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There is limited information on the antigen specificity and 
functional potential of the influenza virus–specific CD4+ T-cell 
repertoire in humans. Here, enzyme-linked immunospot assays 
were used to examine circulating CD4+ T-cell specificities for 
influenza virus directly ex vivo in healthy adults. Our stud-
ies revealed CD4+ T-cell reactivity to multiple influenza virus 
proteins, including hemagglutinins, neuraminidases, M1 pro-
teins, and nucleoproteins. Unexpectedly, the immunodom-
inance hierarchies and functional potential of cells reactive 
toward influenza A virus were distinct from those toward influ-
enza B virus. We also identified influenza virus–specific cells 
producing granzyme B.  Our findings revealed individual and 
virus-specific patterns that may differentially poise humans to 
respond to infection or vaccination.
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CD4+ T cells have multiple functions in protective immunity 
against influenza. These activities include assisting in the pro-
duction of high-affinity, class-switched neutralizing and pro-
tective antibodies, as well as secreting cytokines that aid in 
recruitment and activation of innate immune effector cells. 
CD4+ T cells also promote the expansion, development of the 
effector function, and establishment of memory CD8+ T cells 
and may directly mediate cytolysis of infected cells [1–3]. 
These functions all may potentiate anti-influenza immunity, 

promoting neutralization of virus or accelerating viral clearance 
upon infection.

Despite the importance of CD4+ T cells in protection from 
influenza, our understanding of the breadth, specificity, and 
functionality of CD4+ T cells in humans with complex influ-
enza exposure histories is limited. Previous studies were limited 
by small sample numbers [4], expansion of CD4+ T cells prior 
to response characterization [5], and preselection of potential 
epitopes by use of predictive algorithms [6] or particular major 
histocompatibility complex types [7] that may bias accurate esti-
mates of the influenza virus–specific CD4+ T-cell repertoire in 
typical adults. In addition, CD4+ T cells have often been quan-
tified by using the production of interferon γ (IFN-γ) as a sole 
indicator of CD4+ T-cell frequency [4–6], potentially underesti-
mating the functional potential of the influenza virus–reactive 
cells. A striking deficit also exists in our understanding of CD4+ 
T-cell reactivity to influenza B virus, which causes substantial 
disease worldwide [8].

To better understand the influenza virus–specific memory 
CD4+ T cells available for recall in the general population, we 
analyzed reactivity directly ex vivo from peripheral blood mono-
nuclear cells (PBMCs) isolated from a large cohort of healthy 
adults by using enzyme-linked immunospot (ELISPOT) assays, 
enumerating CD4+ T-cell reactivity by use of overlapping pep-
tide libraries representing the entire translated sequence of 12 
different influenza virus–derived proteins. These data quantify-
ing the circulating CD4+ T-cell repertoire specific for influenza 
viral proteins at both the population level and among individ-
ual subjects provide the insight needed to begin to identify 
correlates of protection against acute infection and to enable 
the prediction of vaccine responses and the implementation of 
novel vaccination strategies.

MATERIALS AND METHODS

Synthetic Peptides and Libraries

17-mer peptides overlapping by 11 amino acids encom-
passing the entire translated sequences of the viral proteins 
were obtained from the Biodefense and Emerging Infections 
Research Repository, National Institute of Allergy and 
Infectious Diseases, National Institutes of Health. The  peptide 
arrays included A/New Caledonia/20/99(H1N1) hemagglu-
tinin (sH1; NR-2602) and neuraminidase (N1; NR-2606),  
A/California/04/09(H1N1) hemagglutinin (pH1; NR-15433),  
A/New York/384/2005(H3N2) hemagglutinin (H3; 
NR-2603) and neuraminidase (N2; NR-2608), A/New 
York/348/2003(H1N1) nucleocapsid protein (NP; NR-2611) 
and matrix protein (M1; NR-2613), A/New York/444/2001 
 nonstructural protein 1 (NS1; NR-2612), and B/Florida/04/2006 
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hemagglutinin (HA-B; NR-18972), neuraminidase (NA-B; 
NR-19254), nucleocapsid protein (NP-B; NR-36045), and 
matrix protein (M1-B; NR-36046). A  negative peptide pool 
encompassing 111 peptides from Sin Nombre Virus (NM H10) 
glycoprotein precursor protein (NR-4764) was also used. All 
peptides from a given protein were combined, with each pep-
tide present at a final concentration of 1 μM in assays.

Isolation of PBMCs From Human Blood Specimens

Following approval from the Division of Microbiology and 
Infectious Diseases  (DMID) and the University of Rochester 
Research Subjects Review Boards (protocols 07-009 and 
14-0064), blood specimens were obtained from a group of 45 
healthy subjects 20–68 years of age who had provided informed 
consent. Plasma was removed, and PBMCs were isolated and 
frozen in fetal calf serum (Gibco) containing 10% dimethyl sulf-
oxide (Sigma-Aldrich) at a concentration of 15 million cells/mL. 
After thawing and overnight rest in culture, cells were washed 
and depleted of CD8+ and CD56+ T cells, using MACS microbe-
ads per the manufacturer’s instructions (Miltenyi Biotec).

ELISPOT Assay

ELISPOT assays were performed as previously described 
[9]. Briefly, CD8- and CD56-depleted PBMCs were cultured 
with peptides on plates coated with 10  μg/mL anti-human 
IFN-γ (clone 1-D1K) or anti-human interleukin 2 (IL-2; clone 
MT2A91/2C95) for 36 hours at 37°C in 5% CO2 or on plates 
coated with 15 μg/mL anti-human granzyme B (GzmB; clone 
GB10) for 60 hours at 37°C in 5% CO2. After incubation, plates 
were washed and incubated with biotinylated anti-human 
IFN-γ (2 μg/mL; clone 7-B6-1), IL-2 (1 μg/mL; clone MT8G10), 
or GzmB (2 μg/mL; clone GB11) in wash buffer with 10% fetal 
calf serum for 2 hours. All antibodies were purchased from 
MabTech. The plates were washed and developed to detect 
mediators as previously described [9]. Quantification of cyto-
kine-secreting cells was performed with an Immunospot reader 
(series 5.2), using Immunospot software, v5.1.

Statistics

Data are presented as the frequency of mediator-producing 
cells per million CD8- and CD56-depleted PBMCs. Means 
are depicted by a horizontal line, with statistical differences 
between protein conditions calculated using the Kruskal-Wallis 
test with the Dunn post hoc test. A P value of <.05 was consid-
ered statistically significant.

RESULTS

Because of gaps in our understanding of the circulating influ-
enza virus–specific CD4+ T-cell repertoire, we designed a strat-
egy anticipated to provide a generalizable estimate of the range 
in abundance and specificity of human CD4+ T cells reactive 
with influenza viral proteins and the diversity in CD4+ T-cell 
reactivity among individuals. Because the protein specificity of 

influenza virus–reactive CD4+ T cells could be strongly influ-
enced by factors such as the frequency and type of influenza 
virus encounters (ie, infection vs vaccination), and because 
of the importance of influenza virus protein specificity in 
responses to infection [10] and vaccination [9], we sought to 
comprehensively evaluate antigen specificity and ascertain 
whether there were any detectable protein-dependent patterns 
in CD4+ T-cell reactivity.

A large cohort of 45 healthy adult subjects aged 22–68 years 
with no recorded recent history of influenza virus infection or 
vaccination was sampled (Supplementary Figure  1). PBMCs 
depleted of CD8+ T cells and natural killer cells were tested for 
reactivity to hemagglutinin, neuraminidase, NP, NS1, and M1 
from circulating influenza viruses, using complete pools of over-
lapping peptides representing the entire translated sequence of 
each viral protein as stimulating antigens. ELISPOT assays were 
used to quantify reactivity directly ex vivo, scoring the abun-
dance of influenza virus–reactive cells producing IFN-γ, IL-2, 
or GzmB (Figure 1). These mediators were chosen to quantify 
reactivity because IFN-γ is a key T-helper type 1 (Th1) effector 
cytokine, IL-2 has important functions in CD8+ T-cell prolifer-
ation and memory differentiation [11] and in the differentia-
tion of cytotoxic CD4+ T cells [12], while GzmB is an important 
effector molecule for cytotoxicity [2, 12].

The results of these studies (Figure 1) demonstrated that most 
healthy adults had a broad influenza virus–specific CD4+ T-cell 
repertoire, with IFN-γ– and IL-2–producing CD4+ T cells reac-
tive against many influenza A and B virus proteins. Within this 
diverse and highly variable influenza virus–specific CD4+ T-cell 
repertoire, an overarching hierarchy in CD4+ T-cell reactivity 
to different influenza viral proteins was observed. For influenza 
A virus (Figure 1), the most dominant reactivity was detected for 
epitopes derived from NP and M1, with more modest responses 
toward H3 and neuraminidase and generally the weakest 
responses toward H1 and NS1. Strikingly, marked differences in 
the immunodominance pattern were observed when reactivity 
to influenza B virus was quantified (Figure 1). Unlike influenza 
A  virus–specific responses, anti–HA-B specific  CD4+ T cells 
dominated the influenza B virus–specific response, with abun-
dant neuraminidase-specific responses also detectable in many 
subjects. Reactivity to influenza B virus M1 and NP was modest. 
When IL-2 was used to assess reactivity to influenza viral pro-
teins, it generally mirrored the hierarchies detected with IFN-γ, 
with a greater frequency of IFN-γ–producing cells for all influ-
enza virus protein specificities. This Th1 bias supports the likeli-
hood that, as adults, most of the subjects recruited for this study 
had been infected with influenza virus during their lifetime.

Figure 1D demonstrates the striking differences in the immu-
nodominance hierarchies among influenza A and B virus–reac-
tive cells. The average influenza virus protein–specific ELISPOT 
responses to the strain of viruses indicated above each panel 
were summed and a pie diagram constructed, where each slice 
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of the pie depicts the relative fraction of the response dedicated 
to hemagglutinin, neuraminidase, NP, and M1 for each virus. 
It is clear that influenza B virus hemagglutinin–reactive CD4+ 
T cells (indicated in red) far outnumbered the other influenza 

B virus specificities, while M1 (indicated in yellow) dominated 
influenza A virus–reactive cells.

There has been an increasing appreciation of the importance 
of cytotoxic CD4+ T cells in protection from influenza, both 
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Figure 1. A–C, Influenza virus–reactive CD4+ T cells secreting interferon γ (IFN-γ; A), interleukin 2 (IL-2; B), and granzyme B (GzmB; C) have diverse antigen specificity. 
Enzyme-linked immunospot (ELISPOT) analyses were performed following restimulation with peptide pools spanning the entire coding sequences of the sH1, pH1, H3, N1, 
N2, NP, NS1, M1, HA-B, NA-B, NP-B, and M1-B proteins (see Materials and Methods for descriptions of proteins). Responses are shown as the spot count per 106 CD8- and 
CD56-depleted peripheral blood mononuclear cells (PBMCs) with background subtracted. Donors are indicated by unique symbols (Supplementary Figure 1), with mean values 
designated by black lines. **P ≤ .01, ***P ≤ .001, and ****P ≤ .0001, by the Kruskal-Wallis test with the Dunn post hoc test, for differences between influenza A virus and 
corresponding influenza B virus proteins. D, Differences in immunodominance hierarchies among CD4+ T cells specific to influenza A and influenza B viruses. Each slice of the 
pie depicts the relative fraction of the CD4+ T-cell response dedicated to hemagglutinin (red), neuraminidase (blue), nucleoprotein (green), and matrix protein (yellow), based 
on IFN-γ ELISPOT values. The total number of cytokine spots for the indicated proteins within each virus ranged from approximately 600–700 spots per 106 CD8- and CD56-
depleted PBMCs. A(H1N1)pdm09, 2009 pandemic influenza A(H1N1) virus.

http://academic.oup.com/jid/article-lookup/doi/10.1093/infdis/jiy288#supplementary-data


1172 • JID 2018:218 (1 October) • BRIEF REPORT

within infected lungs in animal models [13] and in peripheral 
blood during human challenge studies [14]. We therefore sought 
to directly quantify the cytotoxic potential of influenza virus–
specific CD4+ T cells, using GzmB ELISPOT assays (Figure 1C). 
We speculated that cytotoxic functionality might be enriched in 
CD4+ T-cell specificities directed against viral antigens at high 
abundance after infection, when inflammatory mediator pro-
duction and viral protein expression are elevated. However, in 
contrast to the diverse viral CD4+ T-cell specificities detectable 
by IFN-γ and IL-2 production, our studies revealed that GzmB-
reactive cells were largely restricted to HA-B and M1, with a 
lower frequency of responses directed against influenza A virus 
NP– and NA–derived epitopes. NP-B–, H1-, and M1-B–reac-
tive CD4+ T cells from most subjects did not produce detectable 
GzmB, and, surprisingly, NS1-reactive cells, elicited only by 
infection, also produced very little GzmB.

To further evaluate any protein-specific biases in GzmB pro-
duction, the ratio of GzmB-producing cells to either IFN-γ– or 
IL-2–producing cells was examined, with the ratio of IFN-γ– to 

IL-2–producing cells serving as a comparator group (Figure 2). 
While the ratio of IFN-γ– to IL-2–producing cells among CD4+ 
T cells specific for influenza virus proteins was relatively com-
parable for all subjects (Figure 2C), quantification of the ratio 
of GzmB- to IFN-γ–producing cells (Figure 2A) and the ratio 
of GzmB- to IL-2–producing cells (Figure 2B) revealed that the 
frequency of GzmB-producing CD4+ T cells relative to the other 
mediators was not equivalent among CD4+ T cells of different 
viral specificities. The lowest frequency of CD4+ T cells produc-
ing GzmB relative to those producing either IFN-γ or IL-2 was 
detected in response to H1 and NP-B. These data support the 
existence of protein-specific biases in the functional potential of 
influenza virus–reactive cells.

DISCUSSION

The results presented here demonstrate the substantial diver-
sity in the influenza virus–specific CD4+ T-cell repertoire in 
healthy adults, as well as the variability in the abundance and 
functional potential of cells specific for different influenza viral 
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Figure 2. Protein-specific biases in the production of granzyme B (GzmB). Using the previously quantified cell frequencies as measured by enzyme-linked immunospot anal-
ysis, we calculated the ratio of GzmB-producing CD4+ T cells to interferon γ (IFN-γ)–producing CD4+ T cells (GzmB:IFN-γ ratio; A) and the ratio of GzmB-producing CD4+ T cells 
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ratio; C) serving as a comparator. While the IFN-γ:IL-2 ratio was relatively similar across all viral specificities, there was variability in the frequency of GzmB production among 
CD4+ T cells specific for different viral antigens. Donors are indicated by their symbols, with mean values from all subjects depicted with black lines. *P ≤ .05, **P ≤ .01, and 
****P ≤ .0001, by the Kruskal-Wallis test with the Dunn post hoc test, for differences between influenza A virus and corresponding influenza B virus proteins.
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antigens. These studies reveal that many adults have robust and 
diverse influenza viral antigen specificities in their CD4+ T-cell 
compartment. While most individuals had Th1-biased CD4+ 
T-cell reactivity directed against many different influenza virus 
proteins, the production of GzmB by CD4+ T cells was largely 
restricted to those specific for HA-B and influenza A virus M1 
and NP, with an almost undetectable number of granzyme-pro-
ducing cells specific for H1 and NP-B.

The most unexpected aspect of our data is the marked dif-
ference in human CD4+ T-cell immunodominance and cell 
functionality present between the influenza A  and influenza 
B viral proteins. While for influenza A  virus, CD4+ T cells 
specific for internal virion proteins dominate the response, 
the reverse was seen for influenza B virus, where HA-B was 
immunodominant. These findings raised the possibility that 
influenza viral protein abundance within virions might differ. 
However, a similar abundance of these proteins was found 
within the influenza A  and influenza B virions from which 
most inactivated vaccines are made [15]. To better understand 
the differences noted here between influenza A and B virus–
specific immunity, additional knowledge of the persistence 
of influenza B virus antigens, the frequency of infection with 
these distinct viruses, and the inflammatory responses elic-
ited by influenza A virus versus influenza B virus is necessary. 
Interestingly, the growing use of quadrivalent vaccines that 
contain twice the amount of influenza B virus hemagglutinin 
may serve to further accentuate the disparities in the influenza 
A  virus– and influenza B virus–specific CD4+ T-cell reper-
toires noted in this study.

Given this diverse and variable circulating CD4+ T-cell reper-
toire in healthy adults, questions regarding how to best use vacci-
nation to enhance CD4+ T-cell reactivity against influenza virus 
and provide broad and durable protective immunity are raised. 
Future studies are needed to improve our understanding of which 
CD4+ T-cell subsets are critical for influenza protection and to 
develop vaccination platforms that allow for targeted boosting of 
these specificities. Such knowledge is crucial for successful novel 
vaccination strategies that enhance cellular immunity, allowing 
for broader cross-reactive protection across human populations.

Supplementary Data

Supplementary materials are available at The Journal of Infectious 
Diseases online. Consisting of data provided by the authors to 
benefit the reader, the posted materials are not copyedited and 
are the sole responsibility of the authors, so questions or com-
ments should be addressed to the corresponding author.
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