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Abstract

The 2009/10 pandemic (pH1N1) highlighted the need for vaccines conferring heterosubtypic 

immunity against antigenically shifted influenza strains. Although cross-reactive T cells are strong 

candidates for mediating heterosubtypic immunity, little is known about the population-level 

prevalence, frequency, and cytokine-secretion profile of heterosubtypic T cells to pH1N1. To 

assess this, pH1N1 sero-negative adults were recruited. Single-cell IFN-γ and IL-2 cytokine-

secretion profiles to internal proteins of pH1N1 or live virus were enumerated and characterised. 

Heterosubtypic T cells recognising pH1N1 core proteins were widely prevalent, being detected in 

90% (30 of 33) of pH1N1-näive individuals. Although the last exposure to influenza was greater 

than 6 months ago, the frequency and proportion of the IFN-γ-only-secreting T-cell subset was 

significantly higher than the IL-2-only-secreting subset. CD8+ IFN-γ-only-secreting 

heterosubtypic T cells were predominantly CCR7−CD45RA− effector-memory phenotype, 

expressing the tissue-homing receptor CXCR3 and degranulation marker CD107. Receipt of the 

2008–09 influenza vaccine did not alter the frequency of these heterosubtypic T cells, highlighting 

the inability of current vaccines to maintain this heterosubtypic T-cell pool. The surprisingly high 

prevalence of pre-existing circulating pH1N1-specific CD8+ IFN-γ-only-secreting effector 

memory T cells with cytotoxic and lung-homing potential in pH1N1-seronegative adults may 

partly explain the low case fatality rate despite high rates of infection of the pandemic in young 

adults.
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Introduction

Despite the successful development of strain-specific influenza vaccines, influenza 

continues to be a major public health problem affecting an estimated 15% of the global 

population [1]. Infection results in protective neutralizing antibodies specific to the surface 

glycoproteins (haemagglutinin and neuraminidase) of the infecting strain. Pandemics occur 

when genetic reassortments between influenza viruses leads to the emergence of a new 

antigenically shifted strain infecting a susceptible näive population lacking protective 

humoral immunity to the new reassortant strain.

During pandemics, such as with the pandemic H1N1 (pH1N1) strain [2], cross-reactive 

immune responses to conserved regions of the new pandemic strain generated through prior 

exposure to a different virus subtype may provide some heterosubtypic immunity [3,4]. The 

role of cross-reactive T-cell-mediated heterosubtypic immunity is well documented in 

animal models [5-7] and is associated with decreased viral shedding following experimental 

challenge in humans [8-10]. The recent recognition of decreased severity of pandemic 

influenza in young adults with prior seasonal H1N1 infection in the absence of cross-

reactive antibodies provides further compelling but circumstantial evidence for the 

protective role of heterosubtypic T cells [11].

However, little is known about naturally occurring heterosubtypic cellular immunity in 

humans. Although cross-reactive memory T cells to pH1N1 have recently been 

demonstrated in a small number of individuals [12-15], there are no data on the prevalence, 

population-level frequency and functional profile of cytokine-secreting memory T cells to 

influenza A virus. Moreover, the durability of circulating heterosubtypic T cells after 

infection and vaccination is currently unknown.

Antigen-specific T cells can be categorised by distinct functional cytokine profiles into three 

key memory T-cell subsets [16]. In view of the central importance of these key functional T-

cell subsets in protective immunity, viral clearance and vaccine development [16,17], 

defining their respective contributions to heterosubtypic immunity to influenza is a priority. 

However, the low frequency of influenza-specific cross-reactive memory T cells precludes 

their reliable quantification by conventional flow-cytometry-based single-cell cytokine 

profiling. Measurement of influenza-specific memory T cells has therefore largely relied 

upon the IFN-γ ELISPOT assay which, though sensitive for detecting low-frequency 

responses, provides no information on the polyfunctional nature of the T-cell response. We 

therefore exploited the high sensitivity of the immunospot platform, combining it with 

fluorophore-tagged anti-cytokine antibodies to simultaneously measure IFN-γ and IL-2 

secretion at the single cell level [18] in order to evaluate the functional cytokine signature of 

heterosubtypic memory T cells to pH1N1.

Influenza is an acute infection with rapid antigen clearance [16,19]. In our study population 

where circulation of influenza A virus ceased greater than 6 months prior to recruitment 

[20], we hypothesised that pH1N1-specific T cells would be predominantly IL-2 cytokine 

secreting, corresponding to a shift from functionally defined effector to central memory cells 

following resolution of infection and antigen clearance [16].
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The emergence of the pH1N1 strain provided a unique opportunity to study heterosubtypic 

immunity to influenza. We therefore recruited pH1N1 sero-negative healthy individuals 

prior to the onset of the second wave of the pandemic in the UK to specifically investigate 

heterosubtypic T cells to pH1N1 virus and its three most immunodominant and conserved 

proteins: polymerase basic protein 1 (PB1), nucleoprotein (NP) and matrix protein 1 (M1) 

[15,21]. Our investigation of heterosubtypic T-cell memory to pH1N1 is in the largest group 

of individuals studied to date providing the first population-level comprehensive data on the 

prevalence, frequency and cytokine-secretion profile of pH1N1 cross-reactive memory T 

cells.

Results

Cohort characteristics

The 33 participants had a median age of 30 years (range 18–73 years). Haemagglutination 

inhibition assay to detect pH1N1-specific antibodies undertaken independently at two 

different national laboratories was negative in all individuals. None were vaccinated for 

pH1N1 at the time of recruitment and only one individual gave a history of flu-like illness in 

the preceding three months prior to recruitment.

High prevalence of IFN-γ-only-secreting cross-reactive memory T cells to pH1N1 internal 
proteins

Based on the model of influenza as an acute infection with rapid antigen clearance [16], we 

hypothesised that our cohort of pH1N1-naive individuals unexposed to influenza antigen for 

greater than 6 months (since February 2009) when assessed for cross-reactive T cells to 

three core proteins (PB1, M1 and NP) of the pH1N1 virus would have memory T cells with 

a cytokine signature that would be predominantly IL-2 secreting.

T-cell responses measured with fluorescence-immunospot to one or more of the three core 

proteins of pH1N1 were found in 30 out of 33 participants (91%; 95% CI 75.7 – 98.1) (Fig. 

1A–C). All the individuals with detectable T-cell responses had IFN-γ-only-secreting 

heterosubtypic T cells to core proteins of pH1N1 (Fig. 1A), while 27/33 (81%) individuals 

had detectable IL-2 only (Fig. 1B) and IFN-γ/IL-2 dual (Fig. 1C) secreting T cells, 

respectively.

The frequency of the total T-cell response summed to all three proteins, NP, PB1 and M1, 

was significantly higher (p<0.01) in the IFN-γ-only-secreting (median 159 SFC (spot 

forming cell)/million peripheral blood mononuclear cells (PBMCs); IQR: 58–295) compared 

to the IL-2-only (median 30 SFC/million; IQR: 13–73) and IFN-γ/IL-2 dual (median 28 

SFC/million; IQR: 11–76) cytokine-secreting T-cell subsets (Fig. 1G) and significantly 

higher for each individual protein (Fig. 1D–F).

The relative proportion of the IFN-γ-only-secreting subset (64% of total IFN-γ/IL-2 

cytokine-secreting cells) was significantly higher compared to the IL-2-only and IFN-γ/IL-2 

dual-secreting subset (Fig. 1, Supporting Information Fig. 1A–D) for each of the three core 

proteins. However, despite this predominance of IFN-γ-only-secreting T-cell subset in our 

cohort, we observed individual-level heterogeneity in the proportions of the cytokine-
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secreting T-cell subsets. In approximately 25% of individuals, the predominant cytokine-

secreting T-cell subsets were IL-2 only or IFN-γ/IL-2 dual cytokine secreting (Supporting 

Information Fig. 1E–H).

The prevalence of cross-reactive T cells was highest to the NP protein (79%) followed by 

PB1 (61%) and M1 (61%) proteins (Fig. 2A) consistent with the reported number of 

predicted epitopes conserved between seasonal and pH1N1 strains in each of these three 

internal proteins [15]. There was a similarly high proportion (80%) of individuals with 

cross-reactive T cells responses to live pH1N1 virus, pH1N1 vaccine strain and the sH1N1 

vaccine strain (Fig. 2B).

Cross-reactive memory T cells recognising live pH1N1 virus predominantly secrete only 
IFN-γ

We assessed cross-reactive T-cell memory in 19 of our 33 pH1N1 sero-negative individuals, 

in whom cryopreserved PBMCs remained after responses to core proteins were measured, to 

live pH1N1 virus (A/England/195/09) and the inactivated reassortant virus strain used to 

manufacture the pH1N1 vaccine to confirm whether influenza-specific memory T cells that 

recognise synthetic peptides also recognise naturally processed peptides following infection 

of antigen-presenting cells (APCs) with live virus and recombinant viral proteins, 

respectively.

Despite absence of prior exposure to the pH1N1 virus or pH1N1 vaccine, the majority of 

individuals had memory T cells that recognised naturally processed peptides presented by 

APCs infected with live pH1N1 virus (16/19, 84%) or the pandemic vaccine strain (15/19, 

79%). Similar to responses specific to core proteins of pH1N1, the frequency and proportion 

of antigen-specific T-cell responses to naturally processed antigens of pH1N1 virus was 

dominated by the IFN-γ-only cytokine-secreting subset (Fig. 3A, B, D, E). The median 

frequency of the IFN-γ-only-secreting T-cell response to live pH1N1 virus was 164 SFC/

million (IQR: 78–620) and significantly greater than frequency of the IL-2-only (median 40 

SFC/million (IQR: 8–60)) and IFN-γ/IL-2 dual-secreting subsets (median 30 SFC/million 

(IQR: 12–76)).

We investigated whether this predominance of IFN-γ-only-secreting T cells was restricted to 

cross-reactive responses by stimulating PBMCs with inactivated sH1N1 vaccine strain, 

which was the virus strain circulating prior to the emergence of pH1N1 strain. Although T-

cell responses to sH1N1 vaccine strain were also predominantly of a IFN-γ-only-secreting 

subset (Fig. 3C and F), the frequency of T-cell responses to sH1N1 vaccine strain was 

significantly higher (p<0.05) than T-cell frequencies to live pH1N1 virus and inactivated 

pH1N1 vaccine strain, as would be expected given the greater exposure of individuals to the 

pre-pandemic circulating sH1N1 strain. However, there was no difference in the relative 

proportions of cytokine-secreting T-cell subsets of the homosubtypic response to sH1N1 

virus strain compared to heterosubtypic responses to pH1N1 live virus and inactivated virus 

strain (Fig. 3D–F).
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IFN-γ-only-secreting pH1N1-specific T cells are predominantly of an effector memory 
phenotype

Given the predominance of IFN-γ-only-secreting T cells following stimulation of PBMCs 

with peptides, live virus and inactivated virus, we comprehensively characterised the 

phenotype of the IFN-γ-only-secreting influenza-specific T cells with flow cytometry. In 12 

individuals chosen for a positive response to live pH1N1 virus on fluorescence immunospot 

(median 285 SFCs/million, range 64–424) and available PBMC sample, antigen-specific 

cytokine responses above background were detected by flow cytometry and intracellular 

cytokine staining in only 8 out of the 12 individuals.

The influenza virus-specific CD3+CD8+ T-cell response was predominantly IFN-γ-only-

secreting (average proportion 0.01% of CD8+ T cells). CD3+CD8+ T cells secreting IFN-γ 

but not IL-2 were in significantly higher frequency (p<0.05) and more prevalent (6/8 

individuals had antigen-specific response) compared with CD8+ T cells that were dual IFN-

γ+IL-2+ secreting (Fig. 4C). In contrast, although the frequency of influenza virus-specific 

CD3+CD4+ T cells was similar between IFN-γ+IL-2− and dual IFN-γ+IL-2+ CD4+ cells, 

more individuals (7/12) had dual IFN-γ+IL-2+ CD4+ T cells compared with only 3/12 

individuals with an IFN-γ+IL-2− CD4+ T-cell response (Fig. 4D).

Further phenotypic investigation for memory surface markers to determine the memory 

phenotype of our IFN-γ-only-secreting CD4+ and CD8+ population [22] revealed that IFN-

γ-only-secreting CD4+ and CD8+ T cells were predominantly of an effector memory 

CD45RA−CCR7− population (Fig. 4E and F).

In light of our finding of high prevalence of circulating rapidly activated pH1N1-specific 

CD8+ T cells that are suggested to offer some protection against severe pandemic influenza 

[15], we investigated their degranulating potential using CD107a and CD107b [23] and 

migratory capacity to the site of the lung inflammation with CXCR3 [24]. A large 

proportion of influenza-specific IFN-γ-only-secreting CD8+ T cells (average 80%) 

expressed CD107 on their surface (Fig. 4G). We found live pH1N1 virus stimulated IFN-γ-

only-secreting CD8+ T cells (Fig. 4H) to express CXCR3 (average 16% of IFN-γ-only-

secreting CD8+ cells), which taken together with the ability to undergo granulocytosis 

suggests potential to traffic to the respiratory airways upon influenza infection to initiate 

viral clearance.

Seasonal influenza vaccination does not maintain cross-reactive T-cell memory

Seasonal influenza vaccines have been shown to induce cross-reactive T-cells to pH1N1 up 

to 1 month post-vaccination [13], but do not maintain cross-reactive antibody responses to 

the pandemic virus [25]. Whether they maintain cross-reactive T-cell memory to pH1N1 is 

unknown. Of our 33 pH1N1 sero-negative individuals, 14 (58%) reported seasonal influenza 

vaccination in 2008. We found no difference in the magnitude (Fig. 5A–C) or the functional 

profile of cytokine-secreting T-cell subsets to PB1, NP and M1 antigens, pH1N1 live virus 

and pH1N1 vaccine strain (Fig. 5D and E) between previously vaccinated and unvaccinated 

individuals.
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Discussion

Our investigation of heterosubtypic memory to pH1N1 in a cohort of pH1N1-naive healthy 

young adults identified circulating pre-existing memory T cells to at least one of the three 

immunodominant pH1N1 core proteins (PB1, M1 and NP) in 90% of individuals. Moreover, 

this first cohort-level assessment of the functional profile of influenza-specific 

heterosubtypic T-cell memory revealed an unexpected predominance in the frequency, 

proportion and prevalence of IFN-γ-only-secreting T cells.

T-cell-derived IFN-γ is an important contributor to antiviral immunity in influenza [26-28] 

with IFN-γ demonstrated to mediate influenza viral clearance and protection against 

pathology in animal models [29,30]. Influenza-specific cytotoxic T cells have been shown to 

reduce viral shedding but not prevent infection [8,31] and peptide-specific memory T cells 

that are rapidly activated to produce IFN-γ have been identified in humans [28]. We found a 

remarkably high prevalence of cross-reactive IFN-γ-only-secreting T cells specific for 

pH1N1 core proteins and live virus in our cohort of young healthy pH1N1-naive adults 

using fluorescence-immunospot assay and flow cytometry. The high proportion of 

conserved epitopes in the immunodominant core proteins between seasonal and pandemic 

influenza virus may in part explain the high prevalence of cross-reactive T cells we observed 

to peptides from pH1N1 M1, NP and PB1 as well as live pH1N1 [15]. Phenotypic analysis 

of these pH1N1-specific CD4+ and CD8+ IFN-γ-only-secreting T cells revealed that they 

predominantly comprised CD45RA−CCR7− effector-memory cells, consistent with recent 

reports of pH1N1-specific T cells [13,15], but in contrast to previous reports of a 

predominance of central memory cells [21,32]. Experiments in mice have shown that 

circulating effector memory CD8+ T cells generated following a respiratory viral infection 

play a vital role in recall responses in the lung following secondary respiratory infection [33] 

and these effector memory T cells also mediate protection against other intracellular 

pathogens [34,35]. We therefore analysed the cytotoxic potential of these influenza-specific 

IFN-γ-only-secreting cells. The majority of pH1N1-specific cross-reactive CD8+ IFN-γ-

only-secreting T cells expressed the degranulation marker CD107 on their surface, similar to 

a recent paper reporting a similar predominance of influenza epitope-specific 

CD107a+CD8+ T cells [36]. Interestingly, a proportion of these CD8+ IFN-γ-only-secreting 

T cells also displayed upregulated expression of CXCR3, a tissue-homing receptor 

associated with T-cell trafficking to the lung. To our knowledge, there are only two other 

reports measuring CXCR3 expression on influenza-specific CD8+ T cells in humans [13,37], 

both of which reported M1-epitope-specific responses in contrast to our study reporting 

global CD8+ T cells to live virus.

Our findings indicate the presence of pre-existing heterosubtypic effector memory T cells in 

the peripheral blood of healthy adults with the potential to traffic to the lung during the 

inflammatory response following an influenza infection, undergo rapid degranulation and 

secrete IFN-γ on encounter with pH1N1-infected host cells. These attributes are consistent 

with a role in local viral containment or clearance and limiting the severity of symptoms 

following influenza infection. Epidemiological observations during the pandemic revealed 

high rates of infection, associated with low prevalence of cross-reactive antibodies, but low 

case fatality rates in adults (<45 years) suggestive of protective heterosubtypic immunity 
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against severe disease [38]. Our data, for the first time, reports the high prevalence of 

heterosubtypic CD8+ IFN-γ-only-secreting T cells in pH1N1 sero-negative adults, which 

taken together with other recent studies [13,15] provides key evidence to support the notion 

that heterosubtypic CD8+ cellular immunity may have in part accounted for the decreased 

case fatality rate in adults during the 2009–2010 pandemic. Although, alternative reasons 

such as a less pathogenic pandemic strain and lower comorbidities cannot be ruled out, 

recent evidence of the association between pre-existing T cells and limited illness severity 

following experimental influenza challenge study in humans [9] adds further weight to the 

notion that heterosubtypic T cells may limit disease severity during pandemics but this 

remains to be demonstrated.

Cross-reactive immune memory develops as a result of previous exposure to influenza 

antigen, either through infection or vaccination. Although, seasonal vaccination does not 

maintain cross-reactive antibodies to pH1N1 [25], the effect on pH1N1-specific cross-

reactive T-cell memory is little investigated. Influenza vaccination induces cross-reactive 

CD8+ T cells for dominant epitopes detectable 1 month later, but the durability of these 

responses is not known [13,39]. Our findings using a case-control study design, with its 

inherent limitations, imply that currently available inactivated influenza vaccines may be 

unable to maintain (beyond 6 months post-vaccination) a cross-reactive circulating memory 

T-cell pool to pH1N1. These findings in conjunction with existing literature [40,41] suggest 

that while infection and vaccination can both induce heterosubtypic T cells, only influenza 

infection is able to maintain durable cross-reactive T-cell responses to influenza. However, 

only a longitudinal cohort study following individuals after vaccination to compare pre- and 

post-vaccination heterosubtypic T-cell responses over time could confirm or refute this 

hypothesis.

IFN-γ and IL-2 cytokine-secretion profiles of T cells can help differentiate effector and 

memory T-cell populations [42]. More recently, a paradigm for different models of viral 

infection based on antigen load and exposure reflected by distinct functional cytokine 

signatures of T cells has been proposed [16]. In this paradigm, a predominantly IFN-γ 

secreting T-cell signature is associated with conditions of acute antigen exposure or 

uncontrolled chronic persistent infections (e.g. HIV) while a predominant IL-2 secreting T-

cell signature is associated with acute cleared infections (e.g. influenza) [17,43,44].

In view of the current model of influenza [16,19] and considering that circulation of 

influenza A virus in our study population ceased by the end of February 2009 (>6 months 

prior to recruitment) [20], we expected to observe a predominant IL-2 or predominant dual 

IFN-γ/IL-2 cytokine-secreting T-cell response corresponding to a shift from effector to 

memory cells following resolution of infection and antigen clearance [16]. Our finding of 

predominance of IFN-γ-only-secreting cells, a signature of effector T-cell populations 

associated with acute infection and high-antigen load, [17,45] was surprising.

We therefore investigated whether this unexpected finding might have been an artefact of 

our experimental system. A predominance of peptide-specific IFN-γ-only-secreting T cells 

from a PBMC population might reflect relative predominance of CD8+ T cells inherently 

more efficient than CD4+ T cells at producing IFN-γ. However, regardless of the mode of 
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antigen stimulation, whether PBMCs were stimulated with live virus to mimic naturally 

processed antigens or inactivated virus to simulate processing of recombinant proteins for 

preferential recognition by CD4+ T cells, the heterosubtypic response was dominated by 

IFN-γ-only-secreting T cells. Further, comparison of the magnitude of CD4+ and CD8+ T 

cells secreting IFN-γ-only on flow cytometry showed no significant difference. The 

predominance of IFN-γ-only-secreting T cells to homosubtypic sH1N1 and heterosubtypic 

pH1N1 suggests a phenomenon generally applicable to influenza A viruses. A recent report 

also found a similar predominance of IFN-γ-only-secreting influenza virus-specific CD8+ T 

cells [46]. The possibility that fluorescence-immunospot assay preferentially enumerates 

IFN-γ rather than IL-2 thereby biasing our results is also unlikely given that this assay 

revealed a predominance of IFN-γ/IL-2 dual-secreting T cells in response to Mycobacterium 

tuberculosis antigens in patients with latent TB infection [18].

The surprising predominance of IFN-γ-only-secreting T cells seems real. One possible 

explanation for this unexpected finding may be that influenza, like other acute respiratory 

viral infections, causes repeated infections and cumulative antigen exposure over a lifetime 

in humans. Murine models of repeated acute infections demonstrate that each repeated 

antigen exposure results in a preferential diminution of antigen-specific memory T cells 

secreting IL-2 without a concomitant decrease in IFN-γ-secreting cells along with a 

movement of memory cells to non-lymphoid compartments including the blood and 

peripheral organs [47,48]. This implies that each antigen exposure increases the proportion 

of peripherally circulating antigen-specific IFN-γ-only-secreting to IL-2-only-secreting 

memory T cells, consistent with our findings in humans. Despite recurrent acute infections 

being the commonest form of infection, our model of cumulative antigenic exposure from 

multiple repeated acute infections is hitherto undescribed in humans, in contrast to other 

well-defined models of acute, chronic and latent infections [16,49,50]. Our conclusions 

suggest that recurrent acute infections skew development of antigen-experienced memory T-

cells toward an activated circulating IFN-γ-only-secreting effector memory functional subset 

primed to protect against inevitable subsequent infections, analogous to what has been 

observed following respiratory viral infections in mice [51].

If our model of influenza infection as one of increasing cumulative antigen exposure is 

appropriate, it follows that fewer antigen exposures or remote encounters would be 

associated with an increased proportion of IL-2-secreting cells. Interestingly, we identified a 

subgroup of individuals (approximately 25% of the cohort) in whom the proportion of 

antigen-specific IL-2-only and IFN-γ/IL-2-dual cytokine response was higher than the IFN-

γ-only response. Ascertaining whether an immunological profile of influenza-specific 

memory dominated by IL-2-only or IFN-γ/IL-2-dual cytokine-secreting T cells reflects few 

remote influenza exposures while an IFN-γ-only dominant profile marks multiple repeated 

antigen exposures will require a long-term immuno-epidemiological follow-up of 

individuals over multiple influenza seasons. Alternatively, given our current lack of 

knowledge of the time required for development of T-cell memory as manifested by 

development of IL-2-secreting T cells in the setting of natural viral infection in humans, our 

findings may instead reflect a slow and variable kinetic for the shift from IFN-γ-secreting 
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effector to IL-2-secreting memory T-cell predominance following influenza infection in 

humans.

In summary, our study, the first to report the prevalence of cytokine-secreting 

heterosubtypic cellular immune responses to influenza, revealed a high prevalence of 

pH1N1-reactive T cells and a surprising predominance of IFN-γ-only-secreting T cells in 

pH1N1 sero-negative adults. This novel immunological observation offers a hint toward an 

additional model of recurrent acute viral infections in humans that progressively biases 

development of T-cell memory toward an effector memory IFN-γ-only-secreting population, 

as observed in murine models. If heterosubtypic T-cell populations do indeed mediate 

protection against symptoms and disease severity, the high prevalence of IFN-γ-only-

secreting effector memory CD8+ T cells with lung homing and cytotoxic potential may 

possibly explain key epidemiological observations of the current pandemic.

Materials and methods

Study population

Healthy adult (>18 years) staff and students at Imperial College London were recruited after 

providing written informed consent between September and November 2009. Individuals 

likely to be vaccinated with the pandemic influenza vaccine were excluded. Frontline 

healthcare workers, pregnant women, individuals with asthma, diabetes or chronic 

respiratory disease and individuals on immunosuppressive medication were specifically 

excluded. No participants were vaccinated with pandemic H1N1 influenza vaccine at the 

time of recruitment. Demographic information, information on risk factors for acquiring 

influenza infection and history of previous influenza vaccination were recorded at the time 

of recruitment. This study was approved by the North West London Research Ethics 

Committee on 9th September 2009 (study reference number 09/H0724/27).

Sample collection and processing

Blood was collected for isolation of PBMCs and serum. PBMCs were isolated by Ficoll-

Paque PLUS (Amersham Biosciences) density centrifugation, washed twice in RPMI-1640 

(Sigma-Aldrich) and suspended in RPMI-1640 supplemented with 10% foetal calf serum 

(Invitrogen). PBMCs were cryopreserved in heat-inactivated foetal calf serum supplemented 

with 10% DMSO (Sigma-Aldrich) at −180°C in liquid nitrogen. All assays were undertaken 

using cryopreserved PBMCs.

Virus, vaccines and peptides

Fifteen-mer overlapping peptides (overlapping by 10 aa) representing the entire length of 

NP, M1 and PB1 of A/California/04/09 virus strain were synthesised (Pepceuticals, Oxford, 

UK). The A/California/04/09 is the reference strain for the pandemic H1N1 virus and was 

isolated at the start of the 2009–2010 pandemic. Peptide pools with 25 peptides per pool 

were prepared with each peptide at a final concentration of 5 μg/well. Live pH1N1 virus was 

obtained by growing A/England/195/09 strain in eggs. The inactivated reassortant strain 

NYMCX-179A and IVR-148 used for making the pH1N1 vaccine and sH1N1 vaccine, 

respectively in 2009–2010 were purchased from NIBSC, UK.
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Fluorescence immunospot

The fluorescence-immunospot assay was used to enumerate T cells expressing IFN-γ and 

IL-2 cytokines and a detailed protocol has been previously described [18]. PBMCs (250,000 

cells/well in 120 μL) were stimulated with only media (negative control), 5 μg/mL PHA 

(positive control), overlapping peptide pools, live pH1N1 virus (MOI = 1), mock-infected 

allantoic fluid (negative control when live pH1N1 virus was used), pH1N1 vaccine strain or 

sH1N1 vaccine strain (10 μg/well) for 18 h. SFCs were counted using an ELISPOT IFL-

reader (AID iSpot, Autoimmun Diagnostika GmbH). Size and intensity settings of the 

counted cells were predefined and unchanged throughout.

Individuals were deemed as responders if the IFN-γ and IL-2 antigen-specific response was 

greater than 20 and 28 SFC/million PBMCs, respectively and greater than two times the 

average of the individual’s negative control well. These cut-offs equate to 2 standard 

deviations of the mean value of the background wells in 62 independent observations 

generated from this study and therefore encompass 95% of standard variation for a negative 

result. For antigens where either the IFN-γ or IL-2 response was deemed to have been 

positive, the frequency of antigen-specific response was calculated by subtracting the 

frequency of response in the antigen well from the average frequency of the negative-control 

wells. The magnitude of response to each individual protein (i.e. NP, PB1 and M1) was 

calculated as the sum total of the antigen-specific response of all pools containing only 

peptides corresponding to each individual protein.

Flow cytometry

PBMCs were stimulated with mock-infected allantoic fluid (negative control), phorbol 

myristate acetate (PMA)/Ionomycin (positive control) or live pH1N1 (A/England/09/195) 

virus (MOI = 1) for 16 h to maintain consistency with the Fluorescence-immunospot assay 

Monesin A (Sigma-Aldrich) which was added 1 h after addition of stimulus and cells were 

incubated for 16 h.

Staining with CD107a (clone H4A3, BD Biosciences) and CD107b (clone H4B4, BD 

Biosciences) was undertaken at the time of stimulation. Cells were stained with aqua amine-

reactive viability dye (Invitrogen) as a live/dead marker and surface staining was undertaken 

using a suitable combination of fluorochrome-labelled anti-human CD3 (clone SK7, BD 

Biosciences), CD4 (clone S3.5, Invitrogen), CD8 (clone RPA-T8, BD Biosciences), CCR7 

(clone 3D12, BD Biosciences), CD45RA (clone MEM-56, Invitrogen) and CXCR3 (clone 

1C6, BD Biosciences) markers. Intracellular cytokine staining (ICS) was performed with 

BD cytofix/cytoperm plus kit according to the manufacturer’s instructions and cells were 

stained with IFN-γ (cloneB27, BD Biosciences) and IL-2 (clone MQ1–17H12, BD 

Biosciences) and TNF-α (clone 6401.111, BD Biosciences) antibodies. Fluorescence minus 

one controls stimulated with live pH1N1 virus were used for identifying positive 

populations of CCR7, CD107, CXCR3 and CD45RA. In all samples, at least 0.5 million 

events were collected and analysed. Antigen-specific cytokine responses were calculated 

only if the responses were greater than 0.001% of the parent population and greater than 

twice the negative-control sample. Flow cytometric analyses were performed using an 

LSRII (BD Biosciences) and data were analysed with Flow Jo (Tree Star) software.
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Haemagglutination inhibition assay

Antibody responses were detected by use of Haemagglutination inhibition assay according 

to standard methods at the Centre for Infections, Health Protection Agency (London, UK) 

and National Institute for Health and Welfare (Helsinki, Finland). The virus strains used 

were the A/England/195/2009 and the A/California/07/2009.

Statistical analysis

Mann-Whitney 2-tailed U-test or Kruskall-Wallis test was used to identify statistically 

significant differences between groups, accounting for multiple comparisons. For the 

analysis of flow cytometry results, due to the sample size, results from the different 

subgroups were compared using two-sided matched pair non-parametric one-way ANOVA. 

Graphpad prism version 4 was used for statistical analysis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Pre-existing cross-reactive memory T-cell responses to pH1N1 core proteins in pH1N1 
sero-negative individuals
Total magnitude of ex vivo PBMC responses from the (A) IFN-γ-only, (B) IL-2-only, and 

(C) IFN-γ/IL-2 dual cytokine-secreting subsets to overlapping peptide pools of PB1, M1 and 

NP of pH1N1 (A/California/04/09) virus in each individual was measured by fluorescence 

immunospot. Individuals are shown in the same order in (A through C) (n = 33). PB1: 

polymerase basic protein 1, M1: matrix protein 1, NP: nucleoprotein, SFCs: spot forming 

cells, PBMCs: peripheral blood mononuclear cells. Haemagglutination inhibition assay was 

performed to confirm sero-negativity to H1 of A/England/195/09 and A/California/04/09. 

Sridhar et al. Page 15

Eur J Immunol. Author manuscript; available in PMC 2015 January 30.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



Magnitude of ex vivo PBMC responses from the IFN-γ only, IL-2 only and IFN-γ/IL-2 dual-

secreting subsets to overlapping peptide pools of (D) PB1, (E)M1, (F) NP, and (G) the 

summed response to PB1, M1 and NP of pH1N1 (A/California/04/09) virus. Each symbol 

represents a single individual and horizontal lines represent the median response. 

Differences between subset responses were estimated by Kruskall-Wallis test. Pie charts 

represent mean proportions of cytokine-secreting responses. Non-responders to antigens 

excluded, PB1: n = 24, M1: n = 21, NP: n = 28, All antigens: n = 30.
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Figure 2. Prevalence of pH1N1 cross-reactive memory T-cell responses
The proportion of pH1N1 sero-negative individuals with ex vivo PBMC responses to 

overlapping peptide pools of (A) PB1, M1 and NP of pH1N1 (A/California/04/09) and (B) 

sH1N1 vaccine strain, pH1N1 vaccine strain and live pH1N1 virus from IFN-γ-only (black 

bars), IL-2-only (grey bars) and IFN-γ/IL-2 dual (white bars) cytokine-secreting subsets (n = 

33) was evaluated by fluorescence immunospot. Each bar represents the average proportion 

and error bars represent upper 95% confidence interval.
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Figure 3. Cross-reactive memory T-cell responses to naturally processed pH1N1 epitopes
The magnitude of ex vivo PBMC responses from the IFN-γ only, IL-2 only, and IFN-γ/IL-2 

dual cytokine-secreting subsets to (A) pH1N1 live virus (A/England/195/2009), (B) pH1N1 

vaccine strain (A/California/07/09, NYMCX-179A) and (C) sH1N1 vaccine strain (A/

Brisbane/10/2007, IVR-148) in pH1N1 sero-negative individuals was determined by 

fluorescence immunospot. Each symbol represents a single individual and horizontal lines 

represent medians. Pie charts represent mean proportions of cytokine-secreting responses to 

(D) pH1N1 vaccine strain, (E) pH1N1 live virus and (F) sH1N1 vaccine strain. Differences 

between subset responses were estimated by Kruskall-Wallis test. Non-responders to 

stimulation excluded, pH1N1 vaccine n = 16, pH1N1 live virus n = 15, sH1N1 vaccine = 16.

Sridhar et al. Page 18

Eur J Immunol. Author manuscript; available in PMC 2015 January 30.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



Figure 4. pH1N1-specific cross-reactive memory IFN-γ+IL-2− CD4+ and CD8+ T cells are 
predominantly effector memory
PBMCs stimulated with live pH1N1 virus or allantoic fluid (unstimulated) for 16 h were 

stained for surface markers of memory and intracellular cytokines. PBMCs were gated on 

live, single cells, lymphocytes, CD3+, CD4+ or CD8+. The frequency of IL-2 and IFN-γ 

secreting cells was analysed separately for CD4+ and CD8+ cells in each pH1N1 sero-

negative donor. (A-B) A representative example from one pH1N1 sero-negative donor 

stimulated with pH1N1 live virus (A/England/195/2009) is shown. Gates for CD45RA and 

CCR7 were identified from FMO control samples. PBMCs were gated on (A) 

CD3+CD4+CD8− or (B) CD3+CD4−CD8+ lymphocytes, cells stained for CD45RA and 

CCR7 in each quadrant are shown in central plot. Frequency of IFN-γ and IL-2 secretion for 

the different memory subsets based on CD45RA and CCR7 expression is shown. Number in 

the plot represents the frequency of cytokine-secreting cells in the stimulated sample minus 

the negative control sample. (C-D) Frequency of IFN-γ and IL-2 secretion for each cytokine 
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subset for (C) CD8+ and (D) CD4+ cells in 12 individuals is shown. Individual responses are 

represented by symbols and horizontal lines represent median responses. Differences 

between groups were analysed by Kruskall-Wallis test accounting for multiple comparisons. 

(E-F) Proportion of (E) CD8+ and (F) CD4+ IFN-γ+IL-2− T cells that were effector memory 

(CCR7−CD45RA−), effector (CCR7−CD45RA+) and central memory (CCR7+CD45RA−) 

phenotype was determined by flow cytometry. Responses for individuals with a positive 

IFN-γ+IL-2− CD8+ (six individuals) and CD4+ (three individuals) T-cell response (C and D) 

are represented by symbols and horizontal lines represent median responses. Differences 

between groups were analysed by Kruskall-Wallis test accounting for multiple comparisons. 

(G) Expression of CD107 on CD8+ IFN-γ-only-secreting T cells. Histogram shows the 

staining of CD107 on stimulated cells (black line histogram) compared to unstimulated 

(grey-filled histogram) for one sample representative of 12 individuals. The number 

represents the average proportion and standard deviation of CD107+ cells from 11 

individuals. (H) Representative example of expression of lung trafficking receptor CXCR3 

on CD8+ IFN-γ-only-secreting cells stimulated with live pH1N1 virus. Histogram shows the 

staining of CXCR3 on stimulated cells (black line histogram) compared to fluorescence 

minus one control (grey-filled histogram). Number at the top of the histogram represents the 

average proportion and standard deviation of CD8+ IFN-γ-only-secreting cells that are 

CXCR3+. Example shown is representative of four individuals.
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Figure 5. Previous influenza vaccination does not affect magnitude or cytokine-secreting profile 
of cross-reactive T-cell memory responses to pH1N1
(A–C) Magnitude of ex vivo PBMC responses from the IFN-γ only, IL-2 only and IFN-γ/

IL-2 dual-secreting subsets to overlapping peptide pools of (A) PB1, (B) M1, and (C) NP of 

pH1N1 (A/California/04/09) virus, (D) pH1N1 live virus or (E) pH1N1 vaccine strain in 

pH1N1 sero-negative individuals among those who reported having the 2008 seasonal 

influenza vaccine (n = 14) and those who did not have the vaccine (n = 17) as determined by 

fluorescence immunospot. Bars show mean responses with standard error of the mean. Pie 

charts represent mean proportions of cytokine-secreting responses.
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