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The differentiation of T helper cells into distinct functional subtypes is critical for mediating effective adaptive immune
responses. The molecular mechanism by which a Th precursor cell (Thp) adopts a Th1 or Th2 phenotype involves a
complex interplay between the induction of lineage-specific transcription factors, such as T-bet, Gata3, and c-Maf, and the
stimulatory effects of the cytokine milieu, which are largely provided by antigen-presenting cells (APCs) (1). In the case of
Th1 differentiation, antigen stimulation of a naive Thp causes simultaneous low-level expression of both the Th1-specific
transcription factor T-bet and the Th2-specific factor Gata3, and coproduction of small amounts of IFN-γ and IL-4 (2, 3).
Subsequent differentiation of Thp into Th1 cell is thought to occur via two other events, as shown in Figure 1. The first is
upregulation of IL-12Rβ2 expression by T-bet, which amplifies the effects of IL-12 and strengthens signaling through
STAT4 (3, 4). The second is activation of STAT1 via IFN-γ receptor engagement, which further upregulates T-bet
expression in a positive feedback loop (4, 5). The net effects of T-bet, STAT4, and STAT1 activation then drive high-level
production of IFN-γ by Th1 cells, which is necessary for antiviral immunity and other Th1-mediated immune functions. In
addition to the effects of lineage-specific transcription factors, a number of more widely expressed factors have been
shown to […]
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The differentiation of T helper cells
into distinct functional subtypes is
critical for mediating effective adap-
tive immune responses. The molecu-
lar mechanism by which a Th precur-
sor cell (Thp) adopts a Th1 or Th2
phenotype involves a complex inter-
play between the induction of lineage-
specific transcription factors, such as
T-bet, Gata3, and c-Maf, and the stim-
ulatory effects of the cytokine milieu,
which are largely provided by antigen-
presenting cells (APCs) (1). In the case
of Th1 differentiation, antigen stimu-
lation of a naive Thp causes simulta-
neous low-level expression of both the
Th1-specific transcription factor 
T-bet and the Th2-specific factor
Gata3, and coproduction of small
amounts of IFN-γ and IL-4 (2, 3).

Subsequent differentiation of Thp
into Th1 cell is thought to occur via
two other events, as shown in Figure
1. The first is upregulation of 
IL-12Rβ2 expression by T-bet, which
amplifies the effects of IL-12 and
strengthens signaling through
STAT4 (3, 4). The second is activa-
tion of STAT1 via IFN-γ receptor
engagement, which further upregu-
lates T-bet expression in a positive
feedback loop (4, 5). The net effects
of T-bet, STAT4, and STAT1 activa-
tion then drive high-level production

of IFN-γ by Th1 cells, which is neces-
sary for antiviral immunity and other
Th1-mediated immune functions.

In addition to the effects of lineage-
specific transcription factors, a num-
ber of more widely expressed factors
have been shown to affect Th cell dif-
ferentiation. In this issue of the JCI,
Hilliard et al. report the effects of c-
Rel deficiency on Th1-dependent
immunity both in vitro and in vivo
(6). c-Rel is a member of the family of
NF-κB/Rel transcription factors,
which includes four other mam-
malian members: RelA (p65), RelB,
NF-κB1 (p50/p105), and NF-κB2
(p52/p100) (7). These five factors
share a highly conserved Rel homolo-
gy domain at their N-termini and

play important roles in the develop-
ment, activation, and homeostasis of
the immune system.

Studies of the NF-κB family mem-
bers by targeted deletion of one or
more family members in mice have so
far shown differential effects on Th
immune responses. Universal inhibi-
tion of all family members in trans-
genic mice overexpressing a protease-
resistant IκB results in an inability to
mount a Th1 immune response (8). In
contrast, mice deficient in the single
factor NF-κB1 fail to optimally induce
Gata3 and are resistant to allergic
asthma, a Th2 cell–mediated disease
(9). Our understanding of the role of
NF-κB family members in Th differ-
entiation is further complicated by
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Figure 1
Signaling and transcriptional pathways of Th1 differentiation and the potential role of c-Rel. Induc-
tion of T-bet and IFN-γ by T cell receptor engagement is followed by activation of the STAT4 and
STAT1 pathways, which lead to still greater expression of IFN-γ. Points at which c-Rel could par-
ticipate in this pathway are indicated.



their role in cytokine production by
APCs. For instance, NF-κB2–deficient
mice have clear defects in APC func-
tion and are more susceptible to Leish-
mania infection in vivo, although the
intrinsic responses of NF-κB2–defi-
cient Th1 cells appear normal (10). A
sophisticated understanding of the
role of NF-κB/Rel factors in Th differ-
entiation therefore requires careful
dissection of the function of each
family member in different cell types
by conditional knockout, mixed
chimera, and other approaches.

In the current study by Hilliard et al.,
c-Rel deficiency led to a defect in Th1
immune responses both in vitro and in
vivo. c-Rel–deficient mice proved resist-
ant to experimental autoimmune
encephalomyelitis (EAE), a Th1-mediat-
ed autoimmune disease. By studying
mixed chimeric mice, the authors found
that the resistance to EAE was mainly
conferred by bone marrow–derived cells
and was thus independent of NF-κB
function in the brain. Splenocytes from
immunized c-Rel–deficient mice pro-
duced very low levels of IFN-γ upon
rechallenge with antigen but secreted
higher than normal levels of IL-4. Fur-
ther analysis revealed that c-Rel–defi-
cient APCs express very low levels of
Th1-promoting cytokines, including 
IL-12p35 (consistent with previous
work; see ref. 11) and IL-23p19. This
APC defect alone could easily explain
the resistance to EAE. Somewhat sur-
prisingly, however, the authors also
found that c-Rel–deficient Th cells are
intrinsically defective in developing into
IFN-γ–producing cells and that this
defect cannot be rescued by wild-type
APCs or exogenous IL-12. Taken togeth-
er, these results strongly suggest that 
c-Rel can regulate the differentiation of
Th cells by both T cell–dependent and
APC-dependent mechanisms.

These findings bring up a number of
interesting questions. IL-12, IL-23, and

the newly discovered IL-27 are struc-
turally related cytokines all capable of
promoting the differentiation of Th1
cells, but their expression kinetics and
cell type distribution are quite distinct
(12, 13). In particular, very little is
known regarding the transcriptional
regulation of IL-23p19 and IL-27, and,
based on the current study, the role of
NF-kB family members in this regula-
tion merits further examination. Also
intriguing is the marked defect in 
IFN-γ production by c-Rel–deficient
Th1 cells in the face of normal levels of
T-bet and normal activation of STAT4,
both of which are clearly important for
optimal production of this cytokine (4,
14). As Hilliard et al. note, c-Rel may
thus act downstream of T-bet and regu-
late the expression of IFN-γ either
directly or indirectly. Recently, a Th1
cell–specific homeobox protein, Hlx, has
been shown to synergize with T-bet in
promoting the transcription of IFN-γ
(15). Therefore, one attractive explana-
tion for the data presented is that c-Rel
might indirectly regulate the expression
of IFN-γ by controlling the levels of Hlx.
The defect in production of IFN-γ by c-
Rel–deficient Th1 cells could also be due
to a failure to remodel the IFN-γ locus;
such remodeling has been shown to be
necessary to stabilize the Th1 pheno-
type (16, 17). Alternatively, c-Rel could
be involved in a pathway parallel to 
T-bet, or it could even serve as a com-
mon effector molecule downstream of
both the T-bet and STAT4 pathways.
Thus, the precise position of c-Rel in the
hierarchy of the Th1 transcriptional cas-
cade leading to the production of IFN-γ
has yet to be determined. Continued
elucidation of the pathways controlling
IFN-γ production will further our abili-
ty to manipulate Th1-mediated im-
mune responses and should ultimately
affect our ability to manage human dis-
eases by modulating patterns of T cell
differentiation.
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