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Abstract

Within overall Th1-like human memory T cell responses, individual T cells may express only some of the characteristic Th1
cytokines when reactivated. In the Th1-oriented memory response to influenza, we have tested the contributions of two
potential mechanisms for this diversity: variable expression of cytokines by a uniform population during activation, or
different stable subsets that consistently expressed subsets of the Th1 cytokine pattern. To test for short-term variability, in
vitro-stimulated influenza-specific human memory CD4+ T cells were sorted according to IL-2 and IFNc expression, cultured
briefly in vitro, and cytokine patterns measured after restimulation. Cells that were initially IFNc+ and either IL-2+ or IL-2-
converged rapidly, containing similar proportions of IL-2-IFNc+ and IL-2+IFNc+ cells after culture and restimulation. Both
phenotypes expressed Tbet, and similar patterns of mRNA. Thus variability of IL-2 expression in IFNc+ cells appeared to be
regulated more by short-term variability than by stable differentiated subsets. In contrast, heterogeneous expression of IFNc
in IL-2+ influenza-specific T cells appeared to be due partly to stable T cell subsets. After sorting, culture and restimulation,
influenza-specific IL-2+IFNc- and IL-2+IFNc+ cells maintained significantly biased ratios of IFNc+ and IFNc- cells. IL-2+IFNc-
cells included both Tbetlo and Tbethi cells, and showed more mRNA expression differences with either of the IFNc+
populations. To test whether IL-2+IFNc-Tbetlo cells were Thpp cells (primed but uncommitted memory cells, predominant in
responses to protein vaccines), influenza-specific IL-2+IFNc- and IL-2+IFNc+ T cells were sorted and cultured in Th1- or Th2-
generating conditions. Both cell types yielded IFNc-secreting cells in Th1 conditions, but only IL-2+IFNc- cells were able to
differentiate into IL-4-producing cells. Thus expression of IL-2 in the anti-influenza response may be regulated mainly by
short term variability, whereas different T cell subsets, Th1 and Thpp, may contribute to variability in IFNc expression.
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Introduction

The major immune mechanism of protective immunity to

influenza virus is often considered to be neutralizing antibody,

partly because the seasonal variation in influenza strains involves

mainly antibody epitopes. However, CD4 T cells may also play an

important role in immunity to influenza [1–5]. CD4 cells could

provide help to induce antibody production by B cells, induce

effector CD8 T cells, and protect the host by helper-independent

mechanisms [4,6]. T cell responses may also be significant as a

cause of immunopathogenesis [4,7]. Influenza-specific human

CD4 T cell memory responses are biased strongly towards Th1

cells, producing TNFa, IFNc and IL-2 on activation. IFNc
contributes indirectly and directly to protection, inhibits the Th17

response and can cause immunopathogenesis [4]. However, not all

influenza-specific CD4 T cells express both IL-2 and IFNc.

Within an overall Th1 response, individual cells may express

subsets of the Th1 cytokine pattern [8]. ‘‘Multifunctional’’ T cells

produce a greater number of cytokines, and an increased

proportion of multifunctional cells correlates with better protection

against Leishmania major in mice [9], slower progression of HIV

infection to AIDS [10], and protection by vaccines against yellow

fever [11–13], and vaccinia virus [14]. However, in tuberculosis

[15], multifunctional T cells correlate with increased disease.

Diverse cytokine patterns can be explained by either variable

expression of Th1 cytokines by bona fide Th1 cells, or multiple T

cell differentiation phenotypes, or a combination of these two

possibilities. Expression of some cytokine genes appears to be

regulated by a stochastic or probabilistic mechanism, for example

IL-4 in a pure Th2 population [16], or IL-2 and IFNc in a Th1

population [8]. Stochastic expression of IL-4 and IL-2 could be

due to the same mechanism that causes mono-allelic expression of

IL-4 [17,18] and IL-2 [19]. In humans, the Th2 cytokines IL-4

and IL-5 are often expressed by different cells if memory cells are

stimulated directly ex vivo, but are expressed simultaneously by

many cells after in vitro culture [20],(Y. Huang, and T.R.

Mosmann, unpublished). Less is known about variable IL-2 and

IFNc expression in human memory cells. The stochastic model
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could explain preferential multi-producer or single-producer

responses, if it is assumed that different immune responses alter

the probability of stochastic expression.

Variability of cytokine expression could also be explained by a

combination of two or more different T cell phenotypes, in which

the different cytokine patterns are expressed by cells in stable states

of differentiation, such as primed T helper cell precursors (Thpp),

which express IL-2 but not effector cytokines such as IL-4, IFNc or

IL-17 [21,22]. These Thpp cells are uncommitted with respect to

further effector cell differentiation, as single Thpp cells can

differentiate into either Th1 or Th2 T cells [21–23]. This cell

population overlaps partially with the CD4 central memory

population (Tcm) although the two types are not synonymous

[24,25]. Human responses to protein vaccines, such as tetanus,

diphtheria and HBV, are Thpp dominated. In contrast, the

response to infections by influenza (and other viruses) is strongly

Th1-biased [22]. This IFNc+ bias is particularly clear in the

response to long-circulating influenza strains, whereas a new

pandemic influenza strain induced a mixed influenza-specific

response [24] including both IL-2+IFNc- and IL-2+IFNc+ cells

(abbreviated 2+c- and 2+c+, respectively). Similarly, the 2-c+
cytokine expression pattern may be due to a population of

exhausted Th1 cells [26–28] such as those expressing PD-1 and

Tim3 [29,30].

To distinguish the relative contributions of short-term versus

pre-determined variability of Th1 cytokine expression in influenza

responses, we used a combination of sorting, restimulation,

evaluation of Tbet expression, RNAseq and in vitro differentiation

to show that both mechanisms appeared to operate in influenza-

specific or polyclonally-activated human memory CD4 T cells.

The 2-c+ and 2+c+ phenotypes appeared to be in short-term

equilibrium, whereas 2+c- cells included uncommitted Thpp-like

cells that were stable in the short term, but could subsequently

differentiate into either IFNc-producing or IL-4-producing phe-

notypes under appropriate conditions.

Materials and Methods

Ethics Statement
All procedures were approved by the Research Subjects Review

Board at the University of Rochester Medical Center, Rochester,

New York. Participants provided written, informed consent to

participate in the study. The consent procedure was approved by

the Research Subjects Review Board.

Human sample collection
Peripheral blood samples were collected into heparinized

vacutainer tubes from healthy adult donors. Ficoll-hypaque

(Cellgro, Herndon, VA) gradient centrifugation was used to isolate

peripheral blood mononuclear cells (PBMC). The layer of

lymphocytes was collected and washed with R8 medium (8%

FBS in RPMI1640) and cryopreserved in freezing buffer (90%

FBS, 10% DMSO).

Antibodies
Anti-human antibodies are listed in Table 1.

Antigens
The influenza A/CA/09 ‘very different’ peptide pool (Vdiff)

comprised selected Influenza A/California/04/09 peptides

(unique with respect to two other H1N1 strains, A/New

Caledonia/20/99 and A/Brisbane/59/07) with 15–17 amino

acid residues, offset by 5 amino acids [24]. The Vdiff peptide pool

does not stimulate significant responses in pre-pandemic PBMC

samples [24] and so the responses seen in this study (using post-

pandemic PBMC samples) were almost certainly primed by

infection or vaccination with the CA/09 pandemic strain. The

Table 1. Fluorescent antibody conjugates.

Antigen Fluorochrome Clone Supplier Sorting or analysis (S, A)?

TNFa Pacific Blue MP9-20A4 Biolegend A

Live/Dead Yellow N/A Invitrogen A

CD3 Qdot605 UCHT1 Invitrogen A

CD45RA Qdot655 MEM-56 Invitrogen A, S

CD8 Qdot705 3B5 Invitrogen A

CD14 Qdot800 TuK4 Invitrogen A, S

IL-2 AF700 MQ1-17H12 Biolegend A

CD69 APC Cy7 FN-50 BD A

Tbet PE 4B10 eBioscience A

CD4 PE TR S3.5 Invitrogen A, S

IFNc PE Cy7 B27 Biolegend A

IFNc FITC N/A miltenyi S

TNFa APC N/A miltenyi S

CD56 AF700 HCD56 Biolegend S

CD154 APC Cy7 24-31 Biolegend S

IL-2 PE N/A miltenyi S

CD19 PE Cy5 HIB19 Biolegend S

CD8 PE Cy7 3B5 eBioscience S

doi:10.1371/journal.pone.0095986.t001
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Tetanus peptide pool comprised CD4 T cell-restricted epitopes

[31]: L31–50, L271–290, L286–305, H56–75, H116–135, H131–

150, H161–180, H176–195, H191–210, H251–270, H373–387,

H431–450, H491–510, H566–585, H731–750, H791–810; where

L and H are Light and Heavy chains, respectively (synthesized by

Mimotopes, Clayton, Australia). Influenza and tetanus peptide

pools were used at final concentrations of 0.1 mg/ml/peptide and

3 mg/ml/peptide, respectively. TIV for 2011 contained A/

California/7/2009 (H1N1), A/Perth/16/2009 (H3N2) and B/

Brisbane/60/2008 (FluLaval, GlaxoSmithKline), and was used at

a final concentration of 1 mg/ml. Staphylococcus Enterotoxin B

(SEB, Sigma) was used at a final concentration of 1 mg/ml.

Stimulation of Human PBMCs
PBMC were thawed and cultured in R8 medium overnight at

37uC and 5% CO2. Viable cell counts were determined by trypan

blue staining. 1–2*106 cells were plated into each well of 96-well

round-bottom plates. The seasonal influenza trivalent inactivated

vaccine (TIV), the A/CA/09 peptide pool or the Tetanus peptide

pool were added to a total of 200 ml R8 medium. Plates were

cultured at 37uC and 5% CO2. After two hours, 3 mg/ml

Brefeldin A and 2.0 mM monensin were added, and after another

6 hours stimulation, cells were harvested and stained.

Intracellular cytokine and transcription factor staining
Cells were collected and washed with wash buffer. Surface

markers were stained in wash buffer on ice for 80 minutes. Then

the cells were permeabilized and fixed for 30 minutes in

intracellular staining perm/fix buffer (Invitrogen, Grand Island,

NY). After washing twice with intracellular staining perm buffer,

cytokines were stained in the perm buffer on ice for 80 minutes. If

Tbet staining was not needed, cells were washed and analyzed. For

Tbet staining, the cells were further permeabilized and fixed in

Transcription Factor Staining perm/fix buffer (eBioscience) for 20

minutes. After washing twice with the same buffer, Tbet was

stained in the perm buffer on ice for 80 minutes. Then cells were

washed and the staining signals were measured by an LSRII

cytometer (BD Immunocytometry Systems, San Diego, CA) and

analyzed using FlowJo software (Treestar, San Carlos, CA).

Cell sorting of cytokine-expressing cells
Human PBMCs were stimulated with TIV (2011 vaccine year)

or SEB for 4 hours. After collection, the cells were stained using

the Cytokine Secretion Assay for IL-2, IFNc and TNFa according

to the manufacturers recommendations (Miltenyi, Auburn, CA).

The 2+c+, 2+c-, 2-c+ and 2-c- cells in activated human PBMCs

(CD4+CD8- CD14+CD56- CD19- CD45RA- CD69+TNFa+)

were sorted by a FACSAria-II cell sorter into R8 medium.

Culture of sorted T cells and secondary stimulation
Human 2+c+, 2+c-, 2-c+ and 2-c- cells were washed with R8

medium and plated into 96 well plates. Each well contained ,500

sorted cells in 200 ml R8 supplemented with 1 ng/ml human IL-2

(eBioscience), 10 mg/ml anti-IL4 antibody (MP4-25D2,

eBioscience), 10 mg/ml anti-IL-12 antibody (C8.6, eBioscience)

and 10 mg/ml anti-IFNc antibody (NIB42, eBioscience). 36 or

108 hours later, the cells were restimulated with PMA (25 ng/mL)

and Ionomycin (1 mg/mL) (P/I) and stained by the ICS assay.

Polyclonal P/I stimulation was used because antigen or SEB

specificity was established by sorting, and P/I was a more efficient

stimulus.

Real-time PCR (RT-PCR)
Cells were stimulated with PMA and ionomycin (to avoid a

contribution by APC to mRNA levels) for 6 hours. The RNA was

extracted by Qiagen RNA microprep kit (Qiagen) and reverse

transcribed into cDNA using the Superscript III First Strand DNA

Synthesis kit (Invitrogen, Grand Island, NY). Expression levels of

IL-2, IFNc, IL-4 and CD3e were measured by RT-PCR using

Taqman gene expression assays (Life Technologies). The expres-

sion levels of IL-2, IFNc and IL-4 were normalized to the

expression level of CD3e.

RNA-Seq
T cells expressing the 2+c+, 2+c- and 2-c+ patterns were sorted

directly into lysis buffer for RNA extraction. RNA samples were

amplified and sequenced following Linnarsson’s protocol [32] in

the Functional Genomics Center of the University of Rochester

Medical Center. Significant genes (P,0.001) were determined by

the DEGseq package [33].

Generation of monocyte-derived DC (moDC) from
human PBMC

PBMCs were plated in 12 mm cells dishes at a density of 2*106

cells/ml in X-VIVO 15 serum-free medium (Biowhittaker,

Walkersville, MD, USA) supplemented with Antibiotic-Antimy-

cotic (Gibco, Grand Island, NY). Cells were incubated at 37uC
and 5% CO2 for 90 minutes for monocyte adherence then the

non-adherent cells were removed by washing twice with X-VIVO

medium and then once with cold PBS. The adherent cells were

cultured in X-VIVO medium containing 500 IU/ml GM-CSF

(eBioscience) and 500 IU/ml IL-4 (eBioscience). On days 3 and 5,

fresh GM-CSF/IL-4 medium was added. On Day 6, TNFa
(eBioscience) was added at a final concentration of 50 ng/mL to

induce DC maturation. Mature DCs were harvested on day 8.

They were loaded with influenza antigen and irradiated at

10000Rad before usage.

Redifferentiation of sorted human influenza-specific T
cells

Human 2+c+, 2+c-, 2-c+ and 2-c- CD4 T cells were sorted

into R8 medium, washed in R8 medium and plated into a 96 well

plate. Each well contained ,100 sorted cells and 500 moDCs in

200 ml R8 with Th1- or Th2-inducing conditions. The Th1

cultures contained 1 ng/ml IL-2 (eBioscience), 1 ng/ml IL-12

(eBioscience) and 10 mg/ml anti-IL4 antibody. Th2 cultures

contained 1 ng/ml IL-2, 10 ng/ml IL-4, 10 mg/ml anti-IL-12

and 10 mg/ml anti-IFNc. Half of the medium was changed every

2 days with the same medium. After 2 weeks, the cells were

restimulated with PMA and Ionomycin and analyzed by RT-

PCR.

Results

In preliminary experiments, in vitro-generated mouse allospe-

cific Th1 cells were restimulated and analyzed by ICS and flow

cytometry. These cells uniformly expressed the Th1 regulator

Tbet, but expressed all combinations of IL-2 and IFNc (data not

shown), consistent with previous studies [8]. Sorting and

restimulation of the 2+c+, 2+c-, 2-c+ and 2-c- populations

showed that, regardless of the original cytokine pattern, all four

populations contained similar proportions of IFNc+ and IFNc-

cells. This rapid convergence of the cytokine patterns suggested

that in in vitro Th1 cell lines, different cytokine expression patterns

were due to short-term random effects. A kinetic analysis using

Diverse Cytokine Patterns in Human Anti-Influenza T Cells
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the two-color Fluorospot assay [34,35] for IL-2 and IFNc showed

that the 2+c+, 2+c- and 2-c+ cells stably expressed these patterns

over at least 48 hours (data not shown), indicating that the

variable patterns were not due to the short time window of the

ICS assay.

Stable and rapidly-randomizing cytokine patterns in
human memory Th1-like cells

To test the variability of cytokine patterns in human responses,

we measured the ex vivo cytokine patterns expressed by CD4 T cells

stimulated by the polyclonal activator SEB. Activated CD4+
CD45RA- CD69+ memory T cells were sorted into 2+c+, 2-c+,

and 2+c- sub-populations (Fig. S1) using the cytokine secretion

assay, cultured separately in neutral conditions for three days, then

restimulated using PMA/ionomycin. Cell populations initially

expressing 2+c+ or 2-c+ patterns, contained similar proportions of

IL-2+ and IL-2- cells after re-stimulation (Fig 1A, top two panels).

This rapid convergence of the distinct sorted phenotypes into

mixed IL-2-/+ populations was consistent with stochastic expres-

sion of IL-2 by the IFNc+ cells. This instability of IL-2 expression

was observed in additional subjects, with no significant difference

between the levels of IL-2 produced on re-stimulation of the IL-2+
versus IL-2- sorted populations (Figure 1B).

In contrast to the rapid convergence of IL-2+ and IL-2- cells to

similar mixed patterns, cells that were initially sorted as 2+c- or 2+
c+ retained biased IFNc expression patterns when re-stimulated,

i.e. the majority of IFNc+ cells expressed IFNc on restimulation,

whereas the majority of the IFNc- cells did not (Fig. 1A, right two

panels). In additional subjects, the proportion of cells producing

IFNc after restimulation of 2+c+ cells was significantly higher than

after restimulation of sorted 2+c- cells (Figure 1B, p = 0.002). This

suggested that the 2+c- and 2+c+ populations might include

distinct, stable cell types.

Although IFNc expression was more stable than that of IL-2,

there were smaller numbers of IFNc- to IFNc+ and IFNc+ to

IFNc- conversions, suggesting that there may also have been a

smaller contribution of apparently stochastic expression of IFNc.

Thus many of the 2-c+ and some of the 2+c- cells may have been

‘‘lazy Th1’’ cells that did not express their full 2+c+ potential

during that particular stimulation cycle.

If the IL-2+ and IL-2- populations, that rapidly re-oriented their

IL-2 expression, were mainly due to random mechanisms then the

gene expression profiles of these two sub-populations would be

expected to be similar. In contrast, if the IFNc+ and IFNc-

populations contained more stable phenotypes, gene expression

may be more divergent. We therefore sequenced the mRNA of

sorted 2+c+, 2+c- and 2-c+ cell populations. Figure 2A shows that

the abundance of mRNA for IFNc and IL-2 matched the

corresponding protein expression patterns defined by the sorting,

thus confirming the validity of the RNAseq analysis of the sorted

populations.

Gene expression levels were compared between the three

cytokine-producing cell types, and genes ranked according to the

significance of the differences between any pair of the three

samples. Figure 2B shows the expression levels of the 13 genes (in

addition to IL-2 and IFNc) with the most significant differences

among the three populations. Most of these genes were inducible

T cell genes, including granzymes and chemokines. The 2+c+ and

2-c+ populations were more similar to each other, whereas the 2+
c- population showed larger differences with either of the other

two populations.

Cytokine pattern variability in the Th1-dominated human
anti-influenza response

Polyclonal stimulation by SEB activates many different T cell

populations, for example the 2+c- cells responding to SEB contain

a small proportion of IL-4 and IL-17 producers (Fig. 3A)

suggesting the presence of Th2-like and Th17-like cells (unlike

mouse Th2 cells, human IL-4-producing T cells may also express

IL-2). However, the human CD4 T cell response to influenza

(Fig. 3B) is mainly a Th1 response, with no IL-4+ or IL-17+ cells

detectable in the influenza specific 2+c- population. We therefore

tested IL-2 and IFNc expression in the Th1-dominated influenza-

specific response.

The stability of the influenza-specific IL-2 and IFNc-producing

cells was tested in similar experiments to the analysis of the SEB

response (Figure S2). Due to the low numbers of antigen-specific T

cells, real time PCR was used to measure IL-2 and IFNc
expression after sorting, culture and re-stimulation. Similar to cells

responding to SEB, influenza-specific cells that were initially 2+c+
or 2-c+, converged to express similar amounts of IL-2 mRNA

when restimulated (Fig. 3C). In contrast, the cells that were

initially 2+c- continued to produce mainly IL-2 but not IFNc after

culture in neutral conditions and restimulation, i.e. the bias in

expression levels was maintained.

Although antigen concentration or costimulation could affect

cytokine expression patterns [36], we found that anti-influenza

responses that included a substantial proportion of 2+c- cells still

produced similar patterns when the antigen peptide dose was

varied, or in the presence or absence of anti-CD28 antibodies

(data not shown).

Thus in human influenza-specific memory CD4 T cells, the

IFNc+ cells may variably express IL-2, but 2+c- cells may include

cells with a distinct differentiation state. These cells might be

memory CD4 cells that are not fully differentiated into effectors,

such as the primed but uncommitted Thpp cells we have

previously defined [21,22].

Reduced Tbet expression in IL-2+IFNc- CD4 memory T
cells

If the 2+c- cells contain significant numbers of uncommitted

Thpp cells, this population should express lower levels of

transcription factors associated with effector subset commitment,

such as Tbet, GATA3 and RORct. We compared Tbet expression

in human influenza-specific CD4 T cells with Tbet levels in

tetanus-specific cell populations, which contain uncommitted

Thpp cells [22]. A very high proportion of influenza-specific 2+
c+ cells expressed Tbet (Fig. 4A), as expected for a clear Th1

population, whereas a majority of the tetanus-specific 2+c- cells,

presumed to be mostly Thpp cells, expressed low or absent levels

of Tbet (Fig. 4A). Tetanus also stimulated a substantial population

of Tbet- IL-2- IFNc- TNFa+ cells, consistent with stochastic

expression of IL-2 in the Thpp as well as the Th1 population.

Although the proportion of 2+c- cells was normally lower in

influenza- than tetanus-specific responses, the influenza-specific 2+
c- cell population also included some Tbetlo cells. Similar patterns

of Tbet expression were observed in additional subjects (Figure 4B).

We previously found [24] that a high proportion of memory T

cells specific for common, multiply-boosted influenza epitopes

expressed IFNc, whereas a higher proportion of 2+c- cells were

observed in responses against recent epitopes (influenza A/

California/04/2009 peptides selected to have little cross-reactivity

with previous influenza strains [24]). Figure 4B confirms that the

percentages of IFNc+ cells were lower in the CA/09 than TIV

responses, and Figure 4C shows that a significantly higher

Diverse Cytokine Patterns in Human Anti-Influenza T Cells
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proportion of the 2+c- CA/09-specific cells were Tbetlo, in all four

subjects.

These results are consistent with a model (Figure 5) in which the

influenza and tetanus-specific memory CD4 T cell responses

include differing proportions of at least two differentiation states,

each capable of expressing multiple cytokine and transcription

factor phenotypes – Th1 cells (Tbet+ TNFa+ IFNc+/- IL-2+/-)

and Thpp cells (Tbet- TNFa+ IFNc- IL-2+/-).

The influenza specific 2+c- cell population contained
uncommitted cells

In addition to their cytokine profile, one of the distinguishing

characteristics of Thpp cells is the ability to further differentiate

into effector cells, i.e. a single Thpp cell can give rise to either Th1

or Th2 cells [21,22]. We therefore tested the re-differentiation

potential of the influenza-specific 2+c- cells.

Influenza-specific 2+c- memory CD4 T cells were sorted using

the cytokine secretion assay, and cultured in conditions that would

induce naı̈ve cells to differentiate into Th1 (IL-12 and anti-IL-4) or

Th2 (IL-4 and anti-IFNc). Influenza-specific IL-2+/- IFNc+ cells

were used as committed Th1 cell controls, and tetanus-specific 2+
c- cells as uncommitted Thpp cell controls [22]. After 2 weeks, the

cells were re-stimulated with PMA+Ionomycin for 6 hours, and

the expression levels of IFNc and IL-4 mRNA were determined by

real-time PCR. The two influenza-specific IFNc+ populations

expressed similarly high amounts of IFNc on restimulation,

whether cultured in Th1 or Th2 differentiation conditions

(Fig. 6A). In contrast, the tetanus- and influenza-specific 2+c-

populations only developed high levels of IFNc expression if

cultured in Th1-inducing conditions, not in Th2 conditions.

Figure 1. Stability and RNA expression differences between
cytokine-secreting sub-populations of human SEB-stimulated
CD4 T cells. Human PBMC were stimulated with SEB and the 2+c+, 2+
c-, and 2-c+ cells were isolated by cell sorting. (A) The three cell
populations were cultured separately in neutral conditions for 3 days,
then restimulated with PMA+Ionomycin and cytokine expression
determined by ICS (representative experiment out of 3 independent
experiments). (B) PBMC from seven subjects were stimulated with SEB
and sorted into three populations as in A. Cytokine patterns in the
sorted populations were determined by ICS after restimulation at 3
days.
doi:10.1371/journal.pone.0095986.g001

Figure 2. Differences in transcriptional patterns between IL-2+
IFNc- cells and IFNc+ cells. Human PBMC were stimulated with SEB
and the 2+c+, 2+c-, and 2-c+ cells were isolated by cell sorting. RNA was
isolated immediately from sorted cells, and analyzed by RNA-seq. (A)
The expression levels of IL-2 and IFNc genes. (B) The heatmap shows
the expression level of all the genes (in addition to IFNc and IL-2) that
were differentially expressed (p,0.001) between any two of the three
cell populations.
doi:10.1371/journal.pone.0095986.g002
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As expected for committed Th1 cells, culturing the two IFNc+
populations in Th2 conditions did not result in the differentiation

of cells able to express IL-4 (Fig. 6B). However, the tetanus- and

influenza-specific 2+c- populations generated substantial amounts

of IL-4 after culture in Th2 conditions. These results suggest that

the 2-c+ and 2+c+ populations were committed Th1 cells,

whereas both tetanus- and influenza-specific 2+c- cells included

substantial numbers of precursor cells that could become Th1- or

Th2-like cells in the appropriate culture conditions.

Discussion

The human CD4 memory T cell response to influenza can be

explained by two types of diversity (Fig. 5). In this model, we

propose that the majority of the anti-influenza response comprises

Tbet+ Th1 cells that stochastically produce all combinations of IL-

2 and IFNc when restimulated in vitro. IL-2 expression appears to

be reset rapidly, as sorted IL-2+ and IL-2- populations converge

on similar mixtures of expression phenotypes within a few days.

Some conversion between Tbet+ IFNc+ and Tbet+ IFNc- cells

also occurs, but at a lower rate. In contrast to these apparently

random effects, some of the 2+c- cells appear to be more stable,

Figure 3. Stability of influenza-specific human CD4 T cells secreting different cytokine combinations. Human PBMC were stimulated
with influenza TIV (A) or SEB (B), and expression of IL-2, IFNc, IL-4 and IL17a was determined by ICS and flow cytometry. (C) Influenza specific human
2+c+, 2+c-, 2-c+ CD4 T cells were sorted and cultured in neutral conditions for 3 days. The expression of IL-2 and IFNc was measured by RT-PCR
(n = 4). (Representative experiment out of 3 independent experiments).
doi:10.1371/journal.pone.0095986.g003
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and have the properties of the uncommitted Thpp cells described

previously [22]. Only the 2+c- population contains cells that can

further differentiate into Th2- and Th1-like cells. Note that the

stable or semi-stable differentiation phenotype (Th1, Thpp etc)

cannot always be identified from the acute cytokine expression

phenotype, as both Thpp and Th1 cells may express the 2+c- or 2-

c- patterns. Tbet may be a more reliable marker of the Th1

phenotype, but Tbet can not be detected in live cells.

The 2+c- Thpp cells share several characteristics with CD4+
central memory T cells (Tcm) [37] which were initially reported to

produce IL-2 but not effector cytokines such as IFNc or IL-4. Tcm

and T effector memory cells (Tem) migrate preferentially to

secondary lymphoid tissue and peripheral tissues, respectively

[38,39]. Tcm have better proliferation and survival ability [40]

and express the homing marker CCR7, although CCR7 is not a

completely reliable marker [41,42]. Alternative definitions of Tcm

have focused on CD62L expression, but these Tcm populations

can include cells producing IFNc [43,44]. Thus Tcm populations

(defined by homing markers) probably overlap substantially but

not completely with Thpp populations (defined by cytokine

expression and differentiation potential). Increased proliferation

potential, considered a property of Tcm cells, might provide a

further link between the Tcm and Thpp phenotypes, but this was

not tested (e.g. by CFSE dilution) on the Thpp cells in our studies

because of the low numbers of antigen-specific cells available.

The uncommitted Thpp cells are likely not equivalent to two

other precursor populations that have been described: A CXCR5+
subset of Tcm could differentiate to Th1 or Th2 cells depending

Figure 4. Tbet expression in influenza-specific 2+c- and 2+c+
cells. Human PMBC were stimulated with influenza vaccine (TIV),
influenza A/California/7/2009 peptides (Vdiff) and tetanus peptides (TT),
followed by ICS and analysis by flow cytometry. (A) Samples were gated

on CD4+CD8-CD45RA-CD69+TNFa+ cells. IL-2 and IFNc expression
(center panels) and expression of Tbet in 2+c+, 2+c-, 2-c+, and 2-c-
populations (outer panels) are shown in PBMC from one subject
responding to TIV (upper panels) or TT (lower panels). (B) The
proportion, relative to all responding cells, of Tbet+ and Tbet- cells is
shown in 2+c+, 2+c-, and 2-c+ populations responding to TIV, TT and
Vdiff antigens. Each bar represents a different subject. (C) The
proportion of Tbet+ cells is shown within each of the cytokine
expression phenotypes.
doi:10.1371/journal.pone.0095986.g004

Figure 5. Model for Th1 and Thpp components in influenza-
specific T cell memory. Stimulated Th1 cells (Tbet+) may express 2+
c+, 2+c-, 2-c+ or 2-c- patterns after stimulation, whereas Thpp cells
(Tbet-) may express only the 2+c- or 2-c- phenotypes. Thus the 2+c-
and 2+c- cell populations may include both Thpp cells and Th1 cells.
doi:10.1371/journal.pone.0095986.g005

Diverse Cytokine Patterns in Human Anti-Influenza T Cells

PLOS ONE | www.plosone.org 7 May 2014 | Volume 9 | Issue 5 | e95986



on the culture conditions [45], however, most of the 2+c- cells in

human PBMC responses to influenza or tetanus are CXCR5-

[24]. Recently-described populations of CD95+ T memory stem

cells (Tscm) have strong self-renewal potential and may be

precursors of both Tcm and Tem [46-48]. However, Tscm

express high levels of CD45RA [49], whereas Thpp cells express

the same low levels of CD45RA as IFNc-expressing Tem cells (J.

Weaver, Y. Qi and T.R. Mosmann, data not shown).

Although 2-c+ CD4 T cells could be terminally-differentiated,

exhausted Th1 cells [26228], sorted anti-influenza 2-c+ cells, after

restimulation, were able to express similar levels of IL-2 mRNA to

the cells that were initially 2+c+, suggesting that the 2-c+
phenotype was more likely due to random expression patterns

than exhausted Th1 cells.

In agreement with previous studies, our results are consistent

with stochastic expression of the IL-2 and IFNc genes in Th1 cells.

The mechanism of cytokine stochastic expression may be related

to monoallelic expression, which has been reported for several

cytokines including IL-1a, IL-2, IL-4, IL-5, IL10, and IL-13 [17–

19,50]. Each allele of these genes can be expressed independently

in individual cells, even though the two alleles share the same

levels of the components of signaling pathways and transcription

factors. Allelic expression could be regulated by differential

accessibility of the two alleles [16–18,50,51], and it may also be

possible that competitive binding of positive and negative

regulators provides short-term stability of active or inactive states

of each allele. In either case, accessibility or competitive binding

could be changed during a subsequent unstimulated period,

resulting in randomized allele expression on restimulation. Future

studies could test whether the variable cytokine expression in the

human anti-influenza response was related to allelic expression, by

analyzing influenza-specific cells for the expression of individual

SNP-marked alleles of IL-2 [52] in subjects pre-screened for SNP

heterozygosity. For example, if the probability of each IL-2 allele

being expressed in a single stimulation is 0.3, then the frequency of

non-producers would be 0.760.7 = 0.49, and the frequency of

single-allele expression would be 260.360.7 = 0.42, assuming that

monoallelic expression was responsible for partial expression of IL-

2.

Variable expression may contribute to the regulation of the

quantity of cytokines produced by a T cell population, which is

important because cytokines induce immune activation and

pathogen destruction, yet excess amounts can severely damage

host tissues. In addition to regulation of cytokine production by

signal strength in individual cells [9,36], the amount of cytokine

could also be regulated at the population level, by controlling the

number of cells that are activated to produce the cytokine. If the

probability of cytokine gene expression is variable, then different

proportions of the total population will activate 0, 1 or 2 alleles,

contributing to a graded response of the population. This

heterogeneity may provide a more graded response of cytokine

quantities in different conditions [53], leading to more stable

regulation of responses.

If communication between CD4 T cells and other cells,

including DC, B cells, CD8 T cells and macrophages, operates

preferentially at relatively short range [54–59] then variable

expression of cytokines by individual T cells may also increase the

variability of the phenotypes of these other effector cells. For

example, IL-2 drives CD8 cells toward a memory cell phenotype,

whereas IFNc induces the CD8 cells to become effector cells [60].

Effector and memory cells are both essential, to provide current

protection and future recall responses. CD4 T cells producing

different IL-2 and IFNc combinations will support the differen-

tiation of both of these two cell types. Thus variability of CD4 T

cell responses may contribute to the complexity of other effector

populations.

Both tetanus and influenza vaccines also induce strong antibody

responses, which probably depend mainly on Tfh cells [61,62]

rather than either Th1 or Thpp cells. Tfh cells are found mainly in

lymphoid tissue but are rare in the circulation. Although Th1 cells

can re-differentiate to Tfh-like cells [63], Tbet-deficient CD4 T

cells have an increased ability to generate Tfh cells, both in vivo and

in vitro [64]. Thus Tbet may suppress the differentiation of Tfh

cells, and the Thpp cells (lacking Tbet- expression) might have an

increased ability to differentiate into the Tfh cells that drive the

antibody response that is important for protection against

influenza. Such Thpp-derived Tfh might express fewer effector

cytokines such as IFNc or IL-17. The ratio between Th1, Thpp

and Tfh differentiation may be regulated by the inflammatory

environment during infection, but may also be affected by the

individual properties of different naı̈ve CD4 T cells [65], such as

TCR affinity. In contrast to the potential of Thpp cells to

contribute to Tfh populations, Th1 cells are more likely to

contribute to cytotoxicity during influenza infection [4], as higher

expression levels of Granzyme B were detected in IFNc+ cells than

IFNc- cells (Fig 2B) and Tbet is required for expression of

cytotoxic functions [66].

After proliferation and differentiation during an immune

response, antigen-specific Thpp and Th1 cells will both be present

at much higher frequencies than in the naı̈ve CD4 T cell

population. Thpp cells do not express high levels of effector

cytokines, but have more proliferation potential [40]. Thpp may

Figure 6. The influenza-specific 2+c- cell population contains
cells with differentiative potential. Influenza-specific 2+c+, 2+c-,
and 2-c+ cells and tetanus specific 2+c- cells were sorted and cultured
in Th1 conditions (A) or Th2 conditions (B) for 2 weeks. Then cultures
were stimulated with PMA+Ionomycin for 6 hours and the expression of
IFNc (A) and IL-4 (B) determined by RT-PCR. (Representative experiment
out of 3 independent experiments.).
doi:10.1371/journal.pone.0095986.g006
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thus be equivalent to a stem cell-like model in which uncommitted

central memory cells are more useful for future expansion and

subsequent responses [67]. Thpp cells also provide increased

flexibility of differentiation for future responses. In contrast, Th1

effector memory cells can produce effector cytokines immediately

after infection and may be more useful for acute protection. Thus

optimal and long-lasting protection against influenza infection

may require memory responses that have an appropriate balance

of the two cell types.

Thus the cytokine patterns expressed by CD4 T cells, even in

the Th1-dominated response to influenza, can be determined by a

combined effect of two mechanisms, short-term variability in

cytokine expression, and semi-stable subset differentiation. Al-

though the 2+c- cytokine phenotype can be expressed by either

Th1 or Thpp cells, the underlying differentiation state of the cell

types is different, as revealed by selective expression of Tbet and

other genes as well as future differentiation potential. Thus when

measuring the T cell response to vaccines and infections, partial

cytokine patterns have to be interpreted with caution. These

results therefore have implications both for identification of the

type of T cell response, and for the design of vaccines inducing the

full depth of phenotypes.

Supporting Information

Figure S1 Gating strategy for human T cell sorting.
Sequential manual gating was performed to identify live

lymphocytes (FSC-A/SSC-A); single cells (FSC-W/FSC-H and

SSC-W/SSC-H); T cells (CD14/CD56/CD19); CD4 T cells

(CD4/CD8); memory cells (CD45RA lo); and activated cells

(CD154/TNFa). The final gates on IL-2 vs IFNc were set apart

slightly to enhance the purity of sorted cells. Proportions of 2+c+
cells ranged from 30%–50% in different subjects, 2-c+ cells from

5%–20%, and 2+c- cells from 30%–60%.

(TIF)

Figure S2 Gating strategy for human CD4 T cells
responding to TIV, tetanus peptides or influenza
peptides. Sequential manual gating was performed to identify

lymphocytes (FSC-A/SSC-A); single cells (FSC-W/FSC-H and

SSC-W/SSC-H); T cells (CD14/CD3); CD4 T cells (CD4/CD8);

live memory cells (Live-Dead/CD45RA); and activated cells

(CD69/TNFa). Expression of IL-2, IFNc and Tbet was then

determined. The proportion of 2+c+ cells ranged from 30%–70%

in different subjects, 22c+ cells from 5%–30%, and 2+c- cells

from 20%–50%.

(TIF)
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