6 months, and
in addition, a post-vaccination serum specimen was col-
lected after 1 month from all the children who received
the vaccine or placebo. The direct vaccine effects for the
pilot and the main studies were reported in previous
analyses [17, 18]. Heparinized whole blood samples were
also collected at 6 months after the start of the study.

In the subsequent observational follow-up of the same
cohort participants from late 2010 to late 2013 without
intervention, serum specimens were collected from all
participants each autumn (October to December), and
25% of participants also provided serum and whole blood
specimens each spring (April to May). The serum speci-
mens collected at the start of the pilot (2008 autumn)
were ignored since the first available measurement of
CD4 and CD8 T cell response was at the 2009 spring.
The post-vaccination serum specimens in the trials were
ignored since they were only available to the subset of
randomized children. Receipt of influenza vaccine out-
side of the trial was recorded annually.

Measurement of humoral immunity

Serum specimens from the same participants were tested
in parallel by hemagglutination inhibition (HAI) assays
in serial doubling dilutions from an initial dilution of
1:10 using standard methods [18, 19]. The reciprocal of
the highest dilution of serum that completely prevents
hemagglutination was regarded as the antibody titer.
Serum specimens were tested against the novel pandemic
influenza A/California/7/2009 (“pHIN1”) and seasonal
influenza A/Perth/16/2009-like (“H3N2”) strains. In
years 3 and 4 (2011/2012 and 2012/2013), serum speci-
mens were tested against A/California/7/2009 (pH1N1)
and A/Victoria/361/2011-like (H3N2). They were the
vaccine strains in that year, which were supposed to be
dominant.

Measurement of cellular immunity

Influenza virus-specific CD4 and CD8 T cells in
PBMCs isolated from heparinized whole blood were
measured by intracellular cytokine staining assay
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as established before [20-23]. Briefly, PBMCs were
incubated with heat-inactivated influenza virus sea-
sonal A/Brisbane/59/2007(“sH1N1"), A/Califor-
nia/7/2009 (pH1N1), A/Perth/16/2009 (H3N2), and A/
Victoria/361/2011-like (H3N2) separately (Table 1) at a
multiplicity of infection (MOI) of 2 in RPMI medium
without serum. The negative control was PBS, and
the positive control was Staphylococcus enterotoxin B
(SEB, 10 pg/ml, Sigma-Aldrich, St. Louis, MO). After 1
h of virus adsorption, cells were resuspended in RPMI
medium supplemented with 10% fetal bovine serum.
Co-stimulation was done with anti-CD28 and anti-
CD49d mAbs (3 pug/ml; BD Biosciences, San Jose, CA,
USA). After 12 h of incubation, brefeldin A (Sigma, St.
Louis, MO, USA) was added at a final concentration of
10 pug/ml, and PBMCs were incubated for an additional
6 h. Cells were washed with PBS and stained with a
mAb mixture consisting of anti-CD3-FITC, anti-CD8-
APC, and anti-CD69-Pacific Blue (BD Biosciences,
San Jose, CA, USA) for surface markers. Then, cells
were fixed and permeabilized by FACS lysing and per-
meabilazation solutions (BD Biosciences) and stained
with IFN-y-PE intracellularly. Isotype-matched con-
trol mAbs of irrelevant specificity were included in
all experiments. 5 x 10° events (cells) were collected
and analyzed by FACS (BD Biosciences) for each sam-
ple. FACS data were prepared for statistical analysis
using the FlowJo software (Tree Star, San Carlos, CA,
USA). After lymphocyte gating, the CD37CD8~ and
CD31CD8™ cells were gated and referred to as CD4 and
CD8 T cells, respectively. CD69IFN-y™ cells within
CD4 and CD8 were considered as influenza virus-spe-
cific CD4 and CD8 T cells (Additional file 1: Fig. S1).
The CD4 and CD8 T cell responses against sHIN1,
H3N2, and pHIN1 for each year were measured by
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testing the collected PBMCs on an annual basis against
the recommended vaccine strains in that year.

Statistical analysis

To explore associations between pre-existing influenza
subtype-specific CD4 and CD8 T cell responses with
infection risk of influenza virus, we first identified rel-
evant influenza epidemics from 2009 to 2013 based on
local influenza surveillance data, since the influenza epi-
demics period would be irregular in the tropical and sub-
tropical regions such as Hong Kong [24]. We computed
a proxy of influenza activity in the community by using
the weekly proportion of outpatient consultations with
influenza-like illnesses multiplied by the weekly subtype-
specific laboratory detection rates in the Public Health
Laboratory Services Branch of the Centre for the Health
Protection [25], to identify influenza epidemics during
the study period.

Following the previous approach [26-28], we used a
4-fold or greater rise in HAI titers to indicate serological
evidence of infections. For each individual and each epi-
demic, the most recent serum specimen collected prior
to that epidemic was used to obtain the pre-epidemic
HAI titers, and the earliest serum after that epidemic was
used to obtain the post-epidemic HAI titers. Individuals
who were vaccinated as part of the trials, or self-reported
receipt of vaccination in any year, were excluded from the
analyses of that year, since vaccination can also cause a
> 4-fold rise that is indistinguishable from those caused
by infections. The most recent measurement of CD4 and
CDS8 T cell responses prior to the epidemic were used as
pre-existing CD4 and CD8 T cell responses.

For each pair of subtype-specific CD4 and CD8 T cell
responses and each epidemic, we compared the CD4
and CD8 T cell response for infected and uninfected

Table 1 The six epidemics and their pre-existing CD4 and CD8T cell responses in our study

Influenza The CD4/CD8T cell response Identification of infection in sera

pandemic/

epidemics Time for sH1N1 strain pH1NT1 strain H3N2 strain Rounds for Influenza strain
measurement measurement

1: 2009 autumn, 2009 spring (R1) A/Brisbane/59/2007 NA A/Perth/16/2009 R14+R2+R3 A/California/7/2009

pHINT (pandemic)

2:2010 autumn, 2010 spring (R3) A/Brisbane/59/2007 A/California/7/2009 A/Perth/16/2009 R34-R4+R5 A/Perth/16/2009

H3N2 (epidemic)

3:2011 spring, 2010 spring (R3) A/Brisbane/59/2007 A/California/7/2009  A/Perth/16/2009 R44-R5+R6 A/California/7/2009

pHINT (epidemic)

4:2012 spring, H3N2 2011 spring (R5) A/Brisbane/59/2007 A/California/7/2009  A/Perth/16/2009 R6+4-R7+R8 A/Victoria/361/2011

(epidemic)

5:2013 spring, 2012 spring (R7) A/Brisbane/59/2007 A/California/7/2009 A/Victoria/361/2011- R8+4-R9+R10 A/California/7/2009

pHINT (epidemic)

6:2013 autumn, 2012 spring (R7) A/Brisbane/59/2007 A/California/7/2009 A/Victoria/361/2011  R8+4R9+R10 A/Victoria/361/2011

H3N2 (epidemic)
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participants by the Wilcoxon signed-rank test. Then, we
used generalized estimating equation logistic regres-
sion to estimate the association between the CD4 and
CD8 T cell responses and infection risk, to account for
the fact that individuals could participate in the study
with > 1 epidemic and the household clustering among
participants. In the regression, we used epidemic-spe-
cific intercepts to reflect the difference in infection risk
among epidemic, age group (0—17 vs 18+) and HAI titers
were adjusted. Since lower infection odds implied higher
protection, we defined protection as 100% x (1 — odds
ratio). We defined homosubtypic protection as the sub-
type of T cell response matched with the subtype for the
epidemic, since the strain-specific antibody response was
long-lived [29, 30]. We defined cross-strain protection as
the pair with T cell response against sHIN1 and pHIN1
epidemic. Other pairs were defined as heterosubtypic
protection.

The laboratory tests for CD4 and CD8 T cell
responses were separately conducted annually. Hence,
there could be some heterogeneity in measurements
across years. Therefore, we conducted the abovemen-
tioned analysis by using standardized CD4 and CD8 T
cell responses, calculated by using the z-score of CD4
and CD8 T cell responses for each individual (i.e.,
number of standard deviations from the mean of T
cell response in that epidemic). We also used the same
approach to explore if such association may only be
valid in individuals with low HALI titers defined as HAI
titers < 40. We conducted another sensitivity analysis
that assumed the protective effect of HAI titer followed
a log-linear model as suggested by previous studies [31,
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32]. Statistical analyses were conducted using R version
4.0.5 (R Foundation for Statistical Computing, Vienna,
Austria).

Results

There were 10 rounds of serum collection in the study
(Additional file 1: Fig. S2), and the CD4 and CD8 T cell
responses were measured in the PBMCs collected from
4 periods in the spring of 2009-2012 (Fig. 1). Based on
local surveillance data, we identified 6 major epidem-
ics during the study period, including the pHIN1 pan-
demic outbreak in 2009, two pH1N1 epidemics in 2011
and 2013, and three H3N2 epidemics in 2010, 2012, and
2013 (Fig. 1). The period from which the CD4 and CD8
T cell measurement was used to evaluate the protec-
tion, and the sera used to identify infections, for each
epidemic, are summarized in Table 1. After excluding
those who had received vaccination prior to that epi-
demic, we analyzed data from 114 participants for the
pHIN1 pandemic outbreak and 159-196 participants
in the other 5 epidemics. Participants included in the
analyses joined both the pilot and the main studies.

The distribution of age and the proportion of HAI
titer < 40 among these 5 epidemics were similar
(Table 2). The infection risk by age group for these
5 epidemics ranged from 4 to 12%. For the first wave
of pH1N1, all individuals had HALI titer < 40, and the
infection risk was much higher (18-31%). The par-
ticipants included in this analysis were similar to the
participants in the cohort study for the 5 epidemics
(Additional file 1: Table S1).
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Fig. 1 Timelines of our study and local influenza activity for pHIN1 (red) and H3N2 (blue) virus from 2009 to 2013. Shaded regions represented the
period for the 10 rounds of serum collections (R1 to R10) and 4 rounds of whole blood collections (R1, R3, R5, and R7). The gray period indicated the
rounds with CD4 and CD8 measurements. Arrows indicated the pre-existing CD4 and CD8 response and the corresponding epidemic
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Table 2 The demographic information for the participants in different influenza seasons included in this study
Year 2009 2010 2011 2012 2013 2013
Influenza epidemic pH1N1 (pandemic) H3N2 (epidemic) pH1N1 (epidemic) H3N2 (epidemic) pH1N1 (epidemic) H3N2 (epidemic)
type/subtype
Number of individuals 114 135 164 161 196 195
Age group
< 18 years 49 (43%) 47 (35%) 69 (42%) 68 (42%) 81 (41%) 81 (42%)
18-50 years 58 (51%) 75 (56%) 80 (49%) 76 (47%) 94 (48%) 93 (48%)
> 51 years 7 (6%) 13 (10%) 15 (9%) 17 (11%) 21 (11%) 21 (11%)
Pre-season HAI titer <40 114 (100%) 94 (70%) 118 (72%) 101 (63%) 148 (76%) 128 (66%)
against corresponding
epidemic strain
Number of Infections by age groups
< 18 years 35 (31%) 6 (4%) 10 (6%) 19 (12%) 6 (3%) 6 (3%)
18-50 years 19 (17%) 9 (7%) 7 (4%) 17 (11%) 7 (4%) 4 (2%)
> 51 years 1 (1%) 3 (2%) 2 (1%) 3(2%) 1 (1%) 1 (1%)
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Fig. 2 The pre-existing CD4 responses among infected and uninfected individuals in the first pandemic wave of pH1N1 (A) and the five epidemics
of pH1N1 (C, E) and H3N2 (B, D, F) in 2010-2013. Star indicates a statistically significant difference with a p-value < 0.05 by Wilcoxon the signed-rank
test. The T cell response was measured using whole blood samples collected in R1, R3, R3, R5, R7, and R7 for A-F, respectively
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Fig. 3 The pre-existing CD8 responses among infected and uninfected individuals in the first pandemic wave of pH1N1 (A) and the five epidemics
of pH1N1 (C, E) and H3N2 (B, D, F) in 2010-2013. Star indicates a statistically significant difference with a p-value < 0.05 by the Wilcoxon signed-rank
test. The T cell response was measured using whole blood samples collected in R1, R3, R3, R5, R7, and R7 for A-F, respectively

Influenza virus-specific T cell responses

The distribution of influenza virus subtype-specific
CD4 and CD8 T cell responses for infected and unin-
fected individuals were measured by the percentage of
CD69TIFN-y" cells within CD4 (Fig. 2) and CDS8 (Fig. 3)
T cells after PBMCs stimulated with different subtypes of
influenza viruses. The distribution of pre-epidemic HAI
titer for infected and uninfected individuals is shown in
Additional file 1: Fig. S3. For CD4 T cell response, we
identified two significant associations: (1) lower pre-
existing sHIN1-specific CD4 T cell response in infected
participants compared with that in uninfected individu-
als in the 2011 pHI1N1 epidemic (Fig. 2C) and (2) lower
pre-existing H3N2-specific CD4 T cell response in
infected participants compared with that in uninfected
individuals in 2012 H3N2 epidemic (Fig. 2D). For CD8 T
cell response, we found a significantly lower pre-existing
sH1N1-specific CD8 T cell response in infected partici-
pants compared with that in uninfected individuals in
the 2011 pHI1N1 epidemic (Fig. 3C). There was no cor-
relation between the pre-epidemic HAI titers and CD4 or
CD8 T cell response (Fig. 4).

Homosubtypic protection associated with pre-existing
CD4 and CD8T cell responses

Based on the three H3N2 epidemics in our study
period (Fig. 5), the odds ratio of infection for every fold
increase in pre-existing H3N2-specific CD4 and CD8
T cell responses was 0.72 (95% CI 0.56, 0.92) and 0.74
(95% CI 0.59, 0.92), corresponding to 28% (95% CI 8%,
44%) and 26% (95% CI 8%, 41%) protection, respec-
tively, adjusted for age, pre-epidemic HALI titer, and the
differences in infection risk among epidemics. Among
participants with HAI titer < 40, the odds ratio of infec-
tion for every fold increase in pre-existing H3N2-spe-
cific CD4 and CD8 T cell responses was 0.68 (95% CI
0.51, 0.90) and 0.67 (95% CI 0.52, 0.87), corresponding
to 32% (95% CI 10%, 49%) and 33% (95% CI 13%, 48%)
protection, respectively, adjusted for age and the dif-
ferences in infection risk among epidemics. Based on
the two pH1IN1 epidemics, there were no associations
between pre-existing pH1N1-specific CD4 and CD8 T
cell responses and infections (Fig. 5). In a sensitivity
analysis that assumed the protection associated with
HALI titer followed a log-linear model, the degree of
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homosubtypic protection was similar (Additional file 1:
Fig. S4). We used standardized measurement of the T
cell responses to conduct these analyses, and the degree
of homosubtypic protection was also similar (Addi-
tional file 1: Fig. S5).

We estimated these protections for children and for
adults (Fig. 6) and found that the odds ratio of infection
for every fold increase in pre-existing H3N2-specific
CD4 and CD8 T cell responses was 0.59 (95% CI 0.43,
0.80) and 0.63 (95% CI 0.49, 0.81), corresponding to 41%
(95% CI 20%, 57%) and 37% (95% CI 19%, 51%) protec-
tion, respectively, for adults, adjusted for pre-epidemic
HALI titer and the differences in infection risk among epi-
demics. However, these protections for children were not
significant. Based on the two pHINI epidemics, there
was no association between pre-existing pH1N1-specific
CD4 and CD8 T cell responses and infections in children
or adults (Fig. 6). We used standardized measurement of
the T cell responses to conduct these age group-specific
analyses, and the degree of homosubtypic protection was
similar (Additional file 1: Fig. S6).

Cross-strain and heterosubtypic protection associated
with pre-existing CD4 and CD8T cell responses

For cross-strain protection, based on the pHIN1 pan-
demic and subsequently two epidemics, we estimated
that the odds ratio of pHINI infection for every fold
increase in pre-existing sH1N1-specific CD4 and CD8
T cell responses was 0.72 (95% CI 0.59, 0.89) and 0.78

(95% CI 0.67, 0.92), corresponding to 28% (95% CI 11%,
41%) and 22% (95% CI 8%, 33%) protection, respectively,
adjusted for age, pre-epidemic HAI titer, and the differ-
ences in infection risk among epidemics (Fig. 5). Among
participants with HAI titer < 40, the odds ratio of infec-
tion for every fold increase in pre-existing sHIN1-spe-
cific CD4 and CD8 T cell responses was 0.73 (95% CI
0.60, 0.90) and 0.78 (95% CI 0.66, 0.92), corresponding to
27% (95% CI 10%, 40%) and 22% (95% CI 8%, 34%) pro-
tection, respectively, adjusted for age and the differences
in infection risk among epidemics (Fig. 5). In a sensitivity
analysis that assumed the protection associated with HAI
titer followed a log-linear model, the result was similar
(Additional file 1: Fig. S4). We used standardized meas-
urement of the T cell responses to conduct these analy-
ses, and the results were also similar (Additional file 1:
Fig. S5).

We estimated the cross-strain protection for children
and for adults (Fig. 6). For adults, based on the pHIN1
pandemic and subsequently two epidemics, we esti-
mated that the odds ratio of pHIN1 infection for every
fold increase in pre-existing sH1N1-specific CD4 T cell
responses was 0.66 (95% CI 0.49, 0.87), corresponding
to 34% (95% CI 13%, 51%) protection, adjusted for pre-
epidemic HAI titer and the differences in infection risk
among epidemics. For children, based on the pHIN1
pandemic and subsequently two epidemics, we esti-
mated that the odds ratio of pHIN1 infection for every
fold increase in pre-existing sH1N1-specific CD8 T cell
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A CD4 B cD8
Adjusted Odds Ratio Adjusted Odds Ratio
(95% Cl) (95% Cl)
Every fold increase in CD4 or CD8 T cell response
All participants
pH1N1 infections ‘ ‘
sH1N1-specific CD4/CD8 (cross—strain) — 0.72 (0.59, 0.89) —— 0.78 (0.67, 0.92)
pH1N1-specific CD4/CD8 (homosubtypic) H+ 0.84 (0.64, 1.11) + 0.97 (0.78, 1.20)
H3N2-specific CD4/CD8 (heterosubtypic) — 0.87 (0.66, 1.15) —— 0.92 (0.70, 1.21)
H3N2 infections
sH1N1-specific CD4/CD8 (heterosubtypic) + 0.93 (0.79, 1.10) + 1.00 (0.87, 1.16)
pH1N1-specific CD4/CD8 (heterosubtypic) + 1.03 (0.82, 1.29) + 1.07 (0.88, 1.29)
H3N2-specific CD4/CD8 (homosubtypic) —— 0.72 (0.56, 0.92) ——— 0.74 (0.59, 0.92)
Participants with HAI titer < 40
pH1N1 infections
sH1N1-specific CD4/CD8 (cross-strain) —— 0.73 (0.60, 0.90) —— 0.78 (0.66, 0.92)
pH1N1—specific CD4/CD8 (homosubtypic) — 0.85 (0.64, 1.14) — 0.96 (0.77, 1.21)
H3N2-specific CD4/CD8 (heterosubtypic) —.; 0.88 (0.66, 1.18) —.‘— 0.92 (0.69, 1.22)
H3N2 infections
sH1N1-specific CD4/CD8 (heterosubtypic) .t 0.90 (0.76, 1.07) - 0.97 (0.83, 1.13)
pH1N1-specific CD4/CD8 (heterosubtypic) + 0.92 (0.72, 1.18) + 0.97 (0.80, 1.18)
H3N2-specific CD4/CD8 (homosubtypic) — ‘ | 0.68 (0.51, 0.90) [ — ‘ | 0.67 (0.52, 0.87)
0.25 0.5 1 2 0.25 0.5 1 2
Higher protection Lower protection Higher protection Lower protection
Fig. 5 The odds ratios for influenza virus infection for every fold increase in influenza subtype-specific CD4 (A) and CD8 (B) T cell response for
sHINT, pHINT, and H3N2 estimated by logistic regression, adjusted for age groups, pre-epidemic HAI titer, and difference in infection risk for
epidemics for pHIN1 (2009 pandemic, 2011 and 2013 epidemic) and H3N2 (2010, 2012, 2013 epidemic). Same analyses were also conducted in a
subgroup of individuals with pre-epidemic HAI titer < 40

responses was 0.78 (95% CI 0.63, 0.97), corresponding
to 22% (95% CI 3%, 37%) protection, adjusted for pre-
epidemic HAI titer and the differences in infection risk
among epidemics. Using the same regression model, we
also estimated that the odds ratio of H3N2 infection for
every fold increase in pre-existing pH1N1-specific CD8
T cell responses was 1.44 (95% CI 1.00, 2.07). We used
standardized measurement of the T cell responses to
conduct age group-specific analyses, and the results were
similar (Additional file 1: Fig. S6).

There was no association between pHIN1 or H3N2
infection and pre-existing CD4 and CD8 T cell responses

for the virus of a different subtype, suggesting no het-
erosubtypic protection (Fig. 5). In a sensitivity analysis
that assumed the protection associated with HAI titer
followed a log-linear model, we also did not detect het-
erosubtypic protection (Additional file 1: Fig. S4). We
used standardized measurement of the T cell responses
to conduct these analyses and also did not detect het-
erosubtypic protection (Additional file 1: Fig. S5). No
heterosubtypic protection was detected in age group-
specific analysis using original measurement of the T cell
responses (Fig. 6) or using standardized measurement of
the T cell responses (Additional file 1: Fig. S6).
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A CD4 B cD8
Adjusted Odds Ratio Adjusted Odds Ratio
(95% Cl) (95% Cl)
Every fold increase in CD4 or CD8 T cell response
Children (age less than 18)
pH1N1 infections ‘ ‘
sH1N1-specific CD4/CD8 (cross—strain) + 0.76 (0.53, 1.09) + 0.78 (0.63, 0.97)
pH1N1-specific CD4/CD8 (homosubtypic) —.—k 0.65 (0.41, 1.06) H+ 0.85 (0.63, 1.14)
H3N2-specific CD4/CD8 (heterosubtypic) —h— 0.91 (0.60, 1.38) + 0.90 (0.62, 1.30)
H3N2 infections
sH1N1-specific CD4/CD8 (heterosubtypic) —o— 1.01 (0.77, 1.34) + 1.04 (0.83, 1.30)
pH1N1-specific CD4/CD8 (heterosubtypic) —o— 1.32 (0.92, 1.89) —o—) 1.44 (1.00, 2.07)
H3N2-specific CD4/CD8 (homosubtypic) + 0.98 (0.68, 1.41) + 1.01 (0.69, 1.48)
Adults (age 18 or above)
pH1N1 infections
sH1N1-specific CD4/CD8 (cross-strain) —— 0.66 (0.49, 0.87) + 0.79 (0.61, 1.02)
pH1N1—specific CD4/CD8 (homosubtypic) —— 0.97 (0.65, 1.43) —— 1.05 (0.79, 1.41)
H3N2-specific CD4/CD8 (heterosubtypic) —.‘7 0.89 (0.60, 1.32) —-‘— 0.95 (0.65, 1.38)
H3N2 infections
sH1N1-specific CD4/CD8 (heterosubtypic) — 0.86 (0.67, 1.10) —— 0.98 (0.78, 1.22)
pH1N1-specific CD4/CD8 (heterosubtypic) + 0.88 (0.65, 1.20) + 0.95 (0.77,1.17)
H3N2-specific CD4/CD8 (homosubtypic) —— ‘ | 0.59 (0.43, 0.80) [ — ‘ ‘ 0.63 (0.49, 0.81)
0.25 0.5 1 2 0.25 0.5 1 2
Higher protection Lower protection Higher protection Lower protection
Fig. 6 The odds ratios for influenza virus infection for every fold increase in influenza subtype-specific CD4 (A) and CD8 (B) T cell response for
sHINT, pHINT, and H3N2 estimated by logistic regression for children (age < 18) and adults (age > 18), adjusted for pre-epidemic HAI titer and
difference in infection risk for epidemics for pH1N1 (2009 pandemic, 2011 and 2013 epidemic) and H3N2 (2010, 2012, 2013 epidemic). Arrow in
confidence intervals indicates that the upper bound was higher than 2 (which is the limit of the x-axis)

Discussion

Our analyses suggested that there was homosubtypic
protection against H3N2 infection associated with pre-
existing H3N2-specific CD4 and CD8 T cell responses
in three epidemics. We also found evidence of cross-
strain protection against pHINI infection associated
with pre-existing sHIN1-specific CD4 and CD8 T cell
responses. This is the first large community cohort for
identifying a protective role of T cell immunity against
influenza virus infection (including asymptomatic infec-
tions) for humans in influenza epidemics. Our results
were also consistent with a previous challenge study
which suggested that cytotoxic T cell responses > 10%

were associated with the absence of infection deter-
mined by viral shedding [13]. Animal models suggested
that these protections could be independent of other
lymphocytes through the production of IFN-gamma [20,
33, 34]. A community-based cohort identified protection
against symptomatic influenza A virus infection from T
cell response to the H3N2 virus, but this was measuring
protection against both infection and illness [15]. Other
previous analyses focused on the evidence of protection
associated with CD4 and CD8 T cell responses, against
illness in humans [12, 13, 16, 35] or from animal models
[7-9].
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One uniqueness of our study was that we used the inac-
tivated influenza viruses which contain all viral proteins
including HA and NA to recall the pre-existing CD4 and
CD8 T cells, and therefore, the measured CD4 and CD8
T cell responses would be expected to have an associa-
tion with protection against infections. Using inactivated
viruses to recall T cell responses was better for using the
peptide-specific epitopes because we still did not know all
the epitopes for each stain of virus and using inactivated
whole virus would cover as many as possible epitopes.
However, the presence of the internal proteins, such as
PB1, PB2, PA, and NS proteins in the inactivated viruses,
will be scarce as they are mainly generated as part of the
replication process. Thus, the influenza virus-specific T
cells presented in the current study may mainly represent
the pre-existing CD4 and CD8 T cell responses to surface
proteins of the virus, such as HA, NA, and M1 proteins.
It is known that antibody responses to vaccination or
infection are directed mostly toward epitopes from viral
surface-exposed proteins such as HA and NA, whereas
epitopes recognized by cellular immunity may be broadly
derived from both internal and surface proteins [36]. The
major CD4 T cell epitopes were derived from HA pro-
tein, which could be processed by the antigen-presenting
cell from inactivated virus and presented on MHCII to
the CD4 T cells. In contrast to changes that occurred at
the HA antibody-binding site, the rest of the HA protein
was relatively conserved within the subtypes of influenza
A. Therefore, the assay in the current study measured
the homosubtypic protection by mainly reflecting the T
helper type 1 response to the HA and would provide B
cell help for the antibody response to any of the strains
within the subtypes [37]. However, there were virtually
no CD8 T cell epitopes within HA and NA; hence, the
CD8 T cell responses to the virus were going to be largely
derived from the internal and matrix proteins [36, 38,
39]. While the naive CD8 T cell response was depend-
ent on antigen processing of viral proteins derived from
live virus and presentation of those epitopes on MHC 1,
antigen cross-presentation can re-stimulate CD8 T cell
immunologic memory from prior exposure to the virus
and may explain the similar results using live and inac-
tivated virus. Hence, CD8 T cells cannot protect against
infection, and their response may simply be measuring
the overall robustness of the immune response to influ-
enza rather than a direct correlate of protection against
infection. Therefore, although we found a similar associa-
tion with infection risk for CD4 and CD8 T cell response,
it should be interpreted as the protective effects were
mainly from the CD4 T cell response.

On the other hand, previous studies detected the
pre-existing T cells specific for individual influenza
virus internal and matrix proteins by using overlapping
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peptides [12, 13, 15, 16]. As the major CD8 T cell
epitopes are derived from internal and matrix proteins
of influenza viruses [36, 38, 39], the correlates of protec-
tion against illness and severity found in those studies
would not predict protection against infection. Indeed,
two community studies did not detect protection against
pHINT1 infections [15, 16] but found evidence of protec-
tion against illness after infections. A study on patients
hospitalized with pHIN1 infections also found that the
CD4 and CD8 T cell responses were lower for those
severe cases, compared with those with mild infections
[35].

We found pre-existing CD4 and CD8 T cell responses
for sHIN1 virus were associated with the protection
against antigenically very divergent pHIN1. This was
consistent with the epidemiological evidence from the
past pandemics that previous seasonal H1 influenza virus
infections were associated with a lower infection risk
with newly emerged pandemic H2 strains [40, 41]. Also,
our previous study demonstrated that the bulk memory
cytotoxic T lymphocytes established by sHINI1 infec-
tions who have not been exposed to the pH1N1 virus can
directly lyse pHIN1 virus-infected target cells in healthy
adult volunteers [20], supporting this association.

The identified protection against infections was simi-
lar for individuals with an HAI titer < 40 indicating
limited humoral immunity against infection [32]. This
suggested that pre-existing influenza virus-specific T
cells were protective even in the absence of detectable
HAI antibodies. The CD4 and CD8 T cells may also be
cytotoxic and directly contributed to protection [5, 42,
43]. This suggested there could be heterogeneity in infec-
tion risk among individuals with undetectable antibod-
ies, for example, a portion of the elderly was not infected
although they had no immunity suggested by HALI titers
[44]. Therefore, such T cell-mediated immunity is par-
ticularly important in a pandemic setting when most
individuals have no immunity against the newly emerged
strain, either lowering infection risk or severity [16, 40].
Usually, only HAI antibody is measured as a correlate of
protection. Measuring T cell response could be a valuable
approach to evaluate population immunity at the begin-
ning of pandemic, in addition to HAI titers [45] to guide
policy, as HAI titers was shown to be imperfect correlate
of protection [31].

We attempted to determine the protection associated
with T cell response for children and for adults. Although
this analysis may be underpowered, we found that the
homosubtypic protection against H3N2 infection was
associated with H3N2-specific T cell response in adults
but not for children, which was consistent with a previ-
ous analysis suggesting that there could be protection
other than HAI titers for adults but not for children [46].
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On the other hand, we observed an increased heterosub-
typic risk of H3N2 infection of pre-existing pH1N1-spe-
cific CD8 T cell response. We interpreted this as a type I
error in the analysis since there was no biological reason
for this increased risk.

The cross-reactive T cell is one of the strategies for the
development of universal influenza vaccines such as a
universal T cell vaccine [47], since it is supposed to pro-
vide broad protection against many strains [5, 6]. While
we did not detect heterosubtypic protection, this did not
rule out the heterosubtypic protection against severe
disease, which may still have clinical relevance [34]. We
found CD4 and CD8 T cell response for pre-pandemic
sHIN1 was associated with protection against pHIN1
infection, suggesting that subtype- or HA group-specific
vaccine with a wider breadth of protection could be a
promising first step toward universal influenza vaccine
[6, 48].

Our study has some limitations. First, we did not have
the pH1N1-specific CD4 or CD8 T cell measurement
prior to the 2009 pH1N1 pandemic, and therefore, the
sample size was insufficient to estimate its protection
effect. Second, influenza virus infections were identi-
fied by using > 4-fold rises in consecutive HAI titers,
which may miss infections with 2-fold rises [49]. While
using this definition is not optimal, it is a gold stand-
ard method to estimate the influenza attack rate in the
human population and widely adopted for > 70 years
[49]. Third, since it was a serology cohort, therefore no
information related to severity, such as duration of epi-
sodes of infection, was available. Therefore, we may not
evaluate the protection against disease severity asso-
ciated with T cell response. Furthermore, we did not
collect respiratory swabs in the study, but CD8 T cells
were found enriched in the lung compared to the blood
[50]. Therefore, the CD8 T cell response in our study
may not be optimal. Fourth, since it was a cohort study
with a long follow-up period, there could be variation
in the degree of exposure among the study participants,
so that some individuals may not have been exposed to
the influenza virus in our study. Therefore, there could
be a variation in the association between different epi-
demics. Hence, we also combined those epidemics in
the analysis, by using epidemic-specific intercepts in
the logistic regression. Fifth, for each influenza epi-
demic, we excluded participants with vaccination prior
to that epidemic but ignored vaccination history in
earlier years. Hence, our analyses assumed that earlier
influenza vaccinations had no effect on the association
between T cell response and infection risk. Although
we did not explicitly include the infection status in the
prior epidemic in estimation, we included pre-epidemic
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HALI titers in the model, which may partly explain the
protection from previous infections. Sixth, our study
measured CD4 and CD8 T cell responses from April
to May each year. Therefore, the pre-existing CD4 and
CD8 T cell response may be measured about a half
year earlier than the start of some epidemics, although
those periods had minimal influenza activity based
on surveillance data. Seventh, we did not consider the
role of influenza B in this study and assumed influenza
A and B were independent. Finally, since our study is
observational, we adjusted for age group and influenza
epidemic in our analysis, but we cannot rule out other
potential confounders in detected associations between
infection risk and the pre-existing CD4 and CD8 T cell
responses, such as antigenic sin, or imprinting may play
a role of these associations, particular for sHIN1.

Conclusions

We showed homosubtypic protection associated with
pre-existing CD4 and CD8 T cell responses, against
infections in H3N2 epidemics. Also, we showed evi-
dence that pre-existing CD4 and CD8 T cell responses to
sHIN1 were associated with protection against pH1N1
infection. This could be important for the development of
a universal influenza vaccine or assessment of population
immunity for future epidemics and pandemics.
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