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COMMENTARY

The Journal of Experimental Medicine

Nine lives: plasticity among T helper cell subsets

Richard M. Locksley

The division of labor among two types of T helper (Th) subsets, first described
over 20 yr ago, has been buffeted by the discovery of new subsets and new
cytokines that can be coaxed out of T cells with increasing disregard for the
subset of origin. Although Th17 cells and regulatory T (T reg) cells are widely
accepted subsets, and others are being proposed, their plasticity is difficult to
reconcile with the definitions of Th subsets as put forth in the initial descrip-
tion of Th1 and Th2 cells. A deeper molecular context will be required to
reconcile the ever-increasing complexity of effector T cells.

What's in a name?

On page 1653 of this issue, Nowak
et al. (2009) address the production of
IL-9 by helper T cells, a finding that is
of interest because of recent studies that
found TGF-3 could induce the differ-
entiation of “Th9” cells with a unique
pattern of cytokine expression and a
transcription factor profile that could
not be pigeonholed into the framework
of the Th1, Th2, Th17, or T reg cell sub-
sets (Dardalhon et al., 2008; Veldhoen
et al., 2008). The role of TGF-
in invoking IL-9 production from T
cells was originally reported by Schmitt
et al. (1994), who also noted that IL-4
could potentiate and IFN-y could in-
hibit the effect. TGF- regulates the
differentiation of both T reg and Th17
cells and, in this issue, Nowak et al.
(2009) demonstrate IL-9 production
by Th cells primed in the appropriate
manner and purified using reporters for
FoxP3 or IL-17F (canonical signatures
for T reg and Th17 cells, respectively).
This suggests that IL-9 production
tracks with priming or activation in the
presence of TGF-f rather than with a
defined Th subset. The authors go on
to use knockout and chimeric mice to
show that the IL-9 made by Th17 cells
is proinflammatory in a standard my-
elin  oligodendrocyte  glycoprotein
(MOG) peptide-induced model of ex-
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perimental autoimmune encephalomy-
elitis (EAE). This result adds more
complexity to the issue, as members of
this group had previously implicated a
role for IL-9 produced by T reg cells in
mediating graft tolerance by a mast
cell-dependent process (Lu et al,
2006). Thus, IL-9 could be either in-
flammatory or regulatory, depending
on the context and the source of the
producing cells. In the hands of another
group, IL-9 produced by TGF-B—
primed Th17 cells enhanced the sup-
pressive effects of T reg cells, resulting
in an exacerbation of EAE (although
diseas was induced using a different
dose of antigen) in the absence of IL-9
(Elyaman et al., 2009). The precise rea-
son for the discrepancies remains un-
clear. Everybody seems to agree that
TGF-B can induce IL-9 production
from helper T cells, but the biology
beyond that will require further inves-
tigation to clarify the details.

So where does this leave us with
“Th9” cells? In the earlier studies, in
vitro priming using anti-CD3 and
irradiated  APCs or anti-CD3 and
anti-CD28 was used to generate
FoxP3-negative, IL-9—producing (and
IL-10—producing) cells as assessed by
intracellular cytokine detection after
restimulation with PMA and ionomy-
cin; conditions much like those used in
the Nowak et al. (2009) paper. But are
the resulting cells truly a unique Th
subset?

Studies in the mid-1990s demon-
strated that cells primed once or twice
were not stable when subsequently
stimulated under different conditions,
and they displayed much more plastic-
ity than did cell lines restimulated mul-
tiple times under polarizing conditions
(Murphy et al.,, 1996). Indeed, the
original definition of Th subsets was
based on stable cytokine patterns pro-
duced by several mouse clones that
were established from mice immunized
in vivo and then cloned and maintained
in vitro, and these cells provided the
basis for the Th1 and Th2 designations
(Mosmann et al., 1986). The cell’s cy-
tokine patterns remained stable whether
assessed after stimulation with Concan-
avalin A, antigen and APCs, or alloge-
neic APCs over periods up to 18 mo.
No subsequently defined Th subsets,
including T reg and Th17 cells, have
stood up to such a rigorous examina-
tion. Rather than discarding the con-
cept of Th subsets outside of the
original Th1 and Th2 cells, however, it
may be useful to consider the expan-
sion of knowledge regarding intrinsic
and extrinsic factors that come to bear
on the ultimate elaboration of helper T
cell cytokines.

Inside the box

The identification of stable Th cell
lines enabled discovery of the molecu-
lar bases for the disparate patterns of
cytokine expression and uncovered
the epigenetic underpinnings of Th
cell differentiation. As recently re-
viewed (Wilson et al., 2009), T cells
integrate signals from dendritic cells
and cytokines that together establish a
network of DNA-binding factors to
initiate feed-forward systems that epi-
genetically modify chromatin such
that patterns of gene expression come
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to be recapitulated in a heritable way.
Breaking the epigenetic code facili-
tated recognition of unique modifica-
tions associated not only with active or
silenced genes, but also with “poised”
genes that could be activated when
signaled, as well as genes carrying “bi-
valent”” marks that were capable of
further modification (be it activation
or silencing) upon subsequent expo-

999

sure to the appropriate signals. In this
way, differentiated cells become heri-
tably restricted in their phenotypes,
yet maintain some flexibility to tailor
responses to changes in the environ-
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Figure 1.

ment, much as hematopoietic precur-
sors traverse “bistable” states on their
way to fixed cell lineages (Laslo et al.,
2006) (Fig. 1).

Recent studies have interrogated
CD4 and CD8 T cells by combining
gene expression profiling with ChIP-
Seq and high-throughput sequencing
technologies to investigate the chro-
matin state in resting and effector T
cells, providing a first molecular look
at the status of cytokine genes accom-
panying differentiation (Araki et al.,
2009; Wet et al., 2009). The surpris-
ing finding was the retention of biva-
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lent marks at transcription factor genes
previously identified as “master regu-
lators,” thereby predicting a large de-
gree of flexibility that could be
revealed by subjecting cells to alter-
nate conditions that activate the biva-
lent state. The presence of bivalent
marks at Tbx21 and Gata3 in Th17
cells, at Gata3 in Th1 cells, at Thx21
in Th2 cells, and at Thx21, Gata3,
and Rorc in T reg cells suggests the
potential for substantial reversibility
of function, which has now been
confirmed experimentally (Lee et al.,
2009; Wei et al., 2009). Notably,
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Memory cells?
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Epigenetic modifications accompany progressive T helper cell differentiation. (A) Naive T cells have master regulators (top) in receptive

"poised" states (yellow balls) and effector cytokines (bottom) in epigenetically silenced chromatin (red balls), although some cytokine genes are poised for
rapid expression after TCR stimulation. (B) After one or two stimulations under polarizing conditions, daughter cells express similar cytokines from acti-
vated loci (green), whereas other cytokines become silenced (red) or maintain a poised state awaiting stimulation. Some master regulators, however, re-
main bivalent (red and green), sustaining flexibility in the cells that allows redirection of cytokine expression if the inflammatory milieu changes. (C) With
continued polarizing stimulations, master regulators become silenced (red) or activated (green), leaving cells with an essentially fixed repertoire of cyto-
kine effectors (bottom) caused by the “loss” of genetic space. Memory cells, which arise early after initial antigen stimulation, would be predicted to
maintain more bivalent states at master requlators, thus leaving a more flexible cytokine repertoire in memory cells as compared with terminal effector

cells.
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however, these studies generally used
two rounds of polarization in vitro,
and are subject to the caveats noted
above. Such findings need to be ex-
tended to analyses of highly polarized
cells generated in vivo and then
cloned and sustained by the methods
used to generate the initial Th1 and
Th2 cells to assess whether further re-
strictions of lineage regulators occurs
as cells are pushed into increasingly
more confined genetic space.

Outside the box
Impinging upon this variegated nuclear
architecture of the genome is the com-
plex environment of cytokines and cell
surface molecules that together consti-
tute the system for modifying gene ex-
pression upon TCR ligation. It should
not be surprising that some constella-
tion of signals could activate the right
network of transcription factors such
that activation of unanticipated genes,
potentially those carrying bivalent
marks, will occur, thus achieving new
states of cytokine expression. If some of
those genes encode key regulators that
can themselves affect chromatin archi-
tecture, reversibility in phenotype will
invariably occur. This is particularly
true if coupled with signals that activate
cell division, a process that favors the
establishment of new marks on the
daughter chromatin strands. After all,
only four transcription factors are re-
quired (including c-Myc to promote
entrance into cell cycle) to convert fi-
broblasts into pluripotent stem cells, al-
though a more thorough understanding
of how to reprogram DNA and histone
modifications will be necessary to im-
prove the efficiency of the process (for
review see Yamanaka, 2009).
Understanding the pathways that
activate genes with bivalent marks will
increase our understanding of the regu-
latory networks involved in T cells, and
perhaps allow the strategic targeting of
key pathways to redirect immunity in
therapeutic ways. Based on the reports
of “Th9” cells, we might predict that
the IL-9 gene will carry a “poised” or
bivalent mark in most activated T cells,
but that this mark will increasingly tilt
toward the activated state in the pres-
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ence of TGF-f3 and toward the silenced
configuration in the presence of IFN-y.
Similarly, IL-10 can be induced from a
wide variety of Th subsets under differ-
ent conditions, but IL-27 might pro-
vide an entrance into the network
that converts this cytokine gene to the
fully activated state in certain subsets
(Stumbhofer et al., 2007). A more complete
analysis of the bivalency epigenetic map
in Th cells as they undergo successive
rounds of division may reveal the criti-
cal paths that sequentially close down as
cells terminally differentiate, as well as
the key shortcuts that remain open to
enable some cells to escape their termi-
nal fates and reset their effector func-
tions. Such approaches may also help
define important transition states, such
as those that create T follicular helper
cells, that have been related to Th
subsets through their cytokine expres-
sion status (King and Mohrs, 2009;
Reinhardt et al., 2009; Zaretsky et al.,
2009).

Russian dolls

Helper T cell differentiation can be
compared with nested Russian dolls,
where each daughter represents a subset
of the precursor from which it arose. Al-
though descended from the same genetic
space, the environment will compress
the accessible space sequentially, leaving
each daughter less flexible than its prede-
cessor (Fig. 1). Thus far, descriptions of
Th subsets typically rely on once- or
twice-primed cells, restimulation assays,
whole population approaches (PCR,
ELISAs, etc., that by necessity rely on
the sum collected from many cells), or
artificially in vitro activated cells—all
done for various technical and financial
reasons. Functional genomic analysis of
more deeply nested dolls will be neces-
sary before we can put the seminal ob-
servations of Mosmann et al. (1986)
into the proper molecular context to ar-
range the increasing array of putative Th
subsets into their proper hierarchical
space. With single-cell genetic, sequence,
and proteomic analysis getting closer and
closer to reality, it will be only a matter
of time until we find out whether truly
differentiated Th cells really have nine
lives or nine cells have one.

The author acknowledges stimulating conversations
with members of his laboratory and support from
Howard Hughes Medical Institute and the National
Institutes of Health.

REFERENCES

Araki, Y., Z. Wang, C. Zang, W.H. Wood III,
D. Schones, K. Cui, T.-Y. Roh, B. Lhotsky,
R.P. Wersto, W. Peng, et al. 2009. Genome-
wide analysis of histone methylation reveals
chromatin state-based regulation of gene
transcription and function of memory CD8+
T cells. Immunity. 30:912-925.

Dardalhon, V., A. Awasthi, H. Kwon, G. Galileos,
W. Gao, R.A. Sobel, M. Mitsdoerfter, T.B.
Strom, W. Elyaman, I.-C. Ho, et al. 2008.
IL-4 inhibits TGF-B-induced Foxp3+ T
cells and, together with TGF-(, generates
IL-9+ IL-10+ Foxp3(-) effector T cells. Nat.
Immunol. 9:1347-1355.

Elyaman, W., E.M. Bradshaw, C. Uyttenhove, V.
Dardalhon, A. Awasthi, J. Imitola, E. Bettelli,
M. Oukka, J. van Snick, J.-C. Renauld, et al.
2009. IL-9 induces differentiation of Th17
cells and enhances function of FoxP3 natural
regulatory T cells. Proc. Natl. Acad. Sci. USA.
In press.

King, I.L., and M. Mohrs. 2009. IL-4-producing
CD4+ T cells in reactive lymph nodes dur-
ing helminth infection are T follicular helper
cells. J. Exp. Med. 206:1001-1007.

Laslo, P., CJ. Spooner, A. Warmflash, D.W.
Lancki, HJ. Lee, R. Sciammas, B.N.
Gantner, A.R. Dinner, and H. Singh. 2006.
Multilineage transcriptional priming and de-
termination of alternate hematopoietic cell
fates. Cell. 126:755=766.

Lee, Y.K., H. Turner, C.L. Maynard, J.R.
Oliver, D. Chen, C.O. Elson, and C.T.
Weaver. 2009. Late developmental plastic-
ity in the T helper 17 lineage. Immunity.
30:92-107.

Lu, L.F., E.F. Lind, D.C. Gondek, K.A. Bennett,
M.W. Gleeson, K. Pino-Lagos, Z.A. Scott,
AJ. Coyle, J.L. Reed, J. Van Snick, et al
2006. Mast cells are essential intermedi-
aries in regulatory T-cell tolerance. Nature.
442:997-1002.

Mosmann, T.R., H. Cherwinski, M.W. Bond,
M.A. Giedlin, and R.L. Coffman. 1986.
Two types of murine helper T cell clone.
I. Definition according to profiles of lym-
phokine activities and secreted proteins. J.
Immunol. 136:2348-2357.

Murphy, E., K. Shibuya, N. Hosken,
P. Openshaw, V. Maino, K. Davis,
K. Murphy, and A. O’Garra. 1996.
Reversibility of T helper 1 and 2 popula-
tions is lost after long-term stimulation.
J. Exp. Med. 183:901-913.

Nowak, E.C., C.T. Weaver, H. Turner, S.
Begum-Haque, B. Becher, B. Schreinger,
AJ. Coyle, L.H. Kasper, and R.J. Noelle.
2009. IL-9 as a mediator of Th17 driven
inflammatory disease. J. Exp. Med. 206:
1653-1660.

Reinhardt, R.L., H.E. Liang, and R.M. Locksley.
2009. Cytokine-secreting follicular T cells

1645



JEM

shape the antibody repertoire. Nat. Immunol.
10:385-393.

Schmitt, E., T. Germann, S. Goedert, P. Hoehn,
C. Huels, S. Koelsch, R. Kiihn, W. Miiller,
N. Palm, and E. Riide. 1994. IL-9 produc-
tion of naive CD4+ T cells depends on IL-2,
is synergistically enhanced by a combination
of TGF-f3 and IL-4, and is inhibited by IFN-
Y- J. Immunol. 153:3989-3996.

Stumhofer, J.S., J.S. Silver, A. Laurence, P.M.
Porrett, T.H. Harris, L.A. Turka, M. Ernst,
CJ.M. Saris, J.J. O’Shea, and C.A. Hunter.
2007. Interleukins 27 and 6 induce STAT3-

1646

mediated T cell production of interleukin 10.
Nat. Immunol. 8:1363—1371.

Veldhoen, M., C. Uyttenhove, J. van Snick, H.
Helmby, A. Westendorf, J. Buer, B. Martin,
C. Wilhelm, and B. Stockinger. 2008.
Transforming growth factor-f3 ‘reprograms’
the differentiation of T helper 2 cells and
promotes an interleukin 9-producing subset.
Nat. Immunol. 9:1341-1346.

Wei, G., L. Wei, J. Zhu, C. Zang, J. Hu-Li, Z. Yao,
K. Cui, Y. Kanno, T.-Y. Roh, W.T. Watford,
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.

Wilson, C.B., E. Rowell, and M. Sekimata. 2009.
Epigenetic control of T-helper-cell differen-
tiation. Nat. Rev. Immunol. 9:91-105.

Yamanaka, S. 2009. Elite and stochastic models
for induced pluripotent stem cell generation.
Nature. 460:49-52.

Zaretsky, A.G., JJ. Taylor, I.L. King, F.A.
Marshall, M. Mohrs, and E.J. Pearce. 2009.
T follicular helper cells differentiate from
Th2 cells in response to helminth antigens. J.
Exp. Med. 206:991-999.

T HELPER SUBSETS | Locksley





