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Abstract

Differentiated T helper (Th) cell lineages are thought to emerge from alternative cell fate decisions. However, recent
studies indicated that differentiated Th cells can adopt mixed phenotypes during secondary immunological
challenges. Here we show that natural primary immune responses against parasites generate bifunctional Th1 and
Th2 hybrid cells that co-express the lineage-specifying transcription factors T-bet and GATA-3 and co-produce Th1
and Th2 cytokines. The integration of Th1-promoting interferon (IFN)-c and interleukin (IL)-12 signals together with
Th2-favoring IL-4 signals commits naive Th cells directly and homogeneously to the hybrid Th1/2 phenotype.
Specifically, IFN-c signals are essential for T-bet+GATA-3+ cells to develop in vitro and in vivo by breaking the
dominance of IL-4 over IL-12 signals. The hybrid Th1/2 phenotype is stably maintained in memory cells in vivo for
months. It resists reprogramming into classic Th1 or Th2 cells by Th1- or Th2-promoting stimuli, which rather induce
quantitative modulations of the combined Th1 and Th2 programs without abolishing either. The hybrid phenotype is
associated with intermediate manifestations of both Th1 and Th2 cell properties. Consistently, hybrid Th1/2 cells
support inflammatory type-1 and type-2 immune responses but cause less immunopathology than Th1 and Th2 cells,
respectively. Thus, we propose the self-limitation of effector T cells based on the stable cell-intrinsic balance of two
opposing differentiation programs as a novel concept of how the immune system can prevent excessive
inflammation.
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Introduction

Upon antigen stimulation, polarizing cytokine signals initiate

select differentiation programs in naive CD4+ T cells, resulting in

the commitment to Th cell lineages with distinct functions [1].

Th1 cell differentiation is induced by IFN-c [2,3] and IL-12 [4,5]

signaling via STAT1 and STAT4, respectively, whereas Th2 cell

differentiation is driven by IL-4 [6,7] signaling via STAT6 [8].

The key transcription factor T-bet governs Th1 cell differen-

tiation, which is associated with the acquisition of IFN-c
production [9] while the key transcription factor GATA-3 directs

Th2 cell differentiation, resulting in the competence to produce

IL-4, IL-13, and IL-5 [10,11]. While all cells in a population of

differentiated Th cells express their respective lineage-specifying

transcription factor [12–15], the expression of cytokines during a

given stimulation of such populations is heterogeneous [16,17].

This points to a probabilistic element in acute cytokine production

even though the differentiated population is in principle homo-

geneously competent to express its signature cytokine [18–22].

Given the distinct expression patterns of key transcription

factors and cytokines in the Th cell differentiation lineages

together with multiple mechanisms of positive feedback [2,23,24]

and reciprocal inhibition [25–27], the Th1 and Th2 differentiation

programs were assumed to be mutually exclusive [28]. However,

already soon after the first description of Th1 and Th2 cells [29],

reports emerged of both human and murine T cell clones that co-
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expressed Th1 and Th2 cytokines such as IFN-c and IL-4 [30,31].

While the differentiation history of these cells was unclear, these

findings were reconciled with the concept of Th1/Th2 dichotomy

by the idea that upon activation naive cells may pass through an

uncommitted and pluripotent state, but that ongoing stimulation

would finally lead to the stable classic Th1 and Th2 lineages [32–

34].

Recently, the plasticity of Th cell lineages and its functional

relevance have been intensively discussed [35–37]. The observa-

tion of several hybrid differentiation phenotypes revealed formerly

unappreciated flexibility of the classic Th cell lineages [12,38–44].

However, the concerted stable commitment of naive Th cells to

two mutually repressive differentiation programs, such as the Th1

and the Th2 programs, has not been described yet. In particular,

whether T-bet+GATA-3+ cells develop in natural immune

responses has been unclear. Still, in vivo responses to certain

parasites, while exhibiting a strong Th2 bias [45], may also

generate Th cells that can co-express Th1 and Th2 cytokines [46].

This prompted us to investigate Th cell differentiation during

parasite infections.

Here we show that in natural immune responses against

parasites, hybrid Th1/2 cells developed in parallel to classic Th2

cells. Highly purified naive Th cells could simultaneously and

homogeneously commit to the Th1 and Th2 differentiation

programs by the integration of IFN-c, IL-12, and IL-4 signals. The

resulting hybrid Th1/2 cells stably co-expressed T-bet and

GATA-3 in vivo for months and upon challenge co-produced

Th1 and Th2 cytokines. The stable balance of the two antagonistic

differentiation programs in hybrid Th1/2 cells was associated with

intermediate manifestation of Th1 and Th2 cell properties and

translated into attenuated immunopathology in murine models of

type-1 and type-2 inflammation. These findings suggest a novel

role of a hybrid differentiation phenotype for the limitation of

excessive inflammatory immune responses.

Results

Hybrid Th1/2 Cells Develop In Vivo in Response to
Parasite Infections
To determine whether T-bet+GATA-3+ cells develop in

unmanipulated immune reactions, we used different parasite

infections that elicit Th2-biased immune responses [45]. Infection

with Schistosoma mansoni cercariae induced bona fide Th2 cells

expressing GATA-3 as well as a substantial cell population co-

expressing GATA-3 and T-bet at the single-cell level as cell-

autonomous hybrid cells (Figure 1A). S. mansoni infections elicit an

early Th1 and a later, egg-dependent, Th2 response [47], leaving

the possibility that the T-bet+GATA-3+ cells we observed were

reprogrammed Th1 cells. To address whether cells can co-express

T-bet and GATA-3 during a strongly Th2-biased response

[48,49], we directly immunized and challenged mice with S.

mansoni eggs, inducing type-II granulomas in the lung [50]. In

addition, to generate a primary Th2-polarized response, we

infected mice with Heligmosomoides polygyrus. Similar to the response

induced by S. mansoni cercariae, we found GATA-3+ cells together

with considerable fractions of T-bet+GATA-3+ cells in the lungs of

mice challenged with S. mansoni eggs as well as in the intestines,

mesenteric LN (mLN), and spleens of H. polygyrus–infected mice

(Figure 1A and unpublished data). Moreover, following the

emergence of GATA-3+ and T-bet+GATA-3+ cells during H.

polygyrus infection in a time-resolved fashion, we detected both

subsets earliest on day 6 after infection. The subsequent expansion

and contraction of both compartments followed the same kinetics

(Figure 1B). Taken together, these data indicate that hybrid Th1/2

cells co-expressing T-bet and GATA-3 at the single-cell level

emerged naturally during primary and secondary type-2 immune

responses. Of note, hybrid Th1/2 cells developed in both C57BL/

6 and Balb/c mice in response to both parasites (Figure 1A and

unpublished data).

GATA-3+ cells in general and Th2 cytokine-producing cells

were largely absent from control mice (Figure 1A and unpublished

data). Yet, to directly assess the antigen specificity of in vivo–

generated T-bet2GATA-3+ and T-bet+GATA-3+ cells, we

restimulated cells from the spleens and mLN of H. polygyrus–

infected mice with adult worm lysate and identified antigen-

specific T cells by CD40L expression [51]. H. polygyrus–specific

cells contained both T-bet2GATA-3+ and T-bet+GATA-3+ cells

(Figure 1C, upper row). Effector cells producing IL-4 were present

in both the T-bet2 and T-bet+ compartment (Figure 1C, lower

row). Conversely, IFN-c producers were found in the

CD40L+GATA-3+ compartment. In particular, hybrid T-bet+-

GATA-3+ Th1/2 cells coproduced IFN-c and IL-4, whereas T-

bet2GATA-3+ Th2 cells primarily produced IL-4 but not IFN-c

(Figure 1D). At a quantitative level, the amount per cell of both

GATA-3 protein (Figure 1C and E) and IL-4, IL-13, and IL-5

proteins (Figure 1C and F) was reduced in T-bet+GATA-3+ cells

compared with their T-bet2 counterparts.

Of note, hybrid Th1/2 cells formed a homogeneous population

that co-expressed the lineage-specifying transcription factors T-bet

and GATA-3 while upon restimulation IFN-c and IL-4 were

produced by fractions of this population. This probabilistic

cytokine expression behavior of the homogeneously differentiated

hybrid Th cell population mirrored the stochastic cytokine

expression of classic Th1 and Th2 cell populations [18–22] where

only a fraction of the differentiated cells produces IFN-c or IL-4,

respectively, in a given restimulation [16,17]. Consistent with

Author Summary

T helper (Th) cells, a subgroup of white blood cells
important in the immune system, can differentiate into
diverse lineages, for example Th1 and Th2, whose effector
mechanisms target different types of pathogens but cause
problems if not properly regulated. Lineage commitment
is driven by cytokine signals that control the expression of
distinct lineage-specifying ‘‘master regulator’’ transcription
factor molecules. Lineage commitment is thought to
reflect alternative cell-fate decisions because the initiated
differentiation programs have self-amplifying and mutually
repressive features. Here we show that the Th1 and Th2
differentiation programs are more compatible with each
other than previously thought. Individual naive T cells can
simultaneously integrate Th1- and Th2-polarizing signals
and develop into hybrid Th1/2 cells that stably co-express
both the Th1 master regulator T-bet and the Th2 master
regulator GATA-3. We find that hybrid Th1/2 cells arise
naturally during parasite infections and that the two
opposing differentiation programs can stably co-exist in
resting memory Th1/2 cells for periods of months. Th1- or
Th2-polarizing stimuli induced quantitative modulations in
the hybrid state but did not extinguish either program.
The cell-intrinsic antagonism gives the hybrid Th1/2 cells
properties that are quantitatively intermediate between
those of Th1 and Th2 cells. Thus, in typical Th1 and Th2
immune responses, hybrid Th1/2 cells cause less immu-
nopathology than their classic Th1 or Th2 counterparts,
demonstrating a cell-intrinsic self-limiting mechanism that
can prevent excessive inflammation.

Direct Commitment to Stable Hybrid Th1/2 Phenotype
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Figure 1. Hybrid Th1/2 cells develop in vivo in response to parasite infections. (A) WT C57BL/6 or Balb/c mice were infected or immunized/
challenged with the indicated pathogens. T-bet and GATA-3 expression by CD4+ T cells from indicated organs was analyzed ex vivo without
restimulation. Numbers indicate frequencies. Data are representative of three H. polygyrus and three S. mansoni experiments with n= 3–4 mice each.
(B) WT C57BL/6 mice were infected with H. polygyrus. T-bet and GATA-3 expression in CD4+ splenocytes was analyzed in a kinetic fashion. Mean
frequencies 6 SD of T-bet2GATA-3+ (Th2) and T-bet+GATA-3+ (Th1/2) cells are shown (n= 3 mice/time point). Inserted dot plot shows a typical
staining on d 6. Data are representative of two independent experiments. (C) Spleen and mLN cells from WT C57BL/6 mice infected with H. polygyrus
were restimulated with adult worm lysate at the peak of infection on d 21. Antigen-specific CD4+ T cells as identified by CD40L expression were
analyzed for transcription factor and cytokine expression. Numbers indicate frequencies. Data are representative of three independent experiments.
(D–F) WT C57BL/6 mice were infected with H. polygyrus. CD4+ splenocytes were analyzed at the peak of infection on d 21. Th2 cells were gated as
CD4+T-bet2GATA-3+ and Th1/2 cells as CD4+T-bet+GATA-3+ as shown in (B). (D) Cytokine expression was analyzed upon PMA/ionomycin
restimulation (n=6 mice). Numbers indicate frequencies. Data are representative of two independent experiments. (E) Geometric mean indices 6 SD
of GATA-3 protein staining are shown (n= 3 mice). Data are representative of three independent experiments. (F) Spleen cells were restimulated as in
(D). Geometric mean indices 6 SD of cytokine expression calculated as the geometric mean of cytokine+ cells divided by the geometric mean of
cytokine2 cells are shown (n=6 mice). Data are pooled from two independent experiments. (G) Expression of CXCR3 and T1/ST2 by CD4+ T cells was
analyzed on day 14 of infection. Th2 cells were gated as CD4+T-bet2GATA-3+ and Th1/2 cells as CD4+T-bet+GATA-3+ as shown in (B). As a Th1
reference, the T-bet+GATA-32 population was gated as in the lower right quadrant of the inset in (B). Numbers indicate geometric means. Data are
representative of two independent experiments.
doi:10.1371/journal.pbio.1001633.g001
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earlier reports [46,52], IFN-c/IL-4 co-expression occurred at

frequencies expected for stochastically independent events, indi-

cating a superimposition of the Th1 and Th2 transcriptional

programs in the individual hybrid cells. In contrast, hybrid Th1/2

cells homogeneously expressed intermediate levels of the Th1-

associated chemokine receptor CXCR3 [53,54] and the Th2-

associated IL-33 receptor T1/ST2 [46,55] when compared with

their classic T-bet2GATA-3+ Th2 counterparts and a reference

population of bulk T-bet+GATA-32 effector/memory Th1 cells

(Figure 1G).

In summary, our data show that hybrid Th1/2 cells developed

in several natural immune responses against different parasites

alongside with classic Th2 cells. Hybrid Th1/2 cells exhibited a

bifunctional type-1 and type-2 cytokine response and displayed

Th2 features at an intermediate magnitude.

Simultaneous Commitment of Naive T Helper Cells to the
Th1 and Th2 Differentiation Programs
The parallel emergence of hybrid T-bet+GATA-3+ Th1/2 cells

together with classic T-bet2GATA-3+ Th2 cells during H. polygyrus

infection suggested that the hybrid cells may directly differentiate

from naive precursors since they accompanied their T-bet2 Th2

counterparts at any time point analyzed. To formally address

whether simultaneous differentiation of naive Th cells along the

Th1 and Th2 pathways is possible, we applied a mixed cytokine

environment, containing both Th1- and Th2-polarizing stimuli.

We highly sort-purified naive T cells and cultured them with IFN-

c and IL-12 to induce Th1 differentiation, IL-4 to induce Th2

differentiation, or a combination of IFN-c, IL-12, and IL-4 to test

the effect of a promiscuous cytokine environment.

As expected, the first two conditions gave rise to the well-

established dichotomy of Th1 or Th2 cells with differential

expression of T-bet or GATA-3, respectively, and production of

IFN-c or IL-4 and IL-13, respectively (Figure 2A–C). Cells

cultured with the combination of IFN-c, IL-12, and IL-4 displayed

a hybrid Th1/2 phenotype, co-expressing T-bet and GATA-3

homogeneously and co-producing IFN-c together with IL-4 and

IL-13 (Figure 2A and unpublished data). As found for the in vivo–

differentiated hybrid cells and consistent with earlier reports

[46,52], IFN-c was co-expressed with IL-4 or IL-13 at frequencies

expected for stochastically independent events.

All hybrid Th1/2 cells stained positive for both T-bet and

GATA-3 protein, and the amount per cell of either key

transcription factor was in between that of the classic lineages

(Figure 2B). The frequency of IFN-c producers was about halved

in hybrid Th1/2 cells compared to Th1 cells, while the frequencies

of IL-4, IL-13, and IL-10 producers were similar to those in Th2

cells (Figure 2C). Beyond the co-expression of T-bet and GATA-3

and the co-production of IFN-c and IL-4, the hybrid cells

exhibited intermediate expression levels of the Th1-associated

cytokine receptor IL-18Ra [56] as well as of the Th2-associated

chemokine receptor CCR4 [53] but they failed to express the

Th17-associated chemokine receptor CCR6 (Figure 2D). Similar

to the Th1 and Th2 effector cell lineages, hybrid Th1/2 cells

expressed the transcription factor Blimp-1. However, hybrid Th1/

2 cells did not express defining transcription factors of other

lineages, such as the T follicular helper (Tfh)- and Th17 cell-

specifying transcription factors Bcl-6 and RORct, respectively

(Figure 2D), or the key transcription factor of regulatory T cells,

Foxp3 (unpublished data).

Next we asked whether quantitative modulations of Th1 and

Th2 cell features in hybrid Th1/2 cells resulted from intermediate

signal strength exerted by adverse polarizing cytokines. Analyzing

the phosphorylation of STAT proteins in differentiating cells, we

found that the key STAT signaling pathways downstream of IFN-

c, IL-12, and IL-4 were all active in the entire cell population

during the induction of hybrid Th1/2 cells (Figure 2E). However,

in quantitative terms, levels of phosphorylated STAT4 but not

phosphorylated STAT1 were reduced in hybrid Th1/2 cells

compared with Th1 cells, correlating with reduced expression of

total STAT4 but not STAT1 protein. Expression and phosphor-

ylation of STAT6 was similar in hybrid Th1/2 and Th2 cells.

To address whether naive cells exposed to IFN-c, IL-12, and IL-

4 would first adopt either the Th1 or the Th2 differentiation

program and get reprogrammed to the hybrid phenotype at a later

stage, we quantified T-bet and GATA-3 proteins in a detailed

kinetic fashion (0 h, 3 h, 6 h, 12 h, 24 h, 35 h, 48 h, 73 h, 95 h)

during primary differentiation. We found that the time point of

homogeneous induction of the lineage-specifying transcription

factors and their expression dynamics were identical in hybrid

Th1/2 cells and their classic Th1 and Th2 counterparts

(Figure 2F). Thus, individual naive Th cells can directly

differentiate into hybrid Th1/2 cells in a primary response, co-

expressing key transcription factors and effector molecules of both

the Th1 and the Th2 cell lineages.

IFN-c– and IL-4–Producing Th Cells Are Distributed over
the Entire Spectrum of T-bet and GATA-3 Expression
Levels
Hybrid Th1/2 cells homogeneously co-expressed T-bet and

GATA-3, whereas upon restimulation, as expected from the

probabilistic cytokine expression behavior of classic Th1 and Th2

cells, only subpopulations stained positive for IFN-c, IL-4, or IL-
13 (Figure 2A). It has been shown that Th1 and Th2 cells purified

according to the secretion of a certain cytokine do not reexpress

this cytokine in a deterministic manner in subsequent stimulations.

Instead, sorted cytokine-producing and -nonproducing fractions

each segregated again into cytokine producers and nonproducers,

consistent with stochastic events underlying cytokine gene

expression [18–22]. These studies showed that also those Th cells

from a differentiated population that do not produce lineage-

specific cytokines in a given stimulation still have the general

capacity to do so and can express these cytokines in a subsequent

challenge, indicating that they are bona fide Th1 or Th2 cells.

Thus, the expression of lineage-specifying ‘‘master’’ transcription

factors such as T-bet and GATA-3, which are upstream regulators

of the Th1 and Th2 differentiation programs including the

cytokine genes, have become recognized as the major criterion for

lineage identity and commitment [35,36] since they are constitu-

tively expressed by all cells of a lineage [12,13]. Hence, the

probabilistic cytokine production behavior of hybrid Th1/2 cells,

all of which expressed both T-bet and GATA-3, matched that of

classic Th1 and Th2 cells. The hybrid Th1/2 population

contained cells producing only IFN-c, only IL-4, or co-producing

both (Figure 2A), consistent with the stochastically independent

production of different cytokines by Th cells [46,52]. However, to

analyze whether some of the hybrid cells were more Th1-like and

others more Th2-like, we performed a quantitative co-expression

analysis of lineage-defining transcription factors and cytokines

(Figure 3). Even the 10% of the cells expressing the highest levels

of either lineage-specifying transcription factor contained both

IFN-c– and IL-4–producing cells, indicating that they did not

represent ‘‘contaminating’’ Th1 or Th2 cells. T-bet and GATA-3

expression levels correlated with the probability of cytokine

expression, but IFN-c and IL-4 producers were distributed over

the entire population, and high T-bet and GATA-3 expression did

not predict cytokine production of individual cells in a determin-

istic manner, supporting the concept of probabilistic cytokine gene

Direct Commitment to Stable Hybrid Th1/2 Phenotype
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expression [18–22]. Interestingly, high expression of either

transcription factor increased the likelihood of both IFN-c and

IL-4 production, possibly due to a somewhat higher activation

state of these cells.

Taken together, the Th1/2 population represented homoge-

neously differentiated cell-autonomous hybrid cells. An elevated

expression level of either master transcription factor was not

associated with a classic Th1 or Th2 cytokine pattern and thus did

not indicate an exclusive lineage choice.

Induction of T-bet and IFN-c in the Presence of IL-4
Critically Depends on IFN-c Signaling
To identify the signals that induced hybrid Th1/2 cells in vivo,

we infected different cytokine- or cytokine receptor-deficient mice

withH. polygyrus.H. polygyrus–infected Ifngr12/2, Il42/2, or Il4ra2/2

mice exhibited a strong reduction in the frequency of T-bet+GATA-

3+ hybrid Th1/2 cells compared with wild-type mice (Figure 4A).

This defect was observed in the spleens as well as in the mLN and

the peripheral blood (Figure 4B). In contrast, we detected unaltered

frequencies of hybrid Th1/2 cells in Il12p402/2 and Ifnar12/2

mice (Figure 4A). In the blood but not in spleens and mLN, the

absence of IL-4 signals affected the development of hybrid

Th1/2 cells even more strongly than the absence of IFN-c
signals (Figure 4B). Thus, IFN-c and IL-4 but not IL-12 or type

I interferons were required to generate hybrid Th1/2 cells

during H. polygyrus infection, and this requirement was not only

evident at the peak of the response (d 20) but already at an

earlier stage (d 14, unpublished data).

Although IL-12 often critically contributes to Th1 cell

differentiation [4,5], multiple pathways to induce T-bet [13] can

render IL-12 dispensable in many Th1 immune responses [57–

59]. Therefore, we asked whether IFN-c alone was sufficient to

induce T-bet and IFN-c in naive Th cells in the presence of

adverse IL-4 signals. To rule out confounding IL-12 production by

antigen-presenting cells (APCs), we stimulated purified naive Th

cells with plate-bound anti-CD3 and anti-CD28 in the presence of

IFN-c and IL-4. Indeed, this treatment resulted in a cell

population homogeneously co-expressing T-bet and GATA-3,

albeit at a suboptimal magnitude, and co-producing IFN-c and IL-

4 (Figure 4C and Figure S1). The further addition of IL-12

markedly increased the expression of T-bet and the capacity for

IFN-c production. Of note, both the frequencies of cytokine

producers and the expression levels of key transcription factors

were generally lower with anti-CD3/anti-CD28 stimulation than

with peptide-APC stimulation.

Given that IL-12–STAT4 signaling in differentiating hybrid

Th1/2 cells was compromised due to the presence of simultaneous

IL-4 signals (cf. Figure 2E), we asked whether parallel interference

with IFN-c signals would be critical for inducing the Th1 program

in hybrid Th1/2 cells. When we added an IFN-c–blocking

antibody to cells cultured with IL-12 and IL-4, T-bet expression

was almost completely abrogated, and IFN-c production was

totally extinguished (Figure 4C). Similarly, naive Th cells from

Ifngr12/2 mice cultured with IL-12 and IL-4 exhibited a Th2-like

phenotype, completely lacking T-bet and IFN-c expression. By

contrast, Th1 cells from Ifngr12/2 mice cultured with IL-12 alone

at least showed elevated T-bet expression and contained a sizable

fraction of IFN-c producers.

Collectively, these data indicate that IFN-c signals, acting

directly on differentiating Th cells, could overcome the inhibitory

effects of the IL-4–GATA-3 axis on T-bet induction and hence

were critical for the development of hybrid Th1/2 cells.

Hybrid Th1/2 Memory Cells Stably Maintain Their Key
Transcription Factor and Cytokine Profile
Th1 and Th2 cells maintain enhanced levels of T-bet and

GATA-3 protein, respectively, in the memory phase when the

inducing cytokine environment is no longer present [12].

Considering the mechanisms of reciprocal inhibition of Th1 and

Th2 differentiation programs, we asked whether hybrid Th1/2

cells represented a transitory state, dependent on a promiscuous

cytokine environment during antigen stimulation, or whether the

hybrid phenotype was similarly stable as that of Th1 and Th2

cells. To this end, we generated pure populations of Th1, Th2,

and hybrid Th1/2 cells in vitro as shown by the uniform expression

patterns of T-bet and GATA-3 (cf. Figure 2A), transferred them

into wild-type mice, and tracked them in the recipients for several

months. Throughout the observation period, hybrid Th1/2

memory cells homogeneously continued to co-express T-bet and

GATA-3 (Figure 5A, right). The hybrid cells maintained the

expression of T-bet at a similar level as in Th1 cells and of GATA-

3 at a similar level as in Th2 cells (Figure 5A, left and center) and

continued to co-express IFN-c with IL-4 and IL-13 upon

restimulation (Figure 5B), indicating the stable maintenance of

the hybrid Th1/2 phenotype in the memory phase in vivo.

H. polygyrus infection is usually chronic. Therefore, to study the

memory phase of in vivo–generated hybrid Th1/2 cells, we cured

mice with an anti-helminth drug at the peak of infection. After

expulsion of the parasites, H. polygyrus–induced T-bet+GATA-3+

cells maintained GATA-3 expression similar to their T-bet2 Th2

counterparts and constantly expressed T-bet at levels like the pool

of T-bet+ Th1 effector/memory cells unrelated to the parasite

infection (Figure 5C). They also contributed to the memory pool of

cytokine producers and co-produced IFN-c with IL-4 and IL-13

(Figure 5D). Of note, we verified the complete absence of egg

output after cure for each mouse (Figure 5E). Hybrid Th1/2 cells

in H. polygyrus–cured mice accounted for approximately half of the

GATA-3+ memory pool (Figure 5F). Thus, bifunctional Th1/2

Figure 2. Simultaneous commitment of naive T cells to the Th1 and Th2 differentiation programs. (A–E) FACS-sorted naive
CD4+CD62LhiCD44loCD252CXCR32Gr-12 LCMV-TCRtg Th cells were activated with APCs and GP61–80 peptide in the presence of the indicated
cytokines and cytokine-blocking antibodies. (A) T-bet and GATA-3 expression is shown in naive cells (top row) or on d 5 of culture (middle row).
Geometric mean indices are indicated. Cytokine expression upon PMA/ionomycin restimulation is shown on d 5 of culture (lower row). Numbers
indicate frequencies. Data are representative of five independent experiments. (B) Geometric mean indices 6 SD of T-bet and GATA-3 stainings
versus isotype control stainings on d 5 of culture are depicted as normalization to Th1 cells for T-bet or to Th2 cells for GATA-3. Data are pooled from
five independent experiments. (C) Cytokine expression was analyzed after PMA/ionomycin restimulation on d 5 of culture. Mean frequencies 6 SD of
cytokine+ cells are shown. Data are pooled from five independent experiments. (D) Expression of the indicated cytokine and chemokine receptors
(upper row) and transcription factors (lower row) was analyzed on d 5 of culture. Tfh cells were obtained from spleens of WT C57BL/6 mice and
identified as CD4+CXCR5+PD-1+ cells. Numbers indicate geometric means. Data are representative of two independent experiments. (E) On d 2 of
culture, levels of phosphorylated (upper row) and total (lower row) STAT proteins were determined. Numbers indicate geometric mean indices. Data
are representative of two independent experiments. (F) Naive Th cells from WT Balb/c mice were cultured with anti-CD3/anti-CD28 in the presence of
polarizing cytokines and cyokine-blocking antibodies to induce Th1, Th2, and hybrid Th1/2 cells. T-bet and GATA-3 expression was analyzed in a
kinetic fashion and plotted as geometric mean indices. Data are representative of three independent experiments.
doi:10.1371/journal.pbio.1001633.g002
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cells did not represent a transient effector stage but rather

maintained their hybrid phenotype in the memory phase.

The Hybrid Th1/2 Phenotype Can Be Quantitatively
Modulated but Resists Full Reprogramming into Th1 or
Th2 Cells
The Th1 and Th2 differentiation programs exhibit features of

mutual inhibition. Therefore, one could speculate that either

program in hybrid Th1/2 cells would be extinguished upon

secondary unidirectional challenges. To address this possibility, we

stimulated hybrid Th1/2 cells for a second round under either

Th1-favoring conditions including type I and type II interferons

[12] or Th2-polarizing conditions.

Cells subjected to Th1-favoring conditions maintained high

T-bet expression, while GATA-3 expression was reduced but

not abrogated. The frequency of IFN-c producers was drasti-

cally enhanced, but many of them co-expressed IL-4 and IL-13

(Figure 6A). Under Th2-polarizing conditions, high GATA-3

expression was maintained, and T-bet as well as IFN-c

expression was further reduced but not abrogated. The

frequencies of IL-4 and IL-13 producers were enhanced,

however these frequencies were similar to those after Th1-

favoring challenge. Thus, while the main effect of secondary

Th1 challenge was to overcome diminished IFN-c production in

hybrid Th1/2 cells, the main effect of secondary Th2 challenge

was the more pronounced suppression but not extinction of

IFN-c and T-bet expression.

Infections with lymphocytic choriomeningitis virus (LCMV)

provide potent stimuli for Th1-cell polarization [12]. Hence, to

study the plasticity of hybrid Th1/2 cells versus classic Th1 and

Th2 cells under strong Th1-favoring conditions in vivo, we

transferred LCMV-specific Th1, Th2, and hybrid Th1/2 cells

into mice, followed by a local LCMV infection into the footpad.

At the peak of infection, we isolated cells directly from the

challenged feet. We found that hybrid Th1/2 cells had acquired

similar T-bet expression as Th1 cells, whereas the frequency of

IFN-c producers remained at an intermediate level between Th1

and Th2 cells. At the same time, hybrid Th1/2 cells maintained

intermediate levels of both GATA-3 protein and Th2 cytokine

production (Figure 6B).

During local infection the possibility remains that only a

subpopulation of the transferred cells migrates into the footpad

and responds to the virus. To challenge hybrid Th1/2 cells and

their classic counterparts in a systemic approach, we infected

recipients of LCMV-specific Th1, Th2, and hybrid Th1/2 cells

intravenously with LCMV. On d 9, at the peak of the effector T

cell response, T-bet expression by hybrid Th1/2 cells was Th1-like

while GATA-3 expression was intermediate (unpublished data), as

seen after local infection (Figure 6B), a behavior mirroring the

plasticity of classic Th2 cells [12]. Extending these findings to the

memory phase (d 71, i.e., long after viral clearance, which usually

occurs within a week), we found that even months after systemic

infection, GATA-3 expression and production of IL-4 and IL-13

were maintained in hybrid Th1/2 memory cells at levels in

between those of the challenged Th1 and Th2 cells. At the same

time, both T-bet and IFN-c expression of the challenged Th2 and

Th1/2 cells was similar to that of Th1 cells (Figure 6C).

Taken together, the Th1/2 phenotype could be quantitatively

modulated towards the Th1 or Th2 directions. In this respect, the

hybrid cells showed a similar degree of plasticity as their classic

Th2 counterparts, which can also acquire additional Th1 cell

properties upon LCMV infection [12,22]. However, the hybrid

character as such prevailed even upon vigorous reprogramming

attempts, indicating an intriguing stability of a promiscuous

differentiation state. This finding is surprising because observations

in the stem cell field would suggest such a differentiation state to be

only metastable [60,61]. Thus, with regard to both stability and

plasticity, hybrid Th1/2 cells behaved like classic Th cell lineages,

indicating that both opposing Th1 and Th2 differentiation

programs had been firmly established in naive precursors upon

their integration of adverse differentiation signals.

Figure 3. IFN-c– and IL-4–producing hybrid Th1/2 cells are
distributed over the entire spectrum of T-bet and GATA-3
expression levels. FACS-sorted naive LCMV-TCRtg CD4+ T cells were
cultured for 5 d with APCs and GP64–80 peptide to generate hybrid Th1/
2 cells. Transcription factor and cytokine co-expression was analyzed
after PMA/ionomycin restimulation. Dot plots show the co-expression
of IFN-c and IL-4 within fractions expressing distinct levels of T-bet (left
column) or GATA-3 (right column) that were gated according to the
colored histograms on top. As very high fraction, the 10% of cells
expressing the highest levels of the respective transcription factor were
analyzed. The other fractions each contained approximately 30% of the
total population. IFN-c and IL-4 production in the whole population is
depicted in the top center dot plot. Numbers indicate frequencies. Data
are representative of two independent experiments.
doi:10.1371/journal.pbio.1001633.g003
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Balance of Opposing Differentiation Programs in Hybrid
Th1/2 Cells Translates into Attenuated
Immunopathology
To dissect the functional relevance of hybrid Th1/2 cells, we

studied both type-1 and type-2 inflammations. As a model of

type-1 inflammation, we adoptively transferred in vitro–

generated, LCMV-specific Th cells and subjected the recipient

mice to a local LCMV infection in the footpad [62]. Th1 cells

induced a strong delayed-type hypersensitivity (DTH) response.

However, footpad swelling in hybrid Th1/2 cell recipients was

significantly reduced and only slightly more severe than in mice

that had received Th2 cells (Figure 7A). Hybrid Th1/2 cells

expressed intermediate levels of CXCR3 (Figure 7B), which is

involved in guiding Th cell migration to the inflamed foot [62].

Although the frequencies of transferred cells before infection

were comparable between groups (Figure 7C), milder inflam-

mation was accompanied by reduced T cell influx into the feet

(Figure 7D). Moreover, in challenged feet of hybrid Th1/2 cell

recipients, we detected lower frequencies of IFN-c producers

compared with Th1 cell recipients (Figure 7E).

To assess the type-2 inflammatory potential, we transferred

hybrid Th1/2 cells and used a model of allergic airway

inflammation by intranasal peptide challenge [63]. (Note that

H. polygyrus infection is not suitable as a model here, because it is

not accompanied by considerable immunopathology.) Hybrid

Th1/2 cells mediated significantly less eosinophil accumulation

in the lung than Th2 cells (Figure 7F and G). Moreover, we

detected a pronounced reduction in mucus-producing goblet

cells compared with Th2 cell recipients (Figure 7F and H). The

numbers of transferred cells were similar in lungs of Th2 and

Figure 4. Induction of T-bet and IFN-c in the presence of IL-4 critically depends on IFN-c signaling. (A) WT C57BL/6 mice or the indicated
gene-deficient mice were infected with H. polygyrus. On d 20 of infection, CD4+ T cells from spleens were analyzed for T-bet and GATA-3 expression
(n=6–7 mice/group). The frequencies of T-bet+GATA-3+ hybrid Th1/2 cells among activated CD4+CD44+ T cells are shown. (B) The frequencies of T-
bet+GATA-3+ hybrid Th1/2 cells among activated CD4+CD44+ T cells as shown in (A) in the indicated organs were normalized to the mean of the wild-
type group. Data are representative of two independent experiments. (C) FACS-sorted naive CD4+CD62LhiCD44loCD252CXCR32Gr-12 Th cells from
C57BL/6 or Ifngr2/2 mice were activated with anti-CD3/anti-CD28 in the presence of the indicated cytokines and cytokine-blocking antibodies. T-bet
and GATA-3 expression was analyzed on d 5 (upper row). Inserted numbers indicate geometric mean indices. Cytokine expression was analyzed upon
PMA/ionomycin restimulation on d 5 (lower row). Numbers indicate frequencies. Data are representative of two independent experiments.
doi:10.1371/journal.pbio.1001633.g004
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hybrid Th1/2 cell recipients (Figure 7I). Milder type-2

inflammation was rather associated with reduced IL-4, IL-13,

and IL-5 production (Figure 7J) and lower GATA-3 expression

(Figure 7K) by the hybrid Th1/2 cells compared with the Th2

cell compartment.

In summary, combined Th1 and Th2 effector functions were

exerted by hybrid Th1/2 cells at an intermediate level. Hence,

they supported immune responses characteristic of either lineage,

however these responses were attenuated in strength and resulted

in milder immunopathology.

Figure 5. Hybrid Th1/2 memory cells stably maintain their key transcription factor and cytokine profile. (A–B) LCMV-TCRtg Thy1.1+ Th1,
Th2, or hybrid Th1/2 cells were generated in vitro for 2 wk and transferred into WT C57BL/6 mice (n= 3–8 mice/group). Data are representative of two
independent experiments. (A) T-bet and GATA-3 expression in CD4+Thy1.1+ cells from peripheral blood was analyzed in a kinetic fashion and plotted
as geometric mean indices 6 SD. Dot plot depicts a representative staining on d 76 after transfer. (B) Splenocytes were restimulated with GP64–80
peptide on d 42 after transfer and cytokine production of CD4+Thy1.1+ donor cells was analyzed. Numbers indicate frequencies. (C–F) WT C57BL/6
mice were infected with H. polygyrus and cured with Pyrantel at the peak of infection on d 21 (n=10). Data are representative of two independent
experiments. (C) T-bet and GATA-3 expression was determined in CD4+ cells from peripheral blood in a kinetic fashion and plotted as geometric
mean indices6 SD. Dot plot (right panel) depicts a representative staining on d 30 after cure. Numbers indicate frequencies. The blue, red, and violet
frames in this inset also document the gating strategy for Th1, Th2, and hybrid Th1/2 cells, respectively, which are shown in panels (C), (D), and (F). (D)
Cytokine expression upon restimulation with PMA/ionomycin was analyzed in CD4+ cells from spleens of H. polygyrus–infected mice on d 63 after
cure. Numbers indicate frequencies. (E) Output of H. polygyrus eggs was determined one day before and 4 d after treatment with Pyrantel. (F)
Frequencies 6 SD of T-bet2GATA-3+ (Th2) and T-bet+GATA-3+ (hybrid Th1/2) CD4+ cells in the peripheral blood are depicted over time after cure
from H. polygyrus infection.
doi:10.1371/journal.pbio.1001633.g005
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Discussion

Here we report the direct commitment of naive Th cells to a

stable hybrid phenotype with combined Th1 and Th2 cell

functions. Hybrid Th1/2 cells developed in parallel to classic

Th2 cells in immune responses against different parasites where

they substantially contributed to the type-2 cytokine-producing

effector and memory T cell pool. In vitro and in vivo, the

development of hybrid Th1/2 cells was dependent on IFN-c

signaling. In hybrid Th1/2 cells, both Th1 and Th2 features were

manifested at an intermediate level.

How can simultaneous Th1 and Th2 differentiation in

individual cells be explained? T-bet is first induced by IFN-c

[2,3,64]. We found that IFN-c–STAT1 signaling in developing

Figure 6. The hybrid Th1/2 phenotype can be quantitatively modulated but resists full reprogramming into Th1 or Th2 cells. FACS-
sorted naive LCMV-TCRtg CD4+Thy1.1+ T cells were cultured for 5 d with APCs and GP64–80 peptide to generate Th1, Th2, or hybrid Th1/2 cells. (A)
Hybrid Th1/2 cells were analyzed on d 5 (left) and further stimulated for 5 d in the presence of either Th1-reprogramming conditions (upper row) or
Th2-polarizing conditions (lower row). Geometric mean indices of T-bet and GATA-3 expression are indicated. Cytokine expression was analyzed after
PMA/ionomycin restimulation. Numbers indicate frequencies. Data are representative of two independent experiments. (B) 56106 Th1, Th2, or hybrid
Th1/2 cells were transferred into WT mice, followed by subcutaneous LCMV infection of all recipients in the footpad. CD4+Thy1.1+ donor cells were
harvested from the feet during the effector phase on d 5–8 after infection. Normalized geometric mean indices of T-bet and GATA-3 expression
without restimulation are shown (n=5–7 mice/group). Data are pooled from two independent experiments. Frequencies of cytokine+ cells were
analyzed after PMA/ionomycin restimulation (n= 3–5 mice/group). Data are representative of two independent experiments. (C) 16106 Th1, Th2, or
hybrid Th1/2 cells were transferred into WT C57BL/6 mice, followed by intravenous LCMV infection of all recipients. Splenocytes were analyzed on d
71. Normalized geometric mean indices of T-bet and GATA-3 expression in CD4+Thy1.1+ cells without restimulation are shown for individual mice (left
panels). Frequencies of cytokine+ cells among CD4+Thy1.1+ cells after PMA/ionomycin restimulation are depicted (n= 5–6 mice/group). Data are
representative of two independent experiments.
doi:10.1371/journal.pbio.1001633.g006
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Figure 7. Balance of opposing differentiation programs in hybrid Th1/2 cells translates into attenuated immunopathology. FACS-
sorted naive LCMV-TCRtg CD4+Thy1.1+ T cells were cultured for 5 d with APCs and GP64–80 peptide to generate Th1, Th2, or hybrid Th1/2 cells. (A–E)
56106 cells were transferred into WT mice, followed by subcutaneous LCMV infection in one footpad and sham infection with medium of the other.
(A) Footpad swelling was measured in a kinetic fashion as the difference in thickness between the infected and the sham-treated foot (n=10–12
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hybrid Th1/2 cells was not compromised by IL-4 signals. IL-4

drives enhanced expression of GATA-3 [10]. We observed

intermediate GATA-3 protein amounts in hybrid Th1/2 cells,

most likely due to negative effects of IL-12–STAT4 signals [25]

and T-bet [27] on GATA-3 expression. However, intermediate

GATA-3 amounts were sufficient to induce substantial production

of IL-4 and IL-13 in the presence of T-bet, consistent with the

general compatibility of T-bet with Th2 cytokine production

[2,65]. Furthermore, GATA-3 suppresses the expression of both

the IL-12Rb2 chain [25] and STAT4 [26], thereby limiting Th1

cell differentiation. Indeed, we observed suboptimal but functional

IL-12 signaling in differentiating hybrid Th1/2 cells. Thus,

decreased IFN-c induction in hybrid Th1/2 cells may either be

the direct result of diminished IL-12 signaling [26] or it may occur

indirectly via the induction of lower T-bet protein amounts

[66,67]. Moreover, GATA-3–mediated suppression of Runx3

activity [68] may have decreased IFN-c production.

In the absence of IFN-c signals, IL-12 could drive only low-

level expression of T-bet and IFN-c. However, this IL-12 effect

was completely abrogated by additional IL-4 signals, pointing to

their dominance over IL-12 signaling [4,69]. We found that

IFN-c is capable of breaking the IL-4 dominance, resulting in

T-bet and IFN-c induction in parallel to GATA-3 and IL-4

induction. This finding may be explained at least in part by a

role of IFN-c in sustaining the expression of the IL-12Rb2 chain

[70]. Importantly, in the presence of IFN-c the entire

population of differentiating hybrid cells could perceive IL-

12–STAT4 signaling despite concurrent IL-4 signals. Yet IL-12

was not required for hybrid Th1/2 cell development during H.

polygyrus infection and only partially contributed to T-bet and

IFN-c induction in the presence of IL-4 in vitro, suggesting a

considerable role of IFN-c to drive T-bet induction directly

[2,3]. Interestingly, the amounts of STAT1 protein in differen-

tiating hybrid Th1/2 cells were comparable to those in Th1

cells, whereas the amounts of STAT4 protein were comparable

to those in Th2 cells. Our results confirm STAT1’s relevance for

Th1 cell differentiation [2,71] and show further that STAT1

signaling is most critical when STAT4 signals become limited as

by GATA-3–mediated repression. Thus, while the IL-12–

STAT4 pathway was subjected to inhibition by GATA-3, it

appears to be the IFN-c–STAT1 pathway that imperviously

allowed T-bet induction to occur even in the presence of IL-4

signals. Taken together, in developing hybrid Th1/2 cells

mutual repression mechanisms were in place but still allowed

the simultaneous induction of the Th1 and Th2 programs.

The co-expression of T-bet and GATA-3 was stably maintained

in hybrid Th1/2 memory cells for months. Inhibition of GATA-3

function by T-bet through protein–protein interaction [72] could

not impair stable GATA-3 expression, suggesting that GATA-3

autoactivation [24] was largely resistant to such a kind of

repression. However, this mechanism may have contributed to

reduced GATA-3 expression and decreased per-cell amounts and/

or frequencies of Th2 cytokines in hybrid Th1/2 effector cells in

vivo. Upon LCMV infection, providing very potent Th1-favoring

stimuli [12,22], hybrid Th1/2 memory cells maintained GATA-3

and Th2 cytokine production at intermediate levels while they

acquired Th1-like T-bet and IFN-c expression, reflecting both

plasticity and stability of hybrid Th1/2 cells.

Hybrid Th1/2 cells were bifunctional and supported type-1 and

type-2 immune responses. However, both were reduced in

strength and thus caused milder immunopathology in the type-1

and type-2 inflammation models used here. At least two

mechanisms could account for this reduced inflammatory poten-

tial. First, DTH responses require Th cells to migrate to inflamed

effector sites [73]. After footpad infection with LCMV, CXCR3

ligands are locally expressed [62]. Hence, compared with Th1

cells, reduced influx of hybrid Th1/2 cells into LCMV-infected

footpads may have resulted from decreased levels of CXCR3

protein expression. Second, low frequencies of IFN-c producers

among the recruited hybrid Th1/2 cells may have led to low local

amounts of IFN-c and thus to a mild DTH response [74].

In Th2 cell-driven murine asthma models, mucus production

and eosinophilia depend on IL-13 and IL-5 [75]. Indeed, hybrid

Th1/2 cells from the lungs contained fewer IL-13 and IL-5

producers than Th2 cells, associated with milder eosinophilia and

reduced mucus production. Taken together, the intermediate

manifestations of Th1 and Th2 effector features were associated

with reduced immunopathology mediated by hybrid Th1/2 cells

compared with their classic counterparts. Mechanistically, the

hybrid phenotype may translate into differential migratory

behavior and/or distinct expression patterns of effector molecules

at the site of inflammation.

Albeit the expression of the signature cytokines of either lineage

was negatively modulated in hybrid Th1/2 cells in vivo compared

with their classic counterparts, this reciprocal regulation was

quantitative rather than qualitative. Thus, even though the hybrid

cells expressed IFN-c and IL-4 in reduced amounts at the per-cell

level or in reduced frequencies at the population level, the

probability that a given individual IFN-c–producing cell in the

hybrid population also produced IL-4 was the same as the

probability that an IFN-c–negative cell in this population

produced IL-4. During a given stimulation of differentiated Th

cell populations, cytokine production is generally heterogeneous

[16,17]. Different cytokines can be expressed independently in

single cells such that for instance not all IFN-c–producing Th1

cells also produce IL-2 [17,76,77]. Even though it was reported

that IFN-c and type-2 cytokine production in Th cell populations

from diverse settings occurs from subpopulations that tend to

segregate [17,76–78], a detailed statistical analysis revealed that

Th1 and Th2 cytokine expression at the single-cell level often

mice/group). Pooled data + SD from two independent experiments are shown. (B) CXCR3 expression was determined before transfer. Representative
histogram and geometric means 6 SD from four independent experiments are depicted. (C) Frequencies of Thy1.1+ donor cells in blood one day
before viral infection are shown (n=10–12 mice/group). (D) Absolute number of CD4+Thy1.1+ cells in challenged feet during the effector phase is
depicted (n= 5–7 mice/group). (E) IFN-c expression by CD4+Thy1.1+ cells isolated from challenged feet was determined upon PMA/ionomycin
restimulation during the effector phase on d 5 after infection. Mean frequencies6 SD (n=3–5 mice/group) are indicated. Data are pooled from (C, D)
or representative of (E) two independent experiments. (F–K) 1.56106 cells were transferred into WT mice. Mice were challenged intranasally with
10 mg GP64–80 in PBS on 4 consecutive days and analyzed 2 days later. (F) Histological analyses of the lungs. Eosinophils are stained with Sirius Red,
and examples are indicated by arrows (scale bar, 20 mm; upper row). Mucus-producing goblet cells in the bronchial epithelium are identified by PAS
staining, and examples are indicated by arrowheads (scale bar, 100 mm; lower row, n= 4–5 mice/group). (G) Frequency of Siglec-F+CD11clo

eosinophils in the lungs of challenged mice was analyzed by FACS (n=9–10 mice/group). (H) Quantification of PAS+/100 epithelial cells by histology
is shown (n= 4–5 mice/group). (I) Absolute numbers of CD4+Thy1.1+ from the lungs were measured by FACS (n= 9–10 mice/group). (J) Frequencies of
cytokine+ cells upon restimulation with PMA/ionomycin are depicted (n= 9–10 mice/group). (K) Geometric mean indices of GATA-3 expression by
CD4+Thy1.1+ cells without restimulation are shown (n=4–5 mice/group). Data are representative of (F, K) or pooled from (G–J) two independent
experiments.
doi:10.1371/journal.pbio.1001633.g007
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represents statistically independent events [46,52]. However, since

in those studies both the differentiation history and the stability of

IFN-c/IL-4 co-producing cells were unclear, this phenomenon

was rather interpreted as incomplete lineage commitment

[17,32,46,78]. In contrast, we have here identified Th1/2 cells

as a distinct population that homogeneously and stably co-

expressed the Th1 and Th2 hallmark transcription factors T-bet

and GATA-3. Thus, the fact that not all cells in the hybrid

population co-produced IFN-c and IL-4 does not imply that these

cells were not bona fide hybrid Th1/2 cells. The independent

decision of restimulated hybrid Th1/2 cells to produce IFN-c

and/or IL-4 rather reflects the probabilistic cytokine expression

behavior of classic Th1 and Th2 cell populations. Hence, it

indicates that the Th1 and Th2 differentiation programs interact

rather weakly and are long-term compatible with each other in

individual cells. Besides a stochastic element, molecular events

such as the nuclear translocation of NFATc2 or the limited

availability of other required transcription factors have been

reported to affect the frequency of cytokine production by Th cells

and other cell types [79,80], suggesting that cell-to-cell differences

in strength and processing of T cell receptor signals contribute to

the heterogeneity of cytokine production observed at the

population level. In addition, it is possible that as yet unidentified

regulatory factors that may be preferentially expressed in hybrid

Th1/2 cells participate in their modulated capacity to produce

Th1 and Th2 effector cytokines.

We and others have reported previously that established Th

cell subsets can acquire features of other lineages by repro-

gramming, resulting in hybrid differentiation phenotypes [35–

37]. Virus-induced type-I and type-II interferon and IL-12

signals could reprogram adoptively transferred fully differenti-

ated Th2 cells to adopt a GATA-3+T-bet+ phenotype [12]. This

virus-triggered T-bet induction was essential because T-bet–

deficient Th2 cells fatally interfered with a protective antiviral

CD8 T cell response. In the present study, we found that hybrid

Th1/2 cells develop naturally in vivo in response to parasites. We

show that naive Th cells can directly commit to stable T-bet and

GATA-3 co-expression by simultaneous initiation of the Th1

and Th2 differentiation programs rather than by reprogram-

ming. For this, IFN-c was required to overcome the dominance

of IL-4 over IL-12 signaling. Importantly, for the first time we

characterized the functional properties of a T-bet+GATA-3+ cell

subset and found that the quantitative modulations of both Th1

and Th2 cell functions in hybrid Th1/2 cells translated into

reduced immunopathology in different inflammation models.

It has been reported that under some circumstances two

lineage-specifying transcription factors may be co-expressed in Th

cells during primary immune responses. In these studies, the

observed co-expression reflected the signaling of an inductive

cytokine that is shared by two lineages [42–44,81]. TGF-b1

induces the Treg cell lineage [82] but is also implicated in the

development of Th17 cells [83]. Consistently, TGF-b1 can induce

the co-expression of FoxP3 and RORct, the lineage-defining

transcription factors of Treg and Th17 cells, respectively [42]. IL-

23 is a key cytokine required for expansion and terminal

differentiation of Th17 cells [83,84] but also induces T-bet [85].

Thus, a subset of pathogenic Th17 cells that co-expressed T-bet

and RORct was dependent on IL-23 signals [43,44]. Finally, IL-

12 not only induces T-bet [9] but also Bcl-6 [81], the lineage-

defining transcription factor of Tfh cells [86], leading to the

transient expression of Bcl-6 in developing Th1 cells. Some of

these reports suggest a role of functional antagonism to resolve the

transient hybrid phenotype in favor of a stable classic lineage

[42,81]. In contrast to these findings, we describe here how the

processing of opposing developmental cues by pluripotent naive

precursors leads to a stable hybrid differentiation phenotype where

balanced functional antagonism serves to self-limit the inflamma-

tory potential of Th cells.

The present finding of the direct differentiation of naive Th cells

into a hybrid T-bet+GATA-3+ Th1/2 phenotype is also of interest

from a broader systems-biology perspective. One reason for the

wide acceptance of the idea of mutually exclusive Th1 and Th2

phenotypes might be that mutual repression in a gene regulatory

network, such as the one governing T-bet and GATA-3

expression, can generate two distinct ‘‘basins of attraction’’,

corresponding to two different cell types. Indeed, cell fate ‘‘branch

points’’ associated with this concept have recently attracted

attention in stem cell biology [60,61]. However, the effect of

mutual repression depends on quantitative parameters of the

underlying interactions. Already quite simple models of GATA-3

and T-bet expression predict that both mutual exclusion and co-

expression might occur, depending on the strength of repression,

where co-expression is favored by weak interactions [87]. A

quantitative model of Th cell differentiation will require a detailed

mechanistic understanding of both induction and maintenance of

the differentiated phenotypes. Our data point to a model with

weak antagonistic interactions between Th1- and Th2-inducing

pathways. The T-bet and GATA-3 expression levels attained in

the induction phase are then ‘‘remembered’’ in the memory phase

of the immune response and remain only partially susceptible to

later reprogramming.

It is a common theme in developmental biology that progenitor

cells destined to give rise to either of two cell lineages co-express

the master transcription factors of both [60,61]. Lineage

commitment is then achieved by the loss of expression of one

factor in favor of stable elevated expression of the other. We

cannot formally exclude that also the differentiation of Th1 and

Th2 cells passes through a transient hybrid stage where T-bet

and GATA-3 are co-expressed, although we did not detect it in

detailed kinetic analyses. In general, Th cell differentiation

appears to be rather based on the de novo induction of master

transcription factors in naive progenitor cells that do not co-

express all the transcription factors that define the different

lineages. Moreover, the hybrid Th1/2 state is more firmly

established than it would be expected from a metastable system

since even vigorous reprogramming attempts rather induced

quantitative modulations of the hybrid phenotype but not its

loss. Transcriptional autoactivation has been suggested to

stabilize the expression of the Th1 and Th2 lineage-specifying

master transcription factors T-bet [2,23] and GATA-3 [24,88],

respectively. Weak mutually inhibitory interactions between the

pathways inducing them would then modulate the expression

levels without abolishing co-expression [87,89].

In summary, we conclude that mechanisms of reciprocal

inhibition do not necessarily make lineage commitment of naive

Th cells an exclusive choice between alternative cell fates. Instead,

the integration of adverse polarizing signals by a differentiating cell

can result in the acquisition of stably balanced functional

properties endowed by two opposing transcriptional programs.

We suggest that mutual inhibition may rather form the basis of this

cell-intrinsic balance—for example, by leading to quantitative

differences in inductive signal strength [90], which result in a

hybrid phenotype with dual functions where each is exerted at an

intermediate level.

Yet threshold levels may exist beyond which classic lineages can

stabilize and initiation of opposing programs is prevented. Indeed,

in responses against parasites we observed the parallel develop-

ment of T cells with a classic Th2 and a hybrid Th1/2 phenotype.
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GATA-3+ populations were not distributed over a T-bet

continuum but instead emerged as distinct populations that were

either T-bet2GATA-3+ or T-bet+GATA-3+, indicating that a

certain threshold of T-bet expression may have to be reached in

order to establish the hybrid Th1/2 phenotype.

In functional terms, the acquisition and maintenance of a

hybrid Th cell phenotype could contribute to the prevention of

excessive immunopathology as an effector cell-intrinsic mecha-

nism. We propose a regulatory mechanism that is not based on

immunosuppression but on the quantitative modulation of

immune cell functions achieved by the balance of two antagonistic

differentiation programs. We note that direct differentiation of

naive CD4+ T cells into a mixed Th1/Th2 phenotype in vitro was

also observed concurrently by two other groups, using different

experimental approaches [98,99].

Materials and Methods

Mice
LCMV–TCRtg (SMARTA1) [91] Thy1.1+ mice expressing a

TCR specific for the LCMV epitope GP61–80 on C57BL/6

background, as well as WT C57BL/6 and WT Balb/c mice or

Ifngr12/2 mice [92] were used as organ donors for the isolation of

splenocytes and lymph node cells. Normal untreated C57BL/6J

mice were used as recipients in adoptive cell transfer experiments.

Ifngr12/2 mice, Ifnar12/2 mice [92], Il12p402/2 mice [93], Il42/2

mice [94], and Il4ra2/2 mice [95] were all on C57BL/6

background. These mice as well as WT C57BL/6 and WT

Balb/c mice were used in infection and immunization exper-

iments, as indicated in the figure legends. Mice were bred under

specific pathogen-free conditions at the Charité, Berlin, or at the

University of Zurich, Switzerland. All animal experiments were

performed in accordance with the German and the Swiss law for

animal protection with permission from the local veterinary

offices.

Primary T Cell Cultures
Naive CD4+CD62LhiCD44loCD252CXCR32Gr-12 T cells

were sorted from pooled spleen and lymph node cells by FACS

to a purity of .99.5%. T cells were cultured in RPMI

1640+GlutaMax-I supplemented with 10% (v/v) FCS (Gibco),

penicillin (100 U/ml; Gibco), streptomycin (100 mg/ml; Gibco),

and ß-mercaptoethanol (50 ng/ml; Sigma). Cultures were

prepared either in the presence of APCs and 0.5 mg/ml

LCMV–GP64–80, (R. Volkmer, Institute for Med. Immunology,

Charité) or by stimulation with plate-bound 2.5 mg/ml anti-

CD3e (145-2C11) and 3 mg/ml anti-CD28 (37.51, both from

BD Biosciences). For Th1 differentiation, 10 ng/ml IFN-c,
10 ng/ml IL-12 (R&D Systems), and 10 mg/ml anti–IL-4

(11B11) were added. For Th2 differentiation, 30 ng/ml IL-4

(R&D Systems), 10 mg/ml anti–IL-12 (C17.8), and 10 mg/ml

anti–IFN-c (AN18.17.24) were added. Hybrid Th1/2 cells were

cultured with 10 ng/ml IFN-c, 10 ng/ml IL-12, and 30 ng/ml

IL-4. For Th17 differentiation, 20 ng/ml IL-6, 1 ng/ml TGF-b,
10 ng/ml IL-23 (all from R&D Systems), 10 mg/ml anti–IFN-c,
and 10 mg/ml anti–IL-4 were added. For some experiments,

cells were cultured under neutral conditions with anti–IL-12,

anti–IFN-c, and anti–IL-4. For in vitro Th1 reprogramming

experiments, IFN-a and IFN-b (PBL InterferonSource) were

used at 1,000 U/ml. Cell cultures were split on d 2 or d 3 and

analyzed on d 5. For a second round of stimulation, cells were

reactivated on d 5 with fresh Thy1.2-depleted C57BL/6

splenocytes plus GP64–80 peptide, 5 ng/ml IL-2 (R&D Systems),

polarizing cytokines, and cytokine-blocking antibodies as above.

Viruses and Parasites
The LCMV-Armstrong and LCMV-WE strains were propa-

gated on BHK or L929 cells, respectively, and virus stocks were

titrated by standard immunofocus assays. H. polygyrus was

maintained by serial passage in C57BL/6 mice. Biomphalaria

glabrata snails infected with S. mansoni were maintained at the

Institute of Molecular Parasitology (Berlin, Germany). S. mansoni

eggs were recovered from the livers of infected hamsters, washed,

and frozen.

Adoptive T Cell Transfer
Mice were injected intravenously with differentiated LCMV-

specific CD4+Thy1.1+ cells in 500 ml PBS. In cases where the

recipients were infected with LCMV later on, 1–56106 cells were

transferred to yield a seeding of approx. 1–56105 cells per mouse

[96]. In some experiments where the recipients were left

uninfected, 16107 cells were transferred to yield a seeding of

approx. 16106 cells per mouse.

Infections and Immunizations
LCMV. Preceding systemic LCMV infection, 16106 cells

were transferred per mouse. One week later, mice were infected

intravenously with 200 plaque-forming units (PFU) of LCMV-WE

in 200 ml medium.

Prior to local LCMV infection, 56106cells were transferred per

mouse. One week later, mice were infected with 500 PFU of

LCMV-Armstrong in 30 ml medium into the left footpad. Equal

volumes of medium were injected into the right footpad as a

control. Footpad swelling was measured using a caliper and

calculated as the difference in footpad thickness of infected versus

control feet. Mice were sacrificed during the effector phase (d 5 to

d 8 after infection).

H. polygyrus. Mice were infected with 200 L3 larvae via

oral gavage and analyzed between d 14 and d 21 (peak of

infection). For some experiments, mice were treated orally with

2.5 mg Pyrantel pamoate (Sigma) in 150 ml water 3 wk after

primary infection. Abrogation of infection was verified using

MacMaster chambers confirming absence of parasite eggs in

feces.

S. mansoni. Female Balb/c mice were infected subcutane-

ously with 90 infective stage cercariae derived from snails and

analyzed 8 wk after infection.

S. mansoni eggs. WT Balb/c mice were immunized twice

with 2,000 S. mansoni eggs in PBS i.p. on d 0 and d 30. One month

later, mice received 2,000 eggs in PBS i.v. and were sacrificed 8 d

later.

Airway Inflammation Model
1.56106 cells were transferred into WT mice and rested in vivo

for 1 wk. Mice were challenged by intranasal inoculation with

10 mg GP64–80 in PBS on 4 consecutive days. On d 2 after the last

challenge, mice were analyzed.

Cell Isolation and Flow Cytometry
Viable T cells from primary cell cultures were purified using

Histopaque 1083 (Sigma-Aldrich) and density centrifugation

(400 g at 25uC for 20 min). Single-cell suspensions of spleen and

lymph nodes were prepared by mechanical disruption.

For cell isolation from lungs, livers, and footpads, mechanical

disruption was followed by digestion with Collagenase D (0.1 U/

ml, Roche) for 30 min at 37uC. Then, lymphocytes were isolated

using Histopaque 1083 and density centrifugation as described

above.
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Intestines were digested with Collagenase D (0.1 U/ml, Roche)

and Collagenase VIII (212 U/ml, Sigma-Aldrich) after removal of

Peyer’s patches and intensive washing in RPMI 1640+GlutaMax-

I. Then, lymphocytes were isolated using Percoll (Biochrom) and

density gradient centrifugation (400 g at 25uC for 20 min).

Adoptively transferred T cells were identified by an antibody to

Thy1.1 (OX-7, eBioscience). To prevent unspecific binding of

antibodies, all samples were co-incubated with 10 mg/ml anti-

FccRII/III (2.4G2; ATCC) and 2.5 mg/ml purified rat IgG

(Jackson Immuno Research). When indicated, cells were stained

with antibodies to CXCR3 (CXCR3-173), CD11c (N418), Gr-1

(RB6-8C5, all from eBioscience), IL-18Ra (BG/IL18RA), CCR4

(2G12), CCR6 (29-2L17, all from Biolegend), Siglec F (E50-2440),

and CD25 (7D4, both from BD). Samples were sorted on a FACS

Aria II, acquired on a FACS Canto II (Becton Dickinson), and

analyzed with FlowJo (Tree Star). Dead cells and doublets were

excluded by a combination of forward scatter height and width

gating and the usage of propidium iodide or a LIVE/DEAD

fixable dye (Invitrogen).

Intracellular Cytokine Staining
For intracellular analysis of cytokines, cells were restimulated

with either GP64–80 (1 mg/ml) or PMA (5 ng/ml) and ionomycin

(500 ng/ml) for 4 h with addition of brefeldin A (5 mg/ml; all from

Sigma-Aldrich) after 30 min. Antigen-specific restimulation of cells

from H. polygyrus–infected mice was performed using 100 mg/ml

adult worm lysate for 6 h with addition of brefeldin A after 2 h,

identifying specific cells using an antibody to CD40L (MR1,

MiltenyiBiotec). Following restimulation, cells were fixed in 2%

formaldehyde (Merck). Intracellular staining was performed in

PBS/0.2% BSA containing 0.05% saponin (Sigma-Aldrich) for

permeabilization. Samples were stained with antibodies to CD4

(RM4–5), Thy1.1 (OX-7), IFN-c (XMG1.2), IL-4 (11B11), IL-5

(TRFK5), IL-10 (JES5-16E3), and IL-13 (38213.11, eBio13A).

STAT Stainings
STAT protein amounts and phosphorylation of STAT proteins

were analyzed using BD Phosflow buffers according to the

manufacturer’s instructions (BD Biosciences). Briefly, cells were

fixed with prewarmed 16 BD Phosflow Lyse/Fix Buffer for

10 min at 37uC. Cells were permeabilized with ice-cold BD

Phosflow Perm Buffer III for 30 min on ice. Then, cells were

stained for 30 min with anti-CD4 and either PE-conjugated anti-

pSTAT1 (4a) and Alexa-647–conjugated anti-STAT1 (1/Stat1) or

PE-conjugated anti-pSTAT6 (pY641) and Alexa-647–conjugated

anti-STAT6 (23/STAT6) or PE-conjugated anti-pSTAT4 (38/p-

Stat4; all from BD Biosciences) and polyclonal rabbit anti-STAT4

(Zymed). Secondary antibody (Cy5-conjugated donkey anti-rabbit;

Jackson Immunoresearch) was added at a final concentration of

0.2 mg/ml. Cells were washed and analyzed by FACS. For analysis

of phosphorylated STAT proteins, the geometric mean index was

calculated as the geometric mean of the analyzed population

divided by the geometric mean of cells cultured under neutral

conditions. For analysis of total STAT proteins, the geometric

mean index was calculated as the geometric mean of the analyzed

population divided by the geometric mean of the respective isotype

control-stained population.

T-bet and GATA-3 staining
T-bet and GATA-3 protein amounts were analyzed using

FoxP3 staining buffer set (eBioscience) according to the manu-

facturer’s instructions. Briefly, cells were stained with anti-CD4

(RM4–5), anti-CD62L (MEL-14), anti-CD44 (IM7), and anti-

Thy1.1 (OX-7) followed by fixation with 16 Fixation/Permea-

bilization buffer and intracellular staining with PE-conjugated

anti–T-bet (4B10) and Alexa-647–conjugated anti–GATA-3

(TWAJ, both from eBioscience) in 16 permeabilization buffer.

Cells were washed in 16permeabilization buffer and analyzed by

FACS.

Geometric mean indices were calculated as the geometric mean

of stained cells divided by the geometric mean of isotype control-

stained cells. For ex vivo analyses, endogenous CD4+CD62LhiC-

D44lo naive cells were used as an additional internal control such

that geometric mean indices of the analyzed populations were

normalized to the geometric mean index of endogenous naive

cells.

Blimp-1 and Bcl-6 Stainings
Blimp-1 and Bcl-6 protein amounts were analyzed following the

protocol described for T-bet and GATA-3 stainings, using PE-

conjugated anti–Blimp-1 (C-21, Santa Cruz) or anti–Bcl-6 (K112-

91, BD) antibodies. Geometric mean indices were calculated as the

geometric mean of Th1, Th2, or hybrid Th1/2 cells divided by the

geometric mean of control Tfh cells from spleens of WT C57BL/6

mice, identified by the co-expression of CXCR5 (2G8, BD) and

PD-1 (J43, eBioscience).

Histology
One lobe of each individual lung was fixed in 4% formalin at

room temperature for 24 h. After embedding in paraffin, sections

were stained with either periodic acid-Schiff (PAS) using standard

protocols for goblet cell quantification or with hematoxylin/Sirius

red for visualization of eosinophils. Briefly, for eosinophil staining,

deparaffinized sections were stained with hemalum for 1 min

followed by staining with Sirius red (Direct Red80 from Sigma) for

2 h according to published protocols [97].

A Zeiss Axio Imager Z1 microscope was used and pictures were

taken with a Zeiss Axio CamMRc camera and analyzed with Axio

vision software. An ocular610 and objective610 (PAS staining)

or640 (Sirius red staining) were used, resulting in a 100-fold or

400-fold magnification, respectively. For PAS staining analysis, the

number of PAS+ goblet cells among 100 epithelial cells was

counted five times.

Statistical Analysis
Two groups were compared with two-tailed unpaired Student’s

t test; n.s., not significant; * p,0.05, ** p,0.01, *** p,0.001.

Supporting Information

Figure S1 IFN-c, IL-12, and IL-4 constitute the optimal

signal combination for the differentiation of hybrid

Th1/2 cells in vitro. FACS-sorted naive CD4+CD62LhiC-

D44loCD252CXCR32Gr12 Th cells from WT C57BL/6 (upper

two rows) or Ifngr12/2 (lower two rows) mice were activated with

anti-CD3/anti-CD28 in the presence of the indicated cytokines

and cytokine-blocking antibodies. T-bet and GATA-3 expression

was analyzed on d 5 (first and third row). Inserted numbers

indicate geometric mean indices. Cytokine expression was

analyzed upon PMA/ionomycin restimulation on d 5 (second

and fourth row). Numbers indicate frequencies. Data are

representative of two independent experiments.

(TIF)

Acknowledgments

We thank S. Ebel, V. Holecska, I. Panse, M. Müller, and B. Sonnenburg

for expert technical assistance.

Direct Commitment to Stable Hybrid Th1/2 Phenotype

PLOS Biology | www.plosbiology.org 15 August 2013 | Volume 11 | Issue 8 | e1001633



Author Contributions

The author(s) have made the following declarations about their

contributions: Conceived and designed the experiments: MP SR CH AF

ANH TH SH ML. Performed the experiments: MP SR CH AF AAK.

Analyzed the data: MP SR CH AAK. Contributed reagents/materials/

analysis tools: CGG. Wrote the paper: MP CH TH ML.

References

1. Zhu J, Yamane H, Paul WE (2010) Differentiation of effector CD4 T cell

populations (*). Annu Rev Immunol 28: 445–489.

2. Afkarian M, Sedy JR, Yang J, Jacobson NG, Cereb N, et al. (2002) T-bet is a

STAT1-induced regulator of IL-12R expression in naive CD4+ T cells. Nat

Immunol 3: 549–557.

3. Lighvani AA, Frucht DM, Jankovic D, Yamane H, Aliberti J, et al. (2001) T-bet

is rapidly induced by interferon-gamma in lymphoid and myeloid cells. Proc

Natl Acad Sci U S A 98: 15137–15142.

4. Hsieh CS, Macatonia SE, Tripp CS, Wolf SF, O’Garra A, et al. (1993)

Development of TH1 CD4+ T cells through IL-12 produced by Listeria-induced

macrophages. Science 260: 547–549.

5. Seder RA, Gazzinelli R, Sher A, Paul WE (1993) Interleukin 12 acts directly on

CD4+ T cells to enhance priming for interferon gamma production and

diminishes interleukin 4 inhibition of such priming. Proc Natl Acad Sci U S A

90: 10188–10192.

6. Le Gros G, Ben-Sasson SZ, Seder R, Finkelman FD, Paul WE (1990)

Generation of interleukin 4 (IL-4)-producing cells in vivo and in vitro: IL-2 and

IL-4 are required for in vitro generation of IL-4-producing cells. J Exp Med 172:

921–929.

7. Swain SL, Weinberg AD, English M, Huston G (1990) IL-4 directs the

development of Th2-like helper effectors. J Immunol 145: 3796–3806.

8. O’Shea JJ, Lahesmaa R, Vahedi G, Laurence A, Kanno Y (2011) Genomic

views of STAT function in CD4+ T helper cell differentiation. Nat Rev

Immunol 11: 239–250.

9. Szabo SJ, Kim ST, Costa GL, Zhang X, Fathman CG, et al. (2000) A novel

transcription factor, T-bet, directs Th1 lineage commitment. Cell 100: 655–

669.

10. Zheng W, Flavell RA (1997) The transcription factor GATA-3 is necessary and

sufficient for Th2 cytokine gene expression in CD4 T cells. Cell 89: 587–596.

11. Wei G, Abraham BJ, Yagi R, Jothi R, Cui K, et al. (2011) Genome-wide

analyses of transcription factor GATA3-mediated gene regulation in distinct T

cell types. Immunity 35: 299–311.

12. Hegazy AN, Peine M, Helmstetter C, Panse I, Frohlich A, et al. (2010)

Interferons direct Th2 cell reprogramming to generate a stable GATA-3(+)T-

bet(+) cell subset with combined Th2 and Th1 cell functions. Immunity 32: 116–

128.

13. Zhu J, Jankovic D, Oler AJ, Wei G, Sharma S, et al. (2012) The transcription

factor T-bet is induced by multiple pathways and prevents an endogenous Th2

cell program during Th1 cell responses. Immunity 37: 660–673.

14. Matsuda JL, George TC, Hagman J, Gapin L (2007) Temporal dissection of T-

bet functions. J Immunol 178: 3457–3465.

15. Nakahira M, Nakanishi K (2011) Requirement of GATA-binding protein 3 for

II13 gene expression in IL-18-stimulated Th1 cells. Int Immunol 23: 761–772.

16. Bucy RP, Panoskaltsis-Mortari A, Huang GQ, Li J, Karr L, et al. (1994)

Heterogeneity of single cell cytokine gene expression in clonal T cell populations.

J Exp Med 180: 1251–1262.

17. Openshaw P, Murphy EE, Hosken NA, Maino V, Davis K, et al. (1995)

Heterogeneity of intracellular cytokine synthesis at the single-cell level in

polarized T helper 1 and T helper 2 populations. J Exp Med 182: 1357–1367.

18. Hu-Li J, Pannetier C, Guo L, Lohning M, Gu H, et al. (2001) Regulation of

expression of IL-4 alleles: analysis using a chimeric GFP/IL-4 gene. Immunity

14: 1–11.

19. Mariani L, Schulz EG, Lexberg MH, Helmstetter C, Radbruch A, et al. (2010)

Short-term memory in gene induction reveals the regulatory principle behind

stochastic IL-4 expression. Mol Syst Biol 6: 359.

20. Assenmacher M, Lohning M, Scheffold A, Richter A, Miltenyi S, et al. (1998)

Commitment of individual Th1-like lymphocytes to expression of IFN-gamma

versus IL-4 and IL-10: selective induction of IL-10 by sequential stimulation of

naive Th cells with IL-12 and IL-4. J Immunol 161: 2825–2832.

21. Lohning M, Richter A, Stamm T, Hu-Li J, Assenmacher M, et al. (2003)

Establishment of memory for IL-10 expression in developing T helper 2 cells

requires repetitive IL-4 costimulation and does not impair proliferation. Proc

Natl Acad Sci U S A 100: 12307–12312.

22. Lohning M, Hegazy AN, Pinschewer DD, Busse D, Lang KS, et al. (2008) Long-

lived virus-reactive memory T cells generated from purified cytokine-secreting T

helper type 1 and type 2 effectors. J Exp Med 205: 53–61.

23. Mullen AC, High FA, Hutchins AS, Lee HW, Villarino AV, et al. (2001) Role of

T-bet in commitment of TH1 cells before IL-12-dependent selection. Science

292: 1907–1910.

24. Ouyang W, Lohning M, Gao Z, Assenmacher M, Ranganath S, et al. (2000)

Stat6-independent GATA-3 autoactivation directs IL-4-independent Th2

development and commitment. Immunity 12: 27–37.

25. Ouyang W, Ranganath SH, Weindel K, Bhattacharya D, Murphy TL, et al.

(1998) Inhibition of Th1 development mediated by GATA-3 through an IL-4-

independent mechanism. Immunity 9: 745–755.

26. Usui T, Nishikomori R, Kitani A, Strober W (2003) GATA-3 suppresses Th1
development by downregulation of Stat4 and not through effects on IL-
12Rbeta2 chain or T-bet. Immunity 18: 415–428.

27. Usui T, Preiss JC, Kanno Y, Yao ZJ, Bream JH, et al. (2006) T-bet regulates
Th1 responses through essential effects on GATA-3 function rather than on
IFNG gene acetylation and transcription. J Exp Med 203: 755–766.

28. Lohning M, Richter A, Radbruch A (2002) Cytokine memory of T helper
lymphocytes. Adv Immunol 80: 115–181.

29. Mosmann TR, Cherwinski H, Bond MW, Giedlin MA, Coffman RL (1986)
Two types of murine helper T cell clone. I. Definition according to profiles of
lymphokine activities and secreted proteins. J Immunol 136: 2348–2357.

30. Kelso A, Gough NM (1988) Coexpression of granulocyte-macrophage colony-
stimulating factor, gamma interferon, and interleukins 3 and 4 is random in
murine alloreactive T-lymphocyte clones. Proc Natl Acad Sci U S A 85: 9189–
9193.

31. Paliard X, de Waal Malefijt R, Yssel H, Blanchard D, Chretien I, et al. (1988)
Simultaneous production of IL-2, IL-4, and IFN-gamma by activated human
CD4+ and CD8+ T cell clones. J Immunol 141: 849–855.

32. Murphy E, Shibuya K, Hosken N, Openshaw P, Maino V, et al. (1996)
Reversibility of T helper 1 and 2 populations is lost after long-term stimulation.
J Exp Med 183: 901–913.

33. Langenkamp A, Messi M, Lanzavecchia A, Sallusto F (2000) Kinetics of
dendritic cell activation: impact on priming of TH1, TH2 and nonpolarized T
cells. Nat Immunol 1: 311–316.

34. Abehsira-Amar O, Gibert M, Joliy M, Theze J, Jankovic DL (1992) IL-4 plays a
dominant role in the differential development of Tho into Th1 and Th2 cells.
J Immunol 148: 3820–3829.

35. O’Shea JJ, Paul WE (2010) Mechanisms underlying lineage commitment and
plasticity of helper CD4+ T cells. Science 327: 1098–1102.

36. Oestreich KJ, Weinmann AS (2012) Master regulators or lineage-specifying?
Changing views on CD4+ T cell transcription factors. Nat Rev Immunol 12:
799–804.

37. Murphy KM, Stockinger B (2010) Effector T cell plasticity: flexibility in the face
of changing circumstances. Nat Immunol 11: 674–680.

38. Koch MA, Tucker-Heard G, Perdue NR, Killebrew JR, Urdahl KB, et al.
(2009) The transcription factor T-bet controls regulatory T cell homeostasis and
function during type 1 inflammation. Nat Immunol 10: 595–602.

39. Messi M, Giacchetto I, Nagata K, Lanzavecchia A, Natoli G, et al. (2003)
Memory and flexibility of cytokine gene expression as separable properties of
human T(H)1 and T(H)2 lymphocytes. Nat Immunol 4: 78–86.

40. Veldhoen M, Uyttenhove C, van Snick J, Helmby H, Westendorf A, et al. (2008)
Transforming growth factor-beta ‘reprograms’ the differentiation of T helper 2
cells and promotes an interleukin 9-producing subset. Nat Immunol 9: 1341–
1346.

41. Wei G, Wei L, Zhu J, Zang C, Hu-Li J, et al. (2009) Global mapping of
H3K4me3 and H3K27me3 reveals specificity and plasticity in lineage fate
determination of differentiating CD4+ T cells. Immunity 30: 155–167.

42. Zhou L, Lopes JE, Chong MM, Ivanov, II, Min R, et al. (2008) TGF-beta-
induced Foxp3 inhibits T(H)17 cell differentiation by antagonizing RORgam-
mat function. Nature 453: 236–240.

43. Lee Y, Awasthi A, Yosef N, Quintana FJ, Xiao S, et al. (2012) Induction and
molecular signature of pathogenic TH17 cells. Nat Immunol 13: 991–999.

44. Ghoreschi K, Laurence A, Yang XP, Tato CM, McGeachy MJ, et al. (2010)
Generation of pathogenic T(H)17 cells in the absence of TGF-beta signalling.
Nature 467: 967–971.

45. Maizels RM, Yazdanbakhsh M (2003) Immune regulation by helminth parasites:
cellular and molecular mechanisms. Nat Rev Immunol 3: 733–744.

46. Lohning M, Grogan JL, Coyle AJ, Yazdanbakhsh M, Meisel C, et al. (1999) T1/
ST2 expression is enhanced on CD4+ T cells from schistosome egg-induced
granulomas: analysis of Th cell cytokine coexpression ex vivo. J Immunol 162:
3882–3889.

47. Jankovic D, Steinfelder S, Kullberg MC, Sher A (2006) Mechanisms underlying
helminth-induced Th2 polarization: default, negative or positive pathways?
Chem Immunol Allergy 90: 65–81.

48. Steinfelder S, Andersen JF, Cannons JL, Feng CG, Joshi M, et al. (2009) The
major component in schistosome eggs responsible for conditioning dendritic cells
for Th2 polarization is a T2 ribonuclease (omega-1). J Exp Med 206: 1681–
1690.

49. Everts B, Perona-Wright G, Smits HH, Hokke CH, van der Ham AJ, et al.
(2009) Omega-1, a glycoprotein secreted by Schistosoma mansoni eggs, drives
Th2 responses. J Exp Med 206: 1673–1680.

50. von Lichtenberg FC (1962) Host response to eggs of S. mansoni. I. Granuloma
formation in the unsensitized laboratory mouse. Am J Pathol 41: 711–731.

51. Frentsch M, Arbach O, Kirchhoff D, Moewes B, Worm M, et al. (2005) Direct
access to CD4+ T cells specific for defined antigens according to CD154
expression. Nat Med 11: 1118–1124.

Direct Commitment to Stable Hybrid Th1/2 Phenotype

PLOS Biology | www.plosbiology.org 16 August 2013 | Volume 11 | Issue 8 | e1001633



52. Kelso A, Groves P, Troutt AB, Francis K (1995) Evidence for the stochastic
acquisition of cytokine profile by CD4+ T cells activated in a T helper type 2-like
response in vivo. Eur J Immunol 25: 1168–1175.

53. Bonecchi R, Bianchi G, Bordignon PP, D’Ambrosio D, Lang R, et al. (1998)
Differential expression of chemokine receptors and chemotactic responsiveness
of type 1 T helper cells (Th1s) and Th2s. J Exp Med 187: 129–134.

54. Lord GM, Rao RM, Choe H, Sullivan BM, Lichtman AH, et al. (2005) T-bet is
required for optimal proinflammatory CD4+ T-cell trafficking. Blood 106:
3432–3439.

55. Lohning M, Stroehmann A, Coyle AJ, Grogan JL, Lin S, et al. (1998) T1/ST2 is
preferentially expressed on murine Th2 cells, independent of interleukin 4,
interleukin 5, and interleukin 10, and important for Th2 effector function. Proc
Natl Acad Sci U S A 95: 6930–6935.

56. Xu D, Chan WL, Leung BP, Hunter D, Schulz K, et al. (1998) Selective
expression and functions of interleukin 18 receptor on T helper (Th) type 1 but
not Th2 cells. J Exp Med 188: 1485–1492.

57. Schijns VE, Haagmans BL, Wierda CM, Kruithof B, Heijnen IA, et al. (1998)
Mice lacking IL-12 develop polarized Th1 cells during viral infection. J Immunol
160: 3958–3964.

58. Oxenius A, Karrer U, Zinkernagel RM, Hengartner H (1999) IL-12 is not
required for induction of type 1 cytokine responses in viral infections. J Immunol
162: 965–973.

59. van Den Broek M, Bachmann MF, Kohler G, Barner M, Escher R, et al. (2000)
IL-4 and IL-10 antagonize IL-12-mediated protection against acute vaccinia
virus infection with a limited role of IFN-gamma and nitric oxide synthetase 2.
J Immunol 164: 371–378.

60. Enver T, Pera M, Peterson C, Andrews PW (2009) Stem cell states, fates, and the
rules of attraction. Cell Stem Cell 4: 387–397.

61. Zhou JX, Huang S (2011) Understanding gene circuits at cell-fate branch points
for rational cell reprogramming. Trends Genet 27: 55–62.

62. Maloy KJ, Burkhart C, Junt TM, Odermatt B, Oxenius A, et al. (2000) CD4(+)
T cell subsets during virus infection. Protective capacity depends on effector
cytokine secretion and on migratory capability. J Exp Med 191: 2159–2170.

63. Cohn L, Homer RJ, Marinov A, Rankin J, Bottomly K (1997) Induction of
airway mucus production by T helper 2 (Th2) cells: a critical role for interleukin
4 in cell recruitment but not mucus production. J Exp Med 186: 1737–1747.

64. Schulz EG, Mariani L, Radbruch A, Hofer T (2009) Sequential polarization and
imprinting of type 1 T helper lymphocytes by interferon-gamma and interleukin-
12. Immunity 30: 673–683.

65. Bocek P, Jr., Foucras G, Paul WE (2004) Interferon gamma enhances both in
vitro and in vivo priming of CD4+ T cells for IL-4 production. J Exp Med 199:
1619–1630.

66. Mullen AC, Hutchins AS, High FA, Lee HW, Sykes KJ, et al. (2002) Hlx is
induced by and genetically interacts with T-bet to promote heritable T(H)1 gene
induction. Nat Immunol 3: 652–658.

67. Djuretic IM, Levanon D, Negreanu V, Groner Y, Rao A, et al. (2007)
Transcription factors T-bet and Runx3 cooperate to activate Ifng and silence Il4
in T helper type 1 cells. Nat Immunol 8: 145–153.

68. Yagi R, Junttila IS, Wei G, Urban JF, Jr., Zhao K, et al. (2010) The transcription
factor GATA3 actively represses RUNX3 protein-regulated production of
interferon-gamma. Immunity 32: 507–517.

69. Nishikomori R, Ehrhardt RO, Strober W (2000) T helper type 2 cell
differentiation occurs in the presence of interleukin 12 receptor beta2 chain
expression and signaling. J Exp Med 191: 847–858.

70. Szabo SJ, Dighe AS, Gubler U, Murphy KM (1997) Regulation of the
interleukin (IL)-12R beta 2 subunit expression in developing T helper 1 (Th1)
and Th2 cells. J Exp Med 185: 817–824.

71. Zhang Y, Apilado R, Coleman J, Ben-Sasson S, Tsang S, et al. (2001) Interferon
gamma stabilizes the T helper cell type 1 phenotype. J Exp Med 194: 165–172.

72. Hwang ES, Szabo SJ, Schwartzberg PL, Glimcher LH (2005) T helper cell fate
specified by kinase-mediated interaction of T-bet with GATA-3. Science 307:
430–433.

73. Austrup F, Vestweber D, Borges E, Lohning M, Brauer R, et al. (1997) P- and E-
selectin mediate recruitment of T-helper-1 but not T-helper-2 cells into inflamed
tissues. Nature 385: 81–83.

74. Fong TA, Mosmann TR (1989) The role of IFN-gamma in delayed-type
hypersensitivity mediated by Th1 clones. J Immunol 143: 2887–2893.

75. Herrick CA, Bottomly K (2003) To respond or not to respond: T cells in allergic
asthma. Nat Rev Immunol 3: 405–412.

76. Assenmacher M, Schmitz J, Radbruch A (1994) Flow cytometric determination
of cytokines in activated murine T helper lymphocytes: expression of interleukin-

10 in interferon-gamma and in interleukin-4-expressing cells. Eur J Immunol 24:
1097–1101.

77. Bucy RP, Karr L, Huang GQ, Li J, Carter D, et al. (1995) Single cell analysis of
cytokine gene coexpression during CD4+ T-cell phenotype development. Proc
Natl Acad Sci U S A 92: 7565–7569.

78. Jankovic D, Kullberg MC, Noben-Trauth N, Caspar P, Paul WE, et al. (2000)
Single cell analysis reveals that IL-4 receptor/Stat6 signaling is not required for
the in vivo or in vitro development of CD4+ lymphocytes with a Th2 cytokine
profile. J Immunol 164: 3047–3055.

79. Podtschaske M, Benary U, Zwinger S, Hofer T, Radbruch A, et al. (2007)
Digital NFATc2 activation per cell transforms graded T cell receptor activation
into an all-or-none IL-2 expression. PLoS One 2: e935. doi:10.1371/journal.-
pone.0000935

80. Zhao M, Zhang J, Phatnani H, Scheu S, Maniatis T (2012) Stochastic expression
of the interferon-beta gene. PLoS Biol 10: e1001249. doi:10.1371/journal.-
pbio.1001249

81. Nakayamada S, Kanno Y, Takahashi H, Jankovic D, Lu KT, et al. (2011) Early
Th1 cell differentiation is marked by a Tfh cell-like transition. Immunity 35:
919–931.

82. Chen W, Jin W, Hardegen N, Lei KJ, Li L, et al. (2003) Conversion of
peripheral CD4+CD25- naive T cells to CD4+CD25+ regulatory T cells by
TGF-beta induction of transcription factor Foxp3. J Exp Med 198: 1875–1886.

83. Veldhoen M, Hocking RJ, Atkins CJ, Locksley RM, Stockinger B (2006)
TGFbeta in the context of an inflammatory cytokine milieu supports de novo
differentiation of IL-17-producing T cells. Immunity 24: 179–189.

84. McGeachy MJ, Chen Y, Tato CM, Laurence A, Joyce-Shaikh B, et al. (2009)
The interleukin 23 receptor is essential for the terminal differentiation of
interleukin 17-producing effector T helper cells in vivo. Nat Immunol 10: 314–
324.

85. Hirota K, Duarte JH, Veldhoen M, Hornsby E, Li Y, et al. (2011) Fate mapping
of IL-17-producing T cells in inflammatory responses. Nat Immunol 12: 255–
263.

86. Nurieva RI, Chung Y, Martinez GJ, Yang XO, Tanaka S, et al. (2009) Bcl6
mediates the development of T follicular helper cells. Science 325: 1001–1005.

87. Mariani L, Lohning M, Radbruch A, Hofer T (2004) Transcriptional control
networks of cell differentiation: insights from helper T lymphocytes. Prog
Biophys Mol Biol 86: 45–76.

88. Hofer T, Nathansen H, Lohning M, Radbruch A, Heinrich R (2002) GATA-3
transcriptional imprinting in Th2 lymphocytes: a mathematical model. Proc Natl
Acad Sci U S A 99: 9364–9368.

89. Wang J, Xu L, Wang E, Huang S (2010) The potential landscape of genetic
circuits imposes the arrow of time in stem cell differentiation. Biophys J 99: 29–
39.

90. O’Garra A, Gabrysova L, Spits H (2011) Quantitative events determine the
differentiation and function of helper T cells. Nat Immunol 12: 288–294.

91. Oxenius A, Bachmann MF, Zinkernagel RM, Hengartner H (1998) Virus-
specific MHC-class II-restricted TCR-transgenic mice: effects on humoral and
cellular immune responses after viral infection. Eur J Immunol 28: 390–400.

92. Muller U, Steinhoff U, Reis LF, Hemmi S, Pavlovic J, et al. (1994) Functional
role of type I and type II interferons in antiviral defense. Science 264: 1918–
1921.

93. Magram J, Connaughton SE, Warrier RR, Carvajal DM, Wu CY, et al. (1996)
IL-12-deficient mice are defective in IFN gamma production and type 1 cytokine
responses. Immunity 4: 471–481.

94. Metwali A, Elliott D, Blum AM, Li J, Sandor M, et al. (1996) The
granulomatous response in murine Schistosomiasis mansoni does not switch to
Th1 in IL-4-deficient C57BL/6 mice. J Immunol 157: 4546–4553.

95. Barner M, Mohrs M, Brombacher F, Kopf M (1998) Differences between IL-4R
alpha-deficient and IL-4-deficient mice reveal a role for IL-13 in the regulation
of Th2 responses. Curr Biol 8: 669–672.

96. Hataye J, Moon JJ, Khoruts A, Reilly C, Jenkins MK (2006) Naive and memory
CD4+ T cell survival controlled by clonal abundance. Science 312: 114–116.

97. Meyerholz DK, Griffin MA, Castilow EM, Varga SM (2009) Comparison of
histochemical methods for murine eosinophil detection in an RSV vaccine-
enhanced inflammation model. Toxicol Pathol 37: 249–255.

98. Antebi YE, Reich-Zeliger S, Hart Y, Mayo AM, Eizenberg I, et al. (2013)
Mapping Differentiation under Mixed Culture Conditions Reveals a Tunable
Continuum of T Cell Fates. PLoS Biol 11(7): e1001616. doi:10.1371/journal.
pbio.1001616.

99. Fang M, Xie H, Dougan SK, Ploegh H, van Oudenaarden A, et al. (2013)
Stochastic Cytokine Expression Induces Mixed T Helper Cell States. PLoS Biol
11(7): e1001618. doi:10.1371/journal.pbio.1001618.

Direct Commitment to Stable Hybrid Th1/2 Phenotype

PLOS Biology | www.plosbiology.org 17 August 2013 | Volume 11 | Issue 8 | e1001633


