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T helper cell differentiation: on again, off again
Jane L Grogan* and Richard M Locksley®

Recent studies raise the possibility that T helper (Th)
polarization may be attributable to generalized activation and
regulated silencing rather than regulated activation of target
cytokine genes. The binding of transcription factors GATA-3 or
T-bet to specific enhancers does recruit transcription factors
such as NFAT-1 to IL-4 or IFNy promoters, respectively;
however, GATA-3 also intrinsically suppresses T-bet and

vice versa. Silencing of GATA-3/T-bet, which is influenced by
factors such as cytokines, is associated with irreversible Th
polarization. For the first few divisions (perhaps reflecting the
situation in lymph nodes), naive Th cells retain pluripotency;
after further cell divisions (perhaps under the influence of an
inflammatory cytokine milieu) they may become polarized
appropriately to respond to the specific environment.
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Abbreviations

CNS-1 conserved noncoding region 1
IL-12R  IL-12 receptor

Th T helper

Introduction

Mechanisms by which naive CD4+ T cells achieve their
effector fates continue to provide provocative twists of
much interest to the understanding of immunity and
broader issues of cell differentiation. Emphasis remains
focused on the differentiation of naive cells to committed
Th (T helper)1 and Th2 cells, which secrete the canonical
cytokines IFNy and IL-4, respectively. Observationally,
Th1 cells orchestrate responses to pathogens that have
overcome epithelial barriers and attack internal tissues.
Conversely, Th2 cells arm epithelial and mucosal sites to
make life difficule for pathogens attempting to prosper
there. Since naive CD4+ T cells can adopt either of
these two fates, a central conundrum remains: how do
MHC-peptide complexes convey sufficient information to
newly activated T cells to enable them to acquire the
appropriate effector function in the periphery? Distinct
dendritic cell populations may play a role in relaying
information that allows naive T" cells to anticipate what is
to come [1,2]. Alternatively, the inflammatory milieu in the
peripheral tissue may set the final effector repertoire by a
combinatorial mix of signals assimilated through cytokine,
costimulatory and chemokine receptors [3-5].

Current paradigms envision a major role for the cytokines
IL-4 and IL-12 in providing permissive signals that favor
polarization by directly activating the cytokines IL.-4 and
IFN-y, respectively, while at the same time reinforcing
expression of the canonical master regulators GATA-3 and
I-bet (Figure 1). Here, we update information published
during the past year suggesting that effector T' cells may
acquire their restricted cytokine repertoire by selective
silencing of activated genes rather than by activation of
distinct expression patterns. The factors that turn cytokine
gene expression on and off at different stages of differenti-
ation and that open up or close down gene accessibilty will
be detailed.

Opening up

Current evidence for Th differentiation supports a model
whereby progressive chromatin remodeling and DNA
demethylation render otherwise quiescent cytokine loci
accessible to activation-induced transcription factors that
ultimately define lineage fate.

Kinetic studies reveal specific DNase [ hypersensitivity
sites within 2 days and gene demethylation after 4-7 days
at the respective cytokine loci following polarization of
naive CD4+ T cells [6,7]. Using a minilocus construct
linking Th2-induced hypersensitivity sites to the 1L-4
promoter and a luciferase reporter, multiple transgenic
mice were analyzed to establish the relative hierarchy of
the sites in conferring IL.-4 expression in differentiated
'T'h2 cells [8°*]. The clear result was that a combination of
all the sites most resembled the pattern of endogenous
IL-4 expression. The hypersensitivity site between the
IL-4 and IL.-13 genes, which encompasses a 400-basepair
element highly conserved in mammals and is termed
‘conserved noncoding region 1’ (CNS-1) [9], was the most
potent IL.-4 enhancer, whereas the intronic and 3’ distal
enhancers conferred Th2-specificity. At least part of the
latter was explained by marked augmentation of expres-
sion in the presence of GATA-3, supporting the capacity of
this transcription factor to confer lineage fate. Gene-targeted
deletion of the intergenic CNS-1 element confirmed its
importance in regulating expression from the type 2
cytokine genes. Transcription of 11.-4 was delayed in the
absence of CNS-1 and Th2 development was impaired
in various /7 vivo models [10].

GATA-3 was demonstrated, using chromatin immuno-
precipitation in Th2 cells, to bind to the distal 3' enhancer.
The distal positioning of GATA-3 was associated with
recruitment of the general T cell transactivator, NFAT-1,
to the IL.-4 promoter and the 3" enhancer [11°]. GATA-3
was recruited to the distal enhancer in c-maf-deficient
mice, indicating a downstream role for c-maf during
inducible 1L.-4 expression rather than in mediating more
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Helper T cell differentiation. According to current models, activation of
naive T cells becomes influenced highly by cytokine signals delivered
through Stat6 and Stat4. (a) During Th2 differentiation, activation of
GATA-3 by the TCR is amplified by Stat6, and GATA-3 works across the
IL-4 locus to sustain gene expression initiated through TCR-delivered
signals. Auto-amplification of GATA-3 is crucial to the polarizing nature of

the process. (b) In similar fashion, activation of T-bet during TCR
activation leads to downstream activation of IFNy initiated during TCR-
delivered signals. Although Stat4 serves to amplify activation at the IFNy
locus, T-bet is amplified by Stat1 signals generated in response to IFNy.
Again, auto-amplification of T-bet serves to drive the inherent polarizing
nature of the differentiative process. See text for further details.

global aspects of Th2 competence. Conversely, Thil
conditions induced recruitment of NFAT-1 to the IFNy
promoter, where it was demonstrated to contribute to gene
activation [12]. Together, these studies demonstrate how
lineage-specific factors can target more general transcription
factors to subsets of cytokine genes. The presence of
GATA-3 sites throughout the type 2 cytokine cluster
[13-15], its capacity to autoregulate its own expression
[16°] and its ability to induce chromatin remodeling at the
locus [16°,17] — akin to activities of GATA-1 in other
hematopoietic lineages [18] — emphasize its central role
in regulating 'Th2 differentiation 7z vive and in vitro [19].

The role of T-bet, a 'T-box family transcription factor, in
coordinating Th1 differentiation has also been examined.
"I-bet was initially described as a gene induced under Thl
conditions that was sufficient to induce IFNy expression

even within Th2-differentiated cells [20]. T-bet induction
was attenuated in the absence of Stat4 [21°*], but this
effect is indirect and reflects the capacity of IFNy to
induce T-bet expression in a Statl-dependent manner
[22°¢]. The findings that T-bet autoregulates itself, similar
to GATA-3, and induces expression of the I1.-12 receptor
(IL-12R)B2 chain are consistent with an early role in
lineage commitment, although it remains unclear whether
these effects are IFNY/Statl-dependent [23°°]. Regardless
of the precise mechanism, T-bet induces chromatin
accessibility at the IFNYy gene that stabilizes the capacity
of Stat4 to recruit a histone acetyltransferase, CREB-
binding protein, thus potentiating gene expression [23°°].

Initial studies that linked cytokine expression with cell
division in naive helper T cells [6,24] provoked a series of
observations scrutinizing early events in Th differentiation.
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Unexpectedly, transcripts for both canonical polarizing
cytokines IL.-4 and IFNy were detected within hours of
TCR+CD28-mediated activation by a mechanism inde-
pendent of Stat4- or Stat6-mediated signals [21°°]. Indeed,
T cells with a knockin bicistronic IL.-4—GFP reporter were
used to demonstrate that 30%-50% of cells activated under
"Th2 conditions expressed GFP by 36 hours and prior to
cell division [25]. These findings will require mechanistic
reconciliation with studies demonstrating that cytokine
genes, while physically occupying areas of euchromatin in
the nucleus [21°°], exist in basal states characterized by
DNA methylation and a relatively inaccessible chromatin
structure [6,7]. Discriminating causal roles for chromatin
and DNA modulation in gene transcription — as opposed
them being used as simple marks for transcribed genes —
remains problematic. However, T cells with targeted
deletion of the maintenance DNA methyltransferase gene,
Dnmtrl, demonstrated globally enhanced cytokine expression
after TCR ligation, indicating that basal methylation of
cytokine genes limits their expression [26°].

Closing down

The presence of GATA-3 mRNA in naive T cells [27] and
induction of T-bet mRNA after cell activation, even in the
absence of Statl-mediated signals [22°°], are consistent
with the early transcription of IFNy and IL.-4 after stimu-
lation [21°*]. Cells activated in the absence of either IL-12
or IL.-4 express both transcriptional activators [28°].
Although GATA-3 and 'I*bet were identified on the basis
of their capacity to activate canonical cytokines in devel-
oping Th subsets, in each case these transcription factors
powerfully silence ‘opposing’ cytokines. Importantly, the
cytokine-silencing capacity of the regulatory transcription
factor is cell-intrinsic; for example, expression of [-bet in
IFNyR1-deficient Th2 cells caused comparable suppres-
sion of 1.-4 production as in wild-type cells [20]. Thus,
despite the role of IFNYy/Statl-signaling in "I-bet induc-
tion, 'T-bet-mediated silencing of Il.-4 expression was
IFNy-independent. Similarly, GATA-3 suppresses IFNy
production in the absence of I1.-4/Stat6-mediated signaling
by a cell-intrinsic mechanism [29,30].

Such findings force reconsideration of the ways in which
the cytokine environment mediated through Stat4 and
Stat6 signals so profoundly affects Th polarization. Since
T-bet and GATA-3 operate intrinsically to suppress
opposing cytokines, these transcription factors themselves
represent critical targets of the cytokine milicu.
Accordingly, the Th2-inducing factor GATA-3 is extin-
guished in Thl cells by IL.-12/Stat4-mediated signaling
[29]. Conversely, the Thl-inducing factor T-bet is extin-
guished in Th2 cells by IL-4/Stat6-mediated signaling
[23°°]. With loss of one of these master regulators, the
capacity to sustain downstream cytokine gene expression
at the discrete genes becomes lost and lineages become
established in response to the remaining regulator, result-
ing in terminal differentiation into polarized T helper
subsets. Although these Stat-mediated pathways remain

the best-characterized, other cytokine receptors and pathways
may contribute, potentially by targeting these transcriptional
activators [31-35].

The dissociation between cytokine activation and silencing
followed earlier observations demonstrating that terminal
differentiation of Th lines was acquired after multiple
rounds of polarized stimulation [36]. Sorting of cells by
division after their initial activation demonstrated that the
capacity to reactivate opposing cytokine genes was division-
dependent; cells variably lost their ability to express
alternative patterns after 3-5 divisions under polarizing
conditions [21°°]. Further analysis revealed that pluripotent
fates were dependent on the presence of the transcriptional
activators 'T-bet and GATA-3, which were lost by the fifth
cell division. Careful dissection using inhibitors of cell
division to investigate terminal cell fates demonstrated
that lineage activators, although induced prior to entry into
the cell cycle, acquired the ability to mediate chromatin-
modifying lineage commitment only after DNA replication
and that this correlated with their capacity to become
heritably silenced [28°]. The coming year will undoubtedly
bring further insights into silencing mechanisms, with
potential targets including interacting proteins that affect
function [37,38] or the genes themselves, which contain
endogenous silencing elements [39,40]. Basal GATA-3
induction and Th2 differentiation were reduced in naive
T cells deficient in me/-18, a homolog of a component of
the Drosophila Polycomb repressive complex 1 [41°].

An additional component of silencing was suggested by
the repositioning of nonexpressed cytokine loci to areas
of centromeric heterochromatin within polarized Th cell
nuclei [21°°]. The higher-order chromatin structure
imposed at mammalian centromeres serves to silence
genes in physically apposed compartments. Ikaros family
members comprise at least one group of proteins that
recruit silenced genes to heterochromatin through direct
recognition of Ikaros-binding sites within centromeric
DNA repeats [42]. Repositioning to heterochromatin may
confer heritable silencing on cytokine genes, but silencing
is unlikely to require repositioning. Binding of two Ikaros
family proteins, Ikaros and Aiolos, to the A5 promoter was
sufficient to silence expression without repositioning [43].

The finding that most cytokine genes, including IFNy
[23°] and I1.-4 [44,45], can be expressed monoallelically
has invited comparison to genes, such as immunoglobulin
loci, that become activated monoallelically [46]. The
immunoglobulin alleles, like imprinted genes, reside in
distinct nuclear compartments revealed by asynchronous
replication during late S phase and reposition early after
activation [46,47]. Cytokine alleles invariably reside in
euchromatic nuclear domains [21°*] and, as assessed using
a sensitive knockin IL.-4 reporter, both IL.-4 alleles are
expressed in most cells during T" cell activation [25].
These findings need to be reconciled with observations
using heterozygous knockout mice suggesting that
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A hypothetical model for T helper subset differentiation. (a) GATA-3
and T-bet in the nucleus of resting naive CD4* T cells are unable to
bind target genes while critical transactivators (green balls) remain
sequestered in heterochromatic domains of the nucleus (gray shaded
areas). (b) In TCR-activated cells, dispersed transactivators interact
with GATA-3 and T-bet and enhance their inherent binding activities,
fostering target gene interactions. Conversely, these factors facilitate
the cross-targeting of repressors (red balls) to distal sites that serve to
limit efficiency of overall transcription rates. Such activated cells may
represent the status of T cells as they leave lymph nodes and traffic to
sites of inflammation. (c) In inflammatory sites, Stat-activating cytokines
(i.e. IL-4, signaling via IL-4R and Stat6 in this example) work in
stabilized cells to inhibit alternative cytokine pathways. Under the

conditions shown, IL-4-mediated Stat6 signals inhibit T-bet and its
displacement allows occupancy of the site by repressors and the
release of partial repression on IL-4 transcription. GATA-3, left to
autoactivate its expression, facilitates spreading of activators across
the type 2 cytokine locus, resulting in high-level gene expression (thick
arrow at the IL-4 locus). (d) The coalescence of repressors on the
IFNy gene promotes repositioning into heterochromatin, which
terminally silences expression and restricts the cytokine repertoire
available in polarized memory T cells. Similar pathways might occur
through IL-12-mediated Stat4 signals to inhibit GATA-3, leading to the
creation of polarized Th1 cells (not shown). Although interactions are
depicted by lines, these pathways remain highly stylized and are likely
to be indirect, via intermediates.

cytokine gene activation is a poorly efficient and stochastic
process [23°°,45]. On the basis of above considerations,
however, monoallelic cytokine expression in Th clones
might be explained more readily by inhomogeneous
silencing of comparably activated alleles rather than by
biased activation. Because of the tight linkage of activation
with silencing, both mechanisms may contribute under
varying conditions depending on the target gene and the
strength of signal imparted by combinations of TCR
avidity, costimulation and/or cytokine milieu.

Cell division may facilitate the rapid dispersal of activators
and repressors among these nuclear compartments for inter-
actions with newly accessible target genes. Relocalization of a
general component of a transactivating complex from

pericentromeric chromatin to euchromatin permitted
interaction with a lineage-specific component to complete a
functional complex that mediated activation of globin genes
during erythroid differentiation [48]. If similar mechanisms
apply to cytokine gene regulation, lineage-specific silencing
of the cell-specific components of transactivating complexes
would ablate gene expression and potentially result in reorga-
nization of genes into pericentromeric domains. The creation
of stable memory cells with highly enforced patterns of cytokine
expression and biologic phenotypes [49] might result.

Conclusions

The shift from a paradigm of constrained expression to
generalized activation and constrained silencing invites
speculation regarding how such mechanisms are established
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(Figure 2). The observation that cells that have undergone
few cell divisions retain pluripotent Th fates [21°%,28°] suggests
that cells initially activated within lymph nodes may remain
uncommitted. Indeed, cells recovered after cytokine-neutral
rounds of division can be re-expanded to become either
canonical Th1 or Th2 effectors [50-52]. The induction of
CTLA-4 may function to arrest initial expansion and thus
limit the terminally differentiated state [53].

Our speculation is that most antigenic challenges are
ferried in relatively low copy number to the lymph nodes,
where naive precursors undergo clonal expansion under gen-
erally bland cytokine conditions. After a relatively low number
of divisions [54,55], cells exit lymph nodes and traffic to
tissues, where higher antigen loads and fixed and recruited
inflammatory cells conspire to enable a second wave of prolif-
eration. In the presence of an innate cytokine stew reflecting
the tissue context and the antigenic challenge [56,57], pluri-
potent cells with cytokine genes activated indiscriminately
into states ‘poised’ for rapid transcription receive highly
polarizing signals that silence inappropriate responses, leaving
auto-amplifying positive feedback loops unimpeded. The
result is extremely efficient polarization that matches the
appropriate cytokine response with the type of pathogenic
invader. Although few 7z vivo models exist, I1.-4 expression
among CD4+ T cells was unaffected by the absence of Stat6
in the draining lymph nodes, but profoundly altered in tissue
due to the inability to stabilize IL.-4 gene expression and a
failure of Th2 cells to accumulate [25,58]. Additionally, mice
without suppressor of cytokine signaling-1 (SOCS-1) develop
fulminant hepatitis that is relieved by either IFNy/Statl-
or IL.-4/Stat6-deficiency, suggesting that both canonical
cytokines are left over-expressed in the absence of appropriate
downregulation, at least in NK'T cells [59]. Indeed, the
inherent auto-enforcing nature of polarized Th responses may
underlie the difficulty in treating dysregulated states that
occur in autoimmune and atopic disorders.

Update

"Two recent publications report the phenotype of T-bet-knock-
out mice. As predicted by the arguments presented here,
"T*bet-deficient CD4+ T cells spontancously develop into Th2
effectors in response to environmental respiratory antigens,
resulting in a natural model for allergic airways diseases like
asthma [60°*]. Unexpectedly, T-bet, although necessary for
IFNy expression by CD4+ T cells and NK cells, was not
required for IFNy expression by CD8* T cells [61]. This
observation cautions that roles for GATA-3 and "[-bet may differ
in non-CD4+ T cells. Indeed, 11.-4/Stat6-mediated signals did
not downregulate T-bet in yO'T cells, perhaps explaining the
proclivity of these cells to produce IFNy, but not 1L-4 [62].

References and recommended reading
Papers of particular interest, published within the annual period of review,
have been highlighted as:

¢ of special interest
¢ of outstanding interest

1. Liu Y-, Kanzler H, Soumelis V, Gilliet M: Dendritic cell lineage,
plasticity and cross-regulation. Nat Immunol 2001, 2:585-589.

2. Reis e Souse C: Dendritic cells as sensors of infection. Immunity
2001, 14:495-498.

3. Lanzavecchia A, Sallusto F: Antigen decoding by T lymphocytes:
from synapses to fate determination. Nat Immunol 2001,
2:487-492.

4.  Luther SA, Cyster JG: Chemokines as regulators of T cell
differentiation. Nat Immunol, 2001, 2:102-107.

5. Coyle AJ, Gutierrez-Ramos J-C: The expanding B7 superfamily:
increasing complexity in costimulatory signals regulating T cell
function. Nat Immunol 2001, 2:203-209.

6. Bird JJ, Brown DR, Mullen AC, Moskowitz NH, Mahowald MA,
Sider JR, Gajewski TF, Wang C-R, Reiner SL: Helper T cell
differentiation is controlled by the cell cycle. Immunity 1998,
9:229-237.

7.  Agarwal S, Rao A: Modulation of chromatin structure regulates
cytokine gene expression during T cell differentiation. Immunity
1998, 9:765-775.

8. Lee GR, Fields PE, Flavell RA: Regulation of IL-4 gene expression

e by distal regulatory elements and GATA-3 at the chromatin level.
Immunity 2001, 14:447-459.

Using a minigene comprising previously identified cis-regulatory elements,

the authors generate transgenic mice to establish the contributions of

each of the individual elements. The composite minilocus most faithfully

recapitulated regulation of the endogenous locus.

9. Loots GG, Locksley RM, Blankespoor CM, Wang ZE, Miller W,
Rubin EM, Frazer KA: Identification of a coordinate regulator of
interleukins 4, 13 and 5 by cross-species sequence comparisons.
Science 2000, 288:136-140.

10. Mohrs M, Blankespoor CM, Wang Z-E, Loots GG, Afzal V, Hadeiba H,
Shinkai K, Rubin EM, Locksley RM: Deletion of a coordinate
regulator of type 2 cytokine expression in mice. Nat Immunol
2001, 2:842-847.

11. Agarwal S, Avni O, Rao A: Cell-type-restricted binding of the
. transcription factor NFAT to a distal IL-4 enhancer in vivo.

Immunity 2000, 12:643-652.
The authors use chromatin immunoprecipitation assays to demonstrate that
the lineage specific factor, GATA-3, associates with the IL-4 distal enhancer
coordinately with the binding of the more general NFAT-1 transcription
factor to both the promoter and 3' enhancer.

12. Kiani A, Garcia-Cozar FJ, Habermann |, Laforsch S, Aebischer T,
Ehninger G, Rao A: Regulation of interferon-gamma gene
expression by nuclear factor of activated T cells. Blood 2001,
98:1480-1488.

13. Lee HJ, O'Garra A, Arai K-I, Arai N: Characterization of cis-
regulatory elements and nuclear factors conferring Th2-specific
expression of the IL-5: a role for GATA-binding protein. J Immunol
1998, 160:2343-2352.

14. Takemoto N, Kamogawa Y, Jun Lee H, Kurata H, Arai KI, O'Garra A,
Arai N, Miyatake S: Chromatin remodeling at the IL-4/1L-13
intergenic regulatory region for Th2-specific cytokine gene
cluster. J Immunol 2000, 165:6687-6691.

15. Kishikawa H, Sun J, Choi A, Miaw S-C, Ho I-C: The cell type-specific
expression of the murine I1L-13 gene is regulated by GATA-3.
J Immunol 2001, 167:4414-4420.

16. Ouyang W, Lohning M, Gao Z, Assenmacher M, Ranganath S,

. Radbruch A, Murphy KM: Stat6-independent GATA-3 autoactivation
directs IL-4-independent Th2 development and commitment.
Immunity 2000, 12:27-37.

The authors use affinity matrix purification of cytokine-secreting cells to

demonstrate the capacity of GATA-3 to autoactivate itself and mediate

chromatin remodeling at the type 2 cytokine locus by a mechanism
independent of Stat6.

17. Lee HJ, Takemoto N, Kurata H, Kamogawa Y, Miyatake S, O'Garra A,
Arai N: GATA-3 induces T helper cell type 2 (Th2) cytokine
expression and chromatin remodeling in committed Th1 cells.

J Exp Med 2000, 192:105-115.

18. Cantor AB, Orkin SH: Hematopoietic development: a balancing
act. Curr Opin Genet Dev 2001, 11:513-519.

19. Nawijn MC, Dingjan GM, Ferreira R, Lambrecht BN, Karis A,
Grosveld F, Savelkoul H, Hendriks RW: Enforced expression of
GATA-3 in transgenic mice inhibits Th1l differentiation and induces
the formation of a T1/ST2-expressing Th2-committed T cell
compartment in vivo. J Immunol 2001, 167:724-732.



20. Szabo SJ, Kim ST, Costa GL, Zhang X, Fathman CG, Glimcher LH:
A novel transcription factor, T-bet, directs Th1l lineage
commitment. Cell 2000, 100:655-669.

21. Grogan JL, Mohrs M, Harmon B, Lacy DA, Sedat JW, Locksley RM:

es  Early transcription and silencing of cytokine genes underlie
polarization of T helper cell subsets. Immunity 2001, 14:205-215.

Canonical cytokine genes were transcribed within hours of activation in naive

T cells independently of the cytokine environment. Initially localized to euchro-

matin nuclear compartments, the majority of nonexpressed cytokine alleles

were repositioned to heterochromatic domains after subset polarization.

22. Lighvani AA, Frucht DM, Jankovic D, Yamane H, Aliberti J,

e« Hissong BD, Nguyen BV, Gadina M, Sher A, Paul WE, O’Shea JJ:
T-bet is rapidly induced by interferon-y in lymphoid and myeloid
cells. Proc Natl Acad Sci USA 2001, 98:15137-15142.

Using Stat1-deficient cells, the authors demonstrate that T-bet is markedly

induced by IFNy, not only in T cells but also in human monocytes and

cultured dendritic cells.

23. Mullen AC, High FA, Huthchins AS, Lee HW, Villarino AV,
e« Livingston DM, Kung AL, Cereb N, Yao T-P, Yang SY, Reiner SL:
Role of T-bet in commitment of Th1 cells before IL-12-dependent
selection. Science 2001, 292:1907-1910.
Retroviral introduction of T-bet was used to demonstrate its ability to
regulate chromatin changes at the IFNy locus and to induce IL-12RB2 in
a manner independent of Stat4 or IL-12. Stat4 served to stabilize IFNy
expression through interactions with the co-activator, CREB-binding protein.

24. Gett AV, Hodgkin PD: Class division regulates the T cell cytokine
repertoire, revealing a mechanism underlying immune class
regulation. Proc Natl Acad Sci USA 1998, 95:9488-9493.

25. Mohrs M, Shinkai K, Mohrs K, Locksley RM: Analysis of type 2
immunity in vivo with a bicistronic reporter. Immunity 2001,
15:303-311.

26. Lee PP, Fitzpatrick DR, Beard C, Jessup HK, Lehar S, Makar KW,
. Perez-Melgosa M, Sweetser MT, Schlissel MS, Nguyen S et al.:
A critical role for Dnmtl and DNA methylation in T cell
development, function and survival. Immunity 2001, 15:763-774.
Using Cre-loxP-mediated deletion of the maintenance DNA methyltrans-
ferase gene, Dnmtl, the authors demonstrate that inability to maintain CpG
methylation in activated naive T cells leads to enhanced cytokine production,
suggesting that basal methylation is required to limit gene expression.

27. Zheng W-P, Flavell RA: The transcription factor GATA-3 is
necessary and sufficient for Th2 cytokine gene expression in CD4
T cells. Cell 1997, 89:587-596.

28. Mullen AC, Hutchins AS, Villarino AV, Lee HW, High FA, Cereb N,

. Yang SY, Hua X, Reiner SL: Cell cycle controlling the silencing and
functioning of mammalian activators. Curr Biol 2001,
11:1695-1699.

Although both lineage-specifying activators, T-bet and GATA-3, were

induced upon T cell activation, the cytokine milieu induced Stat6- and

Stat-4-silencing, respectively, through a division-dependent mechanism.

29. Ouyang W, Ranganath SH, Weindel K, Bhattacharya D, Murphy TL,
Sha WC, Murphy KM: Inhibition of Thl development mediated by
GATA-3 through an IL-4-independent mechanism. Immunity 1998,
9:745-755.

30. Farrar JD, Ouyang W, Lohning M, Assenmacher M, Radbruch A,
Kanagawa O, Murphy KM: An instructive component in T helper
cell type 2 (Th2) development mediated by GATA-3. J Exp Med
2001, 193:643-649.

31. Gorelik L, Fields PE, Flavell RA: TGF-B inhibits Th type 2
development through inhibition of GATA-3 expression. J Immunol
2000, 165:4773-4777.

32. Heath VL, Murphy EE, Crain C, Tomlinson MG, O'Garra A: TGF-B1
down-regulates Th2 development and results in decreased |L-4-
induced STAT6 activation and GATA-3 expression. Eur J Immunol
2000, 30:2639-2649.

33. Yoshida H, Hamano S, Senaldi G, Covey T, Faggioni R, Mu S, Xia M,
Wakeham AC, Nishina H, Potter J et al.: WSX-1 is required for the
initiation of Th1 responses and resistance to L. major infection.
Immunity 2001, 15:569-578.

34. Chen Q, Ghilardi N, Wang H, Baker T, Xie MH, Gurney A, Grewal IS,
deSauvage FJ: Development of Th1l-type immune responses
requires the type 1 cytokine receptor TCCR. Nature 2000,
407:916-920.

T helper cell differentiation Grogan and Locksley 371

35. LiuJ, Na S, Glasebrook A, Fox N, Solenberg PJ, Zhang Q, Song HY,
Yang DD: Enhanced CD4+ T cell proliferation and Th2 cytokine
production in DR6-deficient mice. Immunity 2001, 15:23-34.

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

37. Miaw S-C, Choi A, Yu E, Kishikawa H, Ho I-C: ROG: repressor of
GATA, regulates the expression of cytokine genes. Immunity 2000,
12:323-333.

38. Zhou M, Ouyang W, Gong Q, Katz SG, White JM, Orkin SH,
Murphy KM: Friend of GATA-1 represses GATA-3-dependent
activity in CD4+ T cells. J Exp Med 2001, 194:1461-1471.

39. Kubo M, Ransom J, Webb D, Hashimoto Y, Tada T, Nakayama T: T-cell
subset-specific expression of the IL-4 gene is regulated by a
silencer element and Stat6. EMBO J 1997, 16:4007-4020.

40. Gregoire J-M, Romeo P: T-cell expression of the human GATA-3
gene is regulated by a non-lineage-specific silencer. J Biol Chem
1999, 274:6567-6578.

41. Kimura M, Koseki Y, Yamashita M, Watanabe N, Shimizu C,

. Katsumoto T, Kitamura T, Taniguchi M, Koseki H, Nakayama T:
Regulation of Th2 cell differentiation by mel-18, a mammalian
Polycomb group gene. Immunity 2001, 15:275-287.

Impaired Th2 differentiation in vitro and in vivo in the absence of mel-18, a

homolog of a component of the Drosophila Polycomb silencing complex,

was due to failure to induce GATA-3 and led to sustained hypermethylation
of the IL-4 gene.

42. Cobb BS, Morales-Alcelay S, Kleiger G, Brown KE, Fisher AG,
Smale ST: Targeting of Ikaros to pericentromeric heterochromatin
by direct DNA binding. Genes Dev 2000, 14:2146-2160.

43. Sabbattini P, Lundgren M, Georgiou A, Chow C, Warnes G, Dillon N:
Binding of Ikaros to the A5 promoter silences transcription
through a mechanism that does not require heterochromatin
formation. EMBO J 2001, 20:2812-2822.

44, Bix M, Locksley RM: Independent and epigenetic regulation of the
interleukin-4 alleles in CD4+ T cells. Science 1998,
281:1352-1354.

45, Hu-LiJ, Pannetier C, Guo L, Lohning M, Gu H, Watson C,
Assenmacher M, Radbruch A, Paul WE: Regulation of expression of
IL-4 alleles: analysis using a chimeric GFP/IL-4 gene. Immunity
2001, 14:1-11.

46. Mostoslavsky R, Singh N, Tenzen T, Goldmit M, Gabay C, Elizur S,
Qi P, Reubinoff BE, Chess A, Cedar H, Bergman Y: Asynchronous
replication and allelic exclusion in the immune system. Nature
2001, 414:221-225.

47, Skok JA, Brown DE, Azuara V, Caparros M-L, Baxter J, Takacs K,
Dillon N, Gray D, Perry RP, Markenschlager M, Fisher AG:
Nonequivalent nuclear localization of immunoglobulin alleles in
B lymphocytes. Nat Immunol 2001, 2:848-854.

48. Francastel C, Magis W, Groudine M: Nuclear relocation of a
transactivator subunit precedes target gene activation. Proc Natl
Acad Sci USA 2001, 98:12120-12125.

49. Balamuth F, Leitenberg D, Unternaehrer J, Mellman |, Bottomly K:
Distinct patterns of membrane microdomain partitioning in Thl
and Th2 cells. Immunity 2001, 15:729-738.

50. Jelley-Gibbs D, Lepak NM, Yen M, Swain SL: Two distinct stages in
the transition from naive CD4 T cells to effectors, early antigen-
independent and late cytokine-driven expansion and
differentiation. J Immunol 2000, 165:5017-5026.

51. Wang X, Mosmann T: In vivo priming of CD4 T cells that produce
interleukin (IL)-2, but not IL-4 or interferon (IFN)-y, and can
subsequently differentiate into IL-4- or IFN-y-secreting cells. J Exp
Med 2001, 194:1069-1080.

52. lezzi G, Scheidegger D, Lanzavecchia A: Migration and function of
antigen-primed nonpolarized T lymphocytes in vivo. J Exp Med
2001, 193:987-993.

53. Doyle AM, Mullen AC, Villarino AV, Hutchins AS, High FA, Lee HW,
Thompson CB, Reiner SL: Induction of cytotoxic T lymphocyte
antigen 4 (CTLA-4) restricts clonal expansion of helper T cells.
J Exp Med 2001, 194:893-902.



372 Lymphocyte activation and effector functions

54.

55.

56.

57.

58.

Garside P, Ingulli E, Merica RR, Johnson JG, Noelle RJ, Jenkins MK:
Visualization of specific B and T lymphocyte interactions in the
lymph node. Science 1998, 281:96-99.

Vasseur F, Le Campion A, Pavlovitch JH, Penit C: Distribution of
cycling T lymphocytes in blood and lymphoid organs during
immune responses. J Immunol 1999, 162:5164-5172.

Fort MM, Cheung J, Yen D, Li J, Zurawski SM, Lo S, Menon S,

Clifford T, Hunte B, Lesley R et al.: IL-25 induces IL-4, IL-5 and IL-13
and Th2-associated pathologies in vivo. Immunity 2001,
15:985-995.

Jutel M, Watanbe T, Klunker S, Akdis M, Thomet OAR, Malolepszy J,
Zak-Nejmark T, Koga R, Kobayashi T, Blaser K et al.: Histamine
regulates T-cell and antibody responses by differential expression
of H1 and H2 receptors. Nature 2001, 413:420-425.

Mathew A, MacLean JA, DeHaan E, Tager AM, Green FHY, Luster AD:
Signal transducer and activator of transcription 6 controls
chemokine production and T helper cell type 2 trafficking in
allergic pulmonary inflammation. J Exp Med 2001, 193:1087-1096.

59.

60.

Narazaki M, Adachi K, Yoshimoto T, Nakanishi K, Kishimoto T:
SOCS-1/SSl-1-deficient NK T cells participate in severe hepatitis
through dysregulated cross-talk inhibition of IFN-yand IL-4
signaling in vivo. Immunity 2001, 14:535-545.

Finotto S, Neurath MF, Glickman JN, Qin S, Lehr HA, Green FHY,
Ackerman K, Haley K, Galle PR, Szabo SJ et al.: Development of
spontaneous airway changes consistent with human asthma in
mice lacking T-bet. Science 2002, 295:336-338.

The authors showed that T-bet-deficient CD4+ T cells spontaneously develop
into Th2 effectors in response to environmental respiratory antigens, resulting
in a natural model for allergic airways diseases like asthma.

61.

62.

Szabo S, Sullivan BM, Stemmann C, Satoskar AR, Sleckman BP,
Glimcher LH: Distinct effects of T-bet in Thl lineage commitment
and IFN-y production in CD4 and CD8 T cells. Science 2002,
295:338-342.

Yin Z, Chen CH, Szabo SJ, Glimcher LH, Ray A, Craft J: T-bet
expression and failure of GATA-3 cross-regulation lead to default
production of IFN-y by yd T cells. J Immunol 2002,
168:1566-1571.



