
CD8+ T Cell Immunity to 2009 Pandemic and Seasonal H1N1
Influenza Viruses

Kristin Scheiblea,b, Gang Zhangc, Jane Baera, Mitra Azadniva, Kris Lamberta, Gloria
Pryhuberb,d, John J. Treanora,e, and David J. Tophama,*
a New York Influenza Center of Excellence, David H. Smith Center for Vaccine Biology and
Immunology, Department of Microbiology and Immunology; University of Rochester Medical
Center, Rochester, NY 14642, USA
b Division of Neonatology, Department of Pediatrics, University of Rochester Medical Center,
Rochester, NY 14642, USA
c Department of Biostatistics and Computational Biology, University of Rochester Medical Center,
Rochester, NY 14642, USA
d Department of Environmental Medicine, University of Rochester Medical Center, Rochester, NY
14642, USA
e Division of Infectious Diseases, Department of Medicine, University of Rochester Medical
Center, Rochester, NY 14642, USA

Abstract
A novel strain of H1N1 influenza A virus (pH1N1) emerged in 2009, causing a worldwide
pandemic. Several studies suggest that this virus is antigenically more closely related to human
influenza viruses that circulated prior to 1957 than viruses of more recent seasonal influenza
varieties. The extent to which individuals who are naïve to the 2009 pH1N1 virus carry cross-
reactive CD8+ T cells is not known, but a certain degree of reactivity would be expected since
there is substantial conservation among the internal proteins of the virus. In the present study, we
examined production of multiple cytokines in response to virus from CD8+ T cells in healthy adult
subjects, between 18 and 50 years of age (born post 1957), who had no evidence of exposure to
the 2009 pH1N1 virus, and had blood collected prior to the emergence of the pandemic in April of
2009. Human peripheral blood mononuclear cells (PBMC) were stimulated in vitro with a panel of
live viruses, and assayed by intracellular cytokine staining and flow cytometry. Although results
were variable, most subjects exhibited cytokine positive CD8+ T cells in response to pH1N1.
Cytokine producing cells were predominantly single positive (IL2, IFNγ, or TNFα); triple-
cytokine producing cells were relatively rare. This result suggests that although many adults carry
cross-reactive T cells against the emergent pandemic virus, these cells are in a functionally limited
state, possibly because these subjects have not had recent exposure to either seasonal or pandemic
influenza strains.
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1. Introduction
Since April of 2009, pandemic H1N1 (pH1N1) has caused over 59 million infections
worldwide and led to 0.4% of the hospitalizations during that period
(www.cdc.gov/flu/weeklyarchives). Of the hospitalized cases reported, up to 46% of
patients required intensive care unit-admittance. The estimated mortality rate was 4–6%, and
was up to 46% in intensive care unit-admitted patients (1). The virus attack rate was
substantially higher than that of seasonal flu, based on morbidity and mortality estimators
(2–4), but the pH1N1 mortality rate considering both hospitalized and non-hospitalized was
similar to seasonal influenza at <0.5% (5).

The patterns of susceptibility and morbidity seen with pH1N1 infections observed early in
the pandemic suggested that subjects previously exposed to antigenically similar influenza
strains or vaccine had some immunity (1,6). Hancock et al (6) measured the cross-protective
antibody titers in subjects and found titers of >1:80 in 34% of subjects born prior to 1950. In
contrast, fewer than 5% of those born after 1980 had protective antibody titers, which was
reflected in their greater susceptibility to infection. Although young subjects were more
susceptible, additional factors are thought to have contributed to disease attenuation in this
population.

Epidemiologic studies clearly indicate that anti-influenza serum antibody levels provide
important in cross-protection from similar influenza virus clades and prevention of
secondary influenza infections from identical virus (6–12). Humans have a natural library of
highly specific protective antibodies formed in response to natural infection and vaccination.
Pandemic influenza outbreaks can occur when genetic shifts in the virus lead to changes in
hemagglutinin (HA) and neuraminidase (NA) on the virus surface; under these conditions,
patients have no or poor cross-protective anti-influenza antibodies. A rapid response of the
immune system may depend on conserved viral T cell epitopes recognized by cross-reactive
T cells.

The majority of known influenza epitopes recognized through Class I MHC complexes by
CD8+ T cells are derived from internal virus proteins (13,14). In the case of pH1N1, there is
>80% amino acid conservation of internal proteins compared to seasonal influenza, but only
30–50% amino acid conservation of HA and NA(15). A robust circulating memory CD8+ T
cell response is expected to occur with prior antigen exposure. The H1N1 pandemic
provides an excellent opportunity to study the role of memory CD8+ T cells in healthy
adults to cross-react to a strain of influenza that is essentially novel to the individual in terms
of serum neutralizing antibodies. Furthermore, it is vital to assess not only cross-reactivity,
but also functional capacity of circulating CD8+ T cells. Subjects who have not been
infected with influenza within the last three years might be expected to harbor T cells that
are more quiescent and exhibit a limited array of cytokines when initially re-activated in
vitro.

Based on the high degree of internal epitope conservation in pH1N1, as compared to
seasonal influenza(14,16–18), we hypothesized that subjects presumed naïve to pH1N1
would nonetheless have a measureable CD8+ T cell response as a result of previous priming
with seasonal influenza strains. Furthermore, we hypothesized that the quality of CD8+ T
cell antigen-specific cytokine response in subjects not recently infected with influenza
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would exhibit very few multiple-cytokine secreting (polyfunctional) cells. To test these
hypotheses, we chose an experimental approach utilizing whole virus for in vitro stimulation
of peripheral blood mononuclear cells (PBMC) drawn from seronegative subjects, or
collected prior to emergence of pH1N1. Our results show evidence of existing CD8+ T cell
immunity to pH1N1 that is characterized by predominantly single and dual cytokine
producing cells.

2. Methods
2.1 Samples

Normal healthy donors had unit bags of blood collected the New York Influenza Center of
Excellence (NYICE) Vaccine Research Unit from October 2008 to October 2009 (Table 1).
Approval for human sample collection was obtained from The University of Rochester
Institutional Review Board. All donors were consented for sample donation with a brief
questionnaire, and procedures were consistent with the NYICE Healthy Donor Protocol
#07-0090. PBMC were isolated by ficoll-paque density gradient centrifugation and
cryopreserved in liquid nitrogen by the NYICE sample processing core. PBMC were thawed
in warm complete media (RPMI 1640, 10% FBS, Penicillin/Streptomycin, L-Glutamine
(Mediatech, Manassus MA) and rested overnight in six-well polystyrene plates (Costar,
Corning, NY) in preparation for in vitro stimulation. All assays were performed without
knowledge of subject age or antibody titer result.

2.2 Hemagglutination Inhibition Assay
Standard hemagglutination inhibition assay (HAI) was performed on all subjects for whom
plasma or serum was stored. Procedure was consistent with previously published methods
(19). Briefly, serial two-fold dilutions of previously frozen serum or plasma were assayed
for the ability to inhibit agglutination of chicken red blood cells in the presence of the A/
California/04/09 pH1N1 influenza virus.

2.3 Viral Preparation
Virus preparations consisted of allantoic fluid from infected, embryonated chicken eggs,
collected and stored in aliquots at −80° C. Seasonal H1N1 A/New Caledonia/20/99 (sH1N1,
prevalent in humans from 1999 through 2008) and pH1N1 strain were egg grown stocks
derived in our lab from pandemic A/California/04/09 (pH1N1) and sH1N1 seed viruses
obtained through the NIH Biodefense and Emerging Infections Resource (BEIR). Control
virus was laboratory strain X31 (reassortant seasonal H3N2 surface HA and NA proteins
derived from A/Aichi/Hong Kong/68, and internal proteins from A/Puerto Rico/8/34, the
viral core used for vaccine preparation). Virus titers were measured by three techniques:
EID50 (50% egg infectious dose), plaque forming units (PFU) in MDCK cells, and TCID50
(50% tissue culture infectious dose) on MDCK cells. Results are listed in Table 2.

2.4 IFN-γ Elispot
96-well Elispot plates (Millipore Multiscreen HTS, Billerica, MA) were coated with
monoclonal antibody to IFN-γ (Mabtech, Mariemont, OH), washed, and blocked with
complete media. PBMC were rested overnight in complete media at 37 °C. Cells were then
counted by trypan blue exclusion and plated using fresh complete media in serial dilutions
starting from 5 × 105 cells/well. PBMCs were inoculated at a multiplicity of infection (MOI)
of 1–2 with either A/New Caledonia or A/California. Background was measured in cultures
containing either media alone, or allantoic fluid from mock-infected eggs at the same
gestational age as infected eggs. Phytohemagglutinin (PHA; 10 μg/ml) was used for the
positive control. Treated cells were incubated overnight, washed and developed using
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biotinylated secondary monoclonal antibody (Mabtech), streptavidin-alkaline phosphatase
and alkaline phosphatase substrate kit (Vector Laboratories, Burlingame, CA). Data were
collected using automated CTL Elispot reader (Cellular Technology Ltd., Shaker Heights,
OH).

2.5 Multiparameter Flow Cytometry
PBMC were thawed as described above. After an overnight rest at 37°C, cells were
transferred to 96-well V-bottom tissue-culture plates (Costar, Corning, NY) in fresh
complete media with a final concentration of 2 × 106 PBMC/200 μL. Wells were inoculated
with staphylococcal enterotoxin-B (SEB, positive control, 1 μg/mL final concentration,
Sigma Aldrich, St. Louis, MO), complete media alone, allantoic fluid or whole virus at an
MOI of 6–12.5 infectious units per PBMC and placed in a 37° C, 5% CO2 humidified
incubator. MOI for egg-grown virus was based on EID50. Allantoic fluid volume of 60 μL
matched the maximum volume of virus used for viral stimulation conditions. Two hours into
incubation, Brefeldin A (BD Biosciences, San Diego, CA) was added to inhibit cytokine
release by Golgi blockade. After 10 hours total incubation (two without and eight with
Brefeldin), cells were refrigerated overnight at 4° C, and in the following morning cells were
prepared for flow cytometry using a modified published protocol (20).

Immunocytochemistry was performed with fluorescently tagged antibodies chosen for
general cell phenotyping and for analysis of cytokine-producing cells (Table 3). Briefly,
PBMC were centrifuged at 400g for 6 minutes at 4° C. PBMC were washed twice with PBS
and stained with Live/Dead Aqua (Invitrogen, Carlsbad, CA) for 30 minutes. PBMC were
then washed with sterile-filtered Hanks Buffered Salt Solution (HBSS, Mediatech) with 1%
BSA (MP Biomedicals, Solon, Ohio) and Fc-blocked with normal mouse serum (2.5mg/mL,
Jackson Immunoresearch, West Grove, PA). PBMC were surface-stained for 1 hour at 4° C
with anti-CD4, anti-CD14, anti-CD45RA, anti-CD8+ (Invitrogen) anti-CD19 (BD
Pharmingen, San Jose, CA), anti-CD56 (Biolegend, San Diego, CA), anti-NKp44 and anti-
NKp46 (R & D Systems, Minneapolis, MN) antibodies. Surface-stained PBMC were
washed with HBSS/1%BSA, and then fixed and permeabilized for 20 minutes with Cytofix/
Cytoperm solution (BD Cytofix/Cytoperm Fixation/Permeabilization Kit, BD Biosciences).
PBMC were washed twice with buffer. Mouse serum was added again for Fc-block. PBMC
were then washed and re-suspended in intracellular-staining cocktail of anti-IFN-γ (BD
Pharmingen), anti-IL2, anti-TNFα, anti-CD69 (Biolegend), and anti-CD3 (Invitrogen)
antibodies. After one hour at 4° C in the dark, PBMC were washed with buffer and
resuspended in 2% paraformaldehyde solution. All samples were run on an 18-color LSR-II
cytometer with BD FACS DIVA software and analyzed using FlowJo data analysis software
(Tree Star, Inc., Ashland, OR).

2.6 Statistical Analysis and Data Management
All clinical, research, and inventory control data were stored in the NYICE FluRDM
influenza research data management system. After retrieval from FluRDM, the University of
Rochester Medical Center Department of Biostatistics and Computational Biology
performed all statistical analyses. Data were analyzed with SAS software (SAS Institute
Inc., Cary, NC, USA) and GraphPad Prism version 5.0b for MacOS X, (GraphPad Software,
San Diego, CA). Due to the small sample size, paired donor results from negative controls
and viral stimulated conditions were compared using two-sided Wilcoxon Signed-Rank test.
P-value <0.05 was considered statistically significant. Power was calculated for tests that
were not found to be statistically significant using an SAS System module UnifyPow (21).
The calculated power was confirmed by a Bootstrap approach in R, version R-2.12.0 (22).
Re-samples were taken from the 12 differences of paired observations with replacement.
The re-sample size was 10,000. For each re-sample, the Wilcoxon Signed-Rank test was
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used test the hypothesis that the mean of the differences was 0. The power was estimated by
the percentage of rejecting the null hypothesis among the 10,000 tests.

3. Results
3.1 Study cohort

Subject samples were collected from NYICE healthy donors between October 2008 and
August 2009. Subject ages ranged from 19–49 years. Since pandemic influenza activity did
not become locally widespread until after July 2009, samples collected from October 2008
and March 2009 were presumed to be naïve to the pH1N1 virus. Subjects reported no
pH1N1 vaccination or influenza-like illness during the 2008–2009 season. A subset of
samples collected between April and August of 2009 were tested by hemagglutination
inhibition assay (HAI) for pH1N1 specific activity and titers were found to be below
protective levels (<1:40) (Table 1).

3.2 Initial evidence of cross-reactive T cells
Initial experiments used an IFNγ ELISPOT assay to screen subjects for reactivity to the
pH1N1, seasonal, and laboratory influenza virus strains. Cryopreserved PBMC from nine
subjects were thawed and placed in 96-well plates with nitrocellulose membranes coated
with an IFNγ capture antibody. Cells were then cultured overnight at 37°C with mock-
infected allantoic fluid, or allantoic fluid from eggs infected with either 2009 pH1N1, H3N2
X31, or sH1N1 at an MOI of 10 EID50/cell. Plates were then washed and developed with a
biotinylated IFNγ-specific secondary antibody, streptavidin alkaline phosphatase and
substrate. Substantial numbers of IFNγ spot forming cells (SFC) against the pH1N1 virus
and other influenzas were detected in all the subjects, though one subject was a low-
responder. The number of spot-forming cells (SFC) was not significantly different among
the viruses tested. These data suggest that healthy adults carry substantial numbers of cross-
reactive T cells that can recognize the newly emerging pandemic strain. This finding was
consistent with our first hypothesis that adults without confirmed exposure to the pH1N1
virus can generate a response to it.

3.3 Intracellular cytokine assay for pH1N1 reactive CD8+ T cells
The ELISPOT assay cannot distinguish which cell type is making the cytokine (in this case
IFNγ). In order to distinguish CD8+ T cells from other cell types, we developed a flow
cytometric approach using intracellular cytokine and cell surface stains after a brief in vitro
stimulation with virus. The 14-color, 16-parameter panel of stains developed for use with
our 2-laser BD LSR-II cytometer is described in Table 3. Our gating strategy is depicted in
Figure 1. Doublets and dead cells were excluded after drawing a lymphocyte gate. CD14+
monocytes, CD19+ B cells, CD56+ NK and NKT cells were also excluded. The CD3+ CD4
CD8+ CD69+ cells were then selected and analyzed for IL2, TNFα, and IFNγ.

The ratio of infectious virus to cell number, or multiplicity of infection (MOI) was
optimized by incubating human PBMC from 3 donors with different amounts of virus
ranging from 5 to 100 EID50 per PBMC, followed by staining for intracellular cytokines and
cell surface markers as described above. Maximal cytokine production and minimum cell
death was observed with an MOI in the range of 10 EID50 per cell for each of the viruses
tested. The results from a representative subject whose PBMC were stimulated with egg-
grown pH1N1 virus are shown in Figure 2.

3.4 Frequency of IFNγ-secreting PBMC
We were first interested in quantifying all lymphocytes responsible for IFNγ secretion.
PBMC were stimulated for 2h with sH1N1, H3N2 X31, or 2009 pH1N1 prior to adding
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Brefeldin A to prevent cytokines from being secreted. After 8h in the presence of drug, the
cells were processed for flow cytometry. Cultures containing media alone or allantoic fluid
were used as a negative controls, and SEB for positive control. These were used to set the
boundaries for cytokine positive cells.

For the majority of subjects, CD4+ and CD8+ T cells comprised the majority of IFNγ-
secreting lymphocytes (Figure 3). Subjects 33 and 43 had a higher proportion of NK cells
producing cytokine. The frequencies of cytokine positive cells were low and variable, but
demonstrated some notable patterns. In general, the frequency hierarchy was
CD4+>NK>CD8+ for seasonal H1N1, CD4+>CD8+> NK for pandemic H1N1. Subject 10
had a similar rise of CD8+ IFNγ-secreting cells as compared to CD4+ cells. The substantial
NK cell IFNγ response from some subjects reinforces the limitations of ELISPOT in
understanding in vitro PBMC cytokine responses when multiple cell populations are present.

3.5 Frequency of pH1N1 specific cytokine producing CD8+ T cells
Next we examined the CD8+ T cell response. The frequency of virus-specific CD8+ T cells
was quantified as any cell positive for one or more cytokine (IFNγ+, IL2+ or TNFα+). The
frequencies of cytokine positive CD8+ T cells were variable from subject to subject.
However, in most cases the proportions of IFNγ+ and TNFα+ CD8+ T cells were above
those observed in the allantoic fluid and media controls for pH1N1 as well as the for
seasonal and laboratory viruses, though frequencies were slightly lower for pH1N1 (Figure
4a). In the presence of virus, the proportion of TNFα+ cells was usually higher than that of
either of IFNγ+ or IL2+ cells. In contrast to IFNγ and TNFα-positive cell frequencies, the
IL2-secreting cell frequencies were similar between pH1N1 and negative control. The non-
significant finding is limited because of the small sample size, which raises the risk of
accepting the null hypothesis. When the values from all the subjects were averaged, both
TNFα and IFNγ frequencies were significantly higher (p=0.0005) in the presence of pH1N1,
as were sH1N1 and X31, when compared to the controls (Figure 4b). These results
demonstrate that healthy adults carry circulating, influenza virus-specific and cross-reactive
CD8+ T cells in the peripheral blood, reinforcing the conclusions drawn from the IFNγ
ELISPOT assays.

3.6 Analysis of functional phenotypes
T cells that secrete more than one of the three cytokines we tested (IL2, IFNγ, and TNFα)
have been associated with better prognosis in a number of chronic virus infections (23–27)
when compared to single cytokine-positive cells. Presumably, these polyfunctional T cells
are more effective in controlling virus replication, and are postulated to be in a higher state
of activation, and/or have been more recently stimulated with antigen (24,26,28). Whether
these cells offer an advantage against influenza is unknown. To assess the functional status
of the flu specific CD8+ T cells in these subjects without evidence of recent infection, we
determined the proportions of single, double, and triple cytokine producing cells.

Single cytokine positive CD3+ CD4− CD8+ cells were cross-compared using a Boolean
analysis strategy for the other two cytokines (Figure 1). In response to pH1N1, the highest
frequencies of cross-reactive cells were seen in single-cytokine producers, with TNFα and
IFNγ more prevalent than IL2 (Figure 5a and b). Statistical non-significance for single IL2-
producing CD8+ T cells was influenced by the small sample size, raising the risk of Type II
error. T cells making two cytokines followed next, with IFNγ/TNFα being the most frequent
double cytokine profile observed in all subjects, regardless of the virus used to stimulate the
cells (Figure 6a and b). In some subjects, a population of IL2/TNFα secreting cells could be
detected at low frequency, while IL2/IFNγ cells were both rare among the subjects and at a
very low proportion when detected. Triple cytokine producing CD8+ T cells against any

Scheible et al. Page 6

Vaccine. Author manuscript; available in PMC 2012 March 3.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



virus strain were relatively rare. Although there were very low frequencies for
polyfunctional cells, there was a significant (p < 0.001) increase of cells making two or more
cytokines above allantoic fluid background after stimulation with pH1N1 and sH1N1. A
trend toward a greater rise was seen with seasonal influenza strains (Figure 7).

To determine the activity of each cell phenotype, we measured the cytokine production on a
per cell basis using mean fluorescence intensity (MFI) for triple, double and single cytokine
producing CD8+ T cells as a bulk population. For all stimulation conditions including
negative controls, the highest MFI for IFNγ was seen in triple- and dual IFNγ/IL2-cytokine
producers. In triple-producers, the MFI for pH1N1 was similar to negative controls, whereas
sH1N1 was greater as compared to negative controls (p=0.0107). For dual IFNγ/IL2
producers, both pH1N1 and sH1N1 MFI values were significantly greater than negative
controls (p < 0.0017). The lowest MFI was seen in single cytokine producers for all
stimulation conditions (not shown). The MFI for TNFα or IL2 did not vary significantly
based on cytokine profile. Thus, for IFNγ production, diversity of the cytokine production
was correlated with the amount of IFNγ produced per cell. This finding is consistent with
the supposition that multiple cytokine production is associated with a higher functional
capacity.

4. Discussion
We set out to test the prediction that adults not known to have been exposed to the pH1N1
influenza virus would have memory CD8+ T cells that cross-react to the novel strain as well
as to recent and prototypic influenza strains. Our results support the hypothesis that CD8+ T
cells previously primed with multiple strains of seasonal influenza virus are activated when
stimulated with pandemic influenza virus. Single cytokine producing cells were by far the
predominant type of CD8+ T cells observed, regardless of which virus was used to stimulate
the cells. For a given individual, pattern of the cytokine responses were similar among all
the viruses tested, suggesting that the novel pandemic strain is not unusual in the types of
immune responses it elicits. TNFα was the most frequently observed cytokine, followed by
IFNγ; IL2 single positive CD8+ T cells were not detectable above the negative controls. The
low frequency of IL2 CD8+ T cells in the periphery may indicate a predominance of effector
phenotype cells over memory phenotype in some subjects (29).

The functional heterogeneity of the virus specific CD8+ T cells is further emphasized by the
observation that some cells produced two or more cytokines. T cells that produced both
TNFα and IFNγ had the highest prevalence, followed by those that produced IFNγ and IL2.
Although single IL2 producing cells were not significantly more frequent among cells
stimulated by virus than by controls, when IL2 positive cells were coupled with IFNγ alone
or with IFNγ + TNFα, a virus-specific IL2-producing population could be discerned above
the background levels. Findings recently reported by Makedonas et al, who observed a
negative correlation between perforin upregulation and IL2 secretion (30), would suggest
that polyfunctionality associated with IL2 might distinguish a memory from effector
phenotype. Our result in the context of their and other published findings suggests that cells
responding with IL2 may represent a population poised to proliferate in response to brief
antigen-stimulation prior to exerting additional antiviral effector functions (31). IL2-
producing CD8 T cells are also associated with better memory CD8 T cell formation
(32,33). However, the significance of the IL2 producing populations of CD8 T cells in our
studies is not known.

Our finding of an expanded population of influenza-specific polyfunctional cross-reactive
memory CD8+ T cells in subjects without recent exposure to influenza virus or vaccination
is novel. Polyfunctional CD8+ T cells have been reported to be associated with disease
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control in the setting of chronic infections such as HIV and Hepatitis C (23,24,27,28). It has
also been postulated that polyfunctional T cells represent a highly active, less exhausted
phenotype that may be more effective at controlling infection (35,36) than single-cytokine-
producing cells. Less evidence for the role of polyfunctional CD8+ T cells in acute infection
is reported. Our finding of increased IFNγ MFI in association with IL2-secreting cells
suggests that these may be a distinct population of highly active cells capable of
proliferating and secreting cytokine with acute infection, but perhaps not exerting cytolytic
function. The use of mean fluorescence intensity to compare relative size of cytokine output
per cell has been validated (37) and used to study T cells in autoimmunity and chronic
disease, but has not been examined in influenza-specific T cells. This method may be a
useful approach to comparing relative activity in in vitro CD8+ T cell assays. Evaluating
cytotoxic function of IL2+ polyfunctional cells may also aid in better defining the roles of
CD8+ T cell populations.

Cross-protective adaptive immunity is important in antigenically dissimilar influenza
viruses, as has been shown in animal studies and limited human studies (8,9,17,38–43).
There is strong evidence in the literature that CD8+ T cells play a large role in providing
such cross-immunity to influenza virus that has drifted enough to evade neutralizing
antibodies (13,14,17,38,44–48). Jameson et al showed that in humans cytotoxic T cells
specific for seasonal influenza epitopes showed cross-reactivity with avian and swine-origin
strains. Degree of cytotoxicity to heterosubtypic challenge was similar to homosubtypic
challenge, and was largely dependent on HLA-type and conservation of amino acid
sequence within known CD8+ T cell epitopes.

The clinical relevance of CD8+ T cell function has been partially explored in two recent
publications. Shahid et al showed that low granzyme B activity and low IFNγ:IL10 ratio pre-
illness were correlated with susceptibility to influenza (49). This correlation was first
demonstrated by McElhaney et al in 2006, who measured serum antibody titers and PBMC
granzyme and cytokine responses in elderly subjects immunized with inactivated influenza
vaccine. They found that in this population, higher IFNγ:IL10 ratio correlated with
protection, whereas antibody levels did not (50). In their more recent publication, this same
group showed a negative correlation between granzyme B activity and influenza infection
(51). The importance of T cells is also supported by experiments in animal models that show
T cell-mediated protection from heterosubtypic influenza infection in the absence of B cell
immunity (52). With regards to the pH1N1 virus, our recent studies demonstrate substantial
CD4 and CD8 T cell mediated protection from lethal infection in animals primed with
laboratory or recent seasonal human influenza viruses, and no evidence of serological
protection even with sera derived from sH1N1 primed donors (pH1N1 serum was fully
protective)(53). These studies highlight the importance of studying the quality, not simply
the frequency, of T cell immunity in predicting a population’s susceptibility to disease. If
this phenomenon were consistent with virus behavior in humans, it would be a potential
explanation for disease attenuation in the setting of high susceptibility. Further studies are
required to demonstrate any clinical benefit associated with polyfunctional CD8+ T cells,
though if demonstrated, could serve as a novel immune correlate.

The results of this study utilizing whole virus in vitro stimulation are consistent with
findings of several other groups investigating pre-existing immunity to pH1N1 in humans.
Greenbaum et al. demonstrated detectable IFNγ secreting memory phenotype CD8+ T cells
in response to peptide pools of conserved H1N1 epitopes (17). Tu et al. found a population
of CD8+ T cells that had cytotoxic activity against pH1N1 and expansion of antigen-specific
IFNγ secreting cells from subjects recently vaccinated for seasonal influenza. Though the
frequency of antigen-specific cells was lower with pH1N1 stimulation than with seasonal
influenza, the results were still statistically significant (47).
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Our study focused on analysis of cross-protective CD8+ T cell responses, our assay
development revealed several important factors that enable the use of whole virus for in
vitro stimulation. These include the use of allantoic fluid as a negative control when utilizing
egg-grown viral stock, and use of multiple viral preparations to account for variability in
CD8+ T cell responses. We felt it was important to understand the CD8+T cell response to
whole virus, since these cells are presumably reacting to processed virus from within
infected antigen presenting cells. Use of whole virus most closely simulates natural infection
and antigen presentation. Unfortunately, this approach does introduce some questions about
how similar an individual lab viral strain is to the circulating influenza strain, and whether
small differences in lab strains account for differences in results. Although we found a
significant increase in cytokine-producing CD8+ T cells in response to pH1N1 as compared
to negative controls, there was a consistent trend toward lower frequencies when compared
to seasonal or laboratory influenza-specific responses. It is possible that changes in the
surface proteins of influenza change the signals received by CD8+ T cells, thereby changing
either proliferation or cytokine profile. At this time, however, whether differences between
influenza strains result from a lower frequency of precursor T cells specific to pH1N1, or is
intrinsic to the virus strains, is not clear. The effects of egg and tissue culture passage of
human influenza viruses on human lymphocyte infectivity and antigen-presentation have not
been exhaustively investigated. Such an investigation could shed some light on these issues.
Interestingly, in animal studies, the A/California stock used in these studies shows a high
degree of virulence (53), similar to the A/PR/8/34 laboratory strain, consistent with the view
that the virus is fit for replication in cells other than the highly permissive eggs and MDCK
cell line. Nevertheless, it is possible that the variability in the HA protein introduced in the
pandemic strain affected this virus’s ability to infect PBMC, which would explain not only
the lower T cell response, but also its retained ability to cause disease in the respiratory tract.

Overall, we observed measureable but low frequencies of cross-reactive influenza-specific
CD8+ T cells in the circulation of subjects who had not recently been infected. The majority
of circulating memory T cells specific for influenza is in a quiescent state with restricted
functionality. Our finding of rare polyfunctional cytokine producing cells suggests that
protection from disease by these T cells may be quite limited. The finding of such few
polyfunctional CD8+ T cells may partly explain the significant number of healthy young and
middle-aged adults who exhibited signs of infection during the pandemic. Based on
seroprevalence and exposure studies, Carrat et al estimated that asymptomatic H1N1
influenza infection may occur in around 30% of exposed individuals (54,55), though
exposure rates are difficult to accurately determine. It is therefore possible that either
infrequent exposure or recurrent asymptomatic seasonal influenza infection may lead to a
more terminally differentiated effector CD8 T cell population. This has been shown in
models of either chronic active or latent infection, where frequent, repeated antigen
exposure is associated with a more terminally differentiated phenotype, that is less likely to
proliferate on cognate antigen engagement (27,30,35,36,56). It will be interesting to see if
the frequencies of polyfunctional CD8+ T cells are increased in subjects recovered from a
documented infection.

Alternatively, it is well established that optimal immune protection from heterosubtypic
infection is provided only when the memory T cells are located in the respiratory tissue
(38,45,57). Our present analysis did not specifically investigate the homing potential of the
T cells, so we cannot draw any conclusions as to the relationship between cytokine
production and homing.

We showed evidence of pre-existing CD8+ T cell immunity to pH1N1, however, it is not
known to which epitopes these cells are responding. Immune models have predicted the
likely presence of pre-existing immunity to pH1N1 based on the high percent of conserved

Scheible et al. Page 9

Vaccine. Author manuscript; available in PMC 2012 March 3.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



MHC Class I epitopes (17) found in bioinformatics resources. It would seem logical that as
memory cells, CD8+ T cells are responding to epitopes highly conserved among different
influenza viruses. Verification that the CD8+ T cells observed are reacting to conserved
sequences will require careful mapping of class I HLA restricted epitopes. It is also possible
that small nucleotide changes among the viruses lead to altered recognition in different
individuals based on HLA type. Resolution of these unanswered questions will be critical in
targeting CD8+ T cells in vaccine design. Our study does raise the question about how
effective cytotoxic T cell immunity is in controlling a pandemic, however, since the subjects
studied did fall in the demographic of high susceptibility.

5. Conclusion
Our study found evidence for existing CD8+ T cell immunity to pandemic strain H1N1
influenza virus in presumed naïve subjects, which was characterized by predominantly
single-cytokine producers, then dual IFNγ+ TNFα+ cells, and very low frequencies of triple-
cytokine secreting cells. The most active IFNγ-secreting populations were found in
association with IL2 production, as measured by mean fluorescence intensity. These cross-
reactive CD8+ T cells may have contributed to disease attenuation in highly susceptible
populations during the recent H1N1 pandemic.
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Figure 1. Flow cytometric gating strategy
CD8+ T cells were sequentially identified as live, CD19−/CD14−, CD56−/CD3+ and
CD8+/CD4−. CD8+ T cells were gated and further analyzed for CD69, IFNγ and TNFα for
each stimulation condition as indicated. Polyfunctional cells were further identified using
Boolean analysis.
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Figure 2. Representative dose response for individual subject pH1N1 stimulation
Boolean analysis was performed to analyze CD8+ T cells for each cytokine profile shown.
Bars represent percent positive of CD8+ T cells. MOI=multiplicity of infection based on
EID50. I=IFNγ, 2=IL2, T=TNFα.
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Figure 3. IFNγ secretion, by cell type for all gated lymphocytes
Stacked bars show total percent positive for each cell type, for individual subjects, for each
stimulation condition. NK cells identified sequentially as live/single/CD14−/CD19−/
CD56+/CD3−, NKT cells as live/single/CD14−CD19−/CD56+/CD3+. CD4+ and CD8+ T
cells identified sequentially as live/single/CD14−CD19−/CD56−/CD3+/CD4+ or CD8+.
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Figure 4. CD8+ T cell cytokine secretion for individual subject
Points represent total percent positive CD8+ T cells for IFNγ, TNFα or IL2, analyzed for
each stimulation condition (single, dual and triple-positive populations combined).
Connecting lines are present only for ease of trending and do not imply a temporal
relationship (A). Bar graphs show medians with interquartile range for combined values for
each cytokine. Asterisks show p<0.05 (B).
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Figure 5. Single cytokine secreting CD8+ T cells
Bar graphs show percent single-positive CD8+ T cells for each cytokine, for each subject
and stimulation condition (A). Bar graphs represent medians with interquartile ranges of
combined values for each single-cytokine frequency. Asterisks show p<0.0001. Single-IL2
producing cell frequency was not significant above negative control for any stimulation
condition. Dual and triple+ CD8+ T cells were excluded.
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Figure 6. Dual cytokine-secreting CD8+ T cells
Stacked bars show percent positive CD8+ T cells for each dual cytokine profile, by subject
(A). Bar graphs represent medians with interquartile ranges of combined values for each
dual-cytokine frequency. Triple and single-cytokine secreting cells have been excluded.
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Figure 7. Triple cytokine-secreting CD8+ T cells
Each symbol shows percent of CD8+ T cells positive for all three-cytokines, by subject.
Combined statistical analysis shows p<0.05 for all stimulation conditions compared to
negative control (Wilcoxon rank-sum test for medians). Dual and single cytokine positive
cells have been excluded.
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Table 1

Subject demographics and antibody titer by hemagglutination inhibition assay.

Subject # Date Collected Age (y) Antibody Titer

3 3/2008 44 ND

7 3/2009 33 ND

9 4/2009 23 ND

10 4/2009 19 ND

11 4/2009 40 ND

12 4/2009 43 ND

29 8/2009 43 ND

30 8/2009 21 ND

31 8/2009 33 ND

32 8/2009 22 20

33 8/2009 49 <10

43 9/2009 25 <10

ND=not done
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Table 2

Virus titers.

Virus EID50 a TCID50 b PFU c

A/NC/20/1999 1 × 10e8.5 5 × 10e6 1 × 10e6

X31 1 × 10e8.5 6.3 × 10e6 1 × 10e7

A/Ca/04/09 1 × 10e8.5 not done 1.68 × 10e7

a
EID50=50% egg-infectious dose

b
TCID50=50% tissue-infectious dose

c
PFU=plaque-forming units on MDCK monolayer
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Table 3

Flow cytometry panel

Fluorochrome Marker Vendor Clone

PerCP-Cy5.5 TNF-a Biolegend MAb11

FITC NKp46 R&D Systems 195314

APC-CY7 CD69 Biolegend FN50

Alexa 700 IL2 Biolegend MQ1-17H12

APC NKp44 R&D Systems 253415

Qdot 800 CD14 Invitrogen TüK4

Qdot 705 CD8 Invitrogen 3B5

Qdot 655 CD45RA Invitrogen MEM56

Qdot 605 CD3 Invitrogen UCHT1

Live Dead Aqua L/D Invitrogen cat#L34957

PE-Cy7 IFNg BD Pharmingen B27

PE-Cy5 CD56 Biolegend HCD56

PETXR CD4 Invitrogen S3.5

PE CD19 BD Pharmingen HIB19
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