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Control of IFN-g-secreting T helper (Th) 1 cells prevents
autoimmunity and immunopathology during infection.
IL-10-mediated suppression of Th1 cells is achieved not
only through IL-10 produced extrinsically, but also
through a negative feedback loop that induces ‘‘intrinsic’’ IL-10 expression in cells also expressing IFN-g, during Th1 lineage differentiation. Targeting this Th1 cell
IFN-g to IL-10 switching is a tantalising prospect for
developing therapeutics for Th1-mediated diseases. In
this review, the molecular pathways that regulate IFN-g
versus IL-10 expression in Th1 cells are examined, with
focus on the role of complement regulator and T cell costimulatory molecule CD46, and also discussed are challenges and controversies in the field.
The importance of appropriate regulation of T helper
(Th) 1 cells
T lymphocyte responses are integral for host defense
against pathogens. Human CD4+ effector T cells can differentiate into at least four major subsets, Th1, Th2 [1],
Th9 [2] and Th17 [3] cells, depending on the antigen and
the cytokine microenvironment encountered during activation. Signature transcription factors and production of
hallmark cytokines that mediate specific effector functions characterize each subset. Th1 cells predominantly
produce the proinflammatory cytokine IFN-g and are
required for clearance of intracellular pathogens [4]. However, Th1 responses need to be tightly controlled to prevent disease. For example, inappropriate activation of Th1
cells in response to self-antigen or innocuous antigens
(derived from food, airborne particulate material or from
gut commensals) leads to autoimmune states, such as
multiple sclerosis (MS) [5], rheumatoid arthritis (RA)
[6], diabetes [7] and lupus erythematosus (SLE) [8], as
well as to hypersensitive states in which T cell tolerance to
environmental antigens fails – inflammatory bowel disease and allergy, for example [9–11]. Similarly, an unwanted Th1 response against donor-derived antigens is an
obstacle in successful graft acceptance following organ
transplantation [12]. The ability to induce timely ‘‘shut
down’’ of protective Th1 responses during infection is also
important, and failure to initiate the Th1 contraction
phase after pathogen clearance is characterized by severe
tissue immunopathology, and ultimately death in several
infection models [13–18].
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T cell-mediated chronic inflammatory diseases are progressive, leading to severe organ dysfunction, and are
commonly associated with increased mortality hazard ratios [4]. Effective therapies for such diseases are limited,
and patient responses can be inadequate, and/or associated
with unacceptable toxicity. Thus, therapies that specifically target deregulated Th1 responses are needed, and an
understanding of the cellular and molecular processes that
regulate Th1 cell differentiation is a priority. This review
summarizes the regulation of Th1 cell function by the
immunosuppressive cytokine, IL-10, with emphasis on a
process that we call intracellular IFN-g to IL-10 switching
– the transition of an IFN-g only Th1 state into a state
characterized by significant decrease of IFN-g production
and gain of IL-10 expression, with concurrent acquisition of
(self) regulatory properties. We further highlight recent
data that support the role of the complement regulator and
T cell co-stimulatory molecule, CD46 [19], in this cytokine
switching in Th1 cells.
The central role of IL-10 in Th1 cell regulation
The importance of IL-10 [20] in ‘‘tonic’’ T cell control first
became clear when mice deficient for the Il10 gene were
found to develop colitis through an inability to regulate
unwanted Th1 immune responses, presumably orchestrated by the gut flora [21,22]. Accordingly, mutations in IL10R are also associated with susceptibility to colitis [23].
IL-10 also prevents/downmodulates Th1 responses against
self-antigens, because immunization of IL-10-deficient
mice with myelin-derived antigens exacerbates neuro-inflammatory responses, and attenuates the recovery phase
in a mouse model of MS [24,25]. The immunoregulatory
potency of IL-10 is also manifest through timely contraction of Th1 responses against infectious pathogens: Il10 /
mice clear infections with Toxoplasma gondii [13] or Trypanosoma cruzi [14] substantially faster, but these animals then die of severe tissue damage due to unbridled Th1
activation and failure to downregulate IFN-g after pathogen clearance. It should be noted that, in contrast to CD4+
T cells, IL-10 enhances the function of NK cells and cytotoxic CD8+ T cells [20].
Th1 regulation by IL-10-secreting regulatory cells
(Tregs)
IL-10 was initially classified as a Th2-derived cytokine
[26], but is produced by a range of CD4+ T cell subsets,
as well as macrophages, dendritic cells, B cells, eosinophils
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and mast cells [20]. A major source of IL-10 is CD4+ Treg
cells. Tregs are divided into two main populations: natural
and adaptive/induced [27]. Both are required for regulation
of Th1 responses [27]. Natural Treg cells are generated in
the thymus, constitutively express Foxp3, and inhibit T
cell responses against self-antigens. They can express IL10 [28], but suppressive activity is mediated mostly via cell/
cell-contact and inhibitory surface molecules targeting DC
and T cell activation [29]. Adaptive or induced Tregs are
generated in the periphery and are categorized based on
their suppressive cytokine production: TGF-b-producing
Th3 cells, which are thought to be particularly important in
mediating oral tolerance [30], and IL-10-secreting T-regulatory type 1 (Tr1) cells [10,31–33]. In vitro generated Tr1
cells were first described in the early 1990 s as the cell
population that conferred tolerance in severe combined
immunodeficiency (SCID) patients successfully transplanted with stem cell allografts [34]. Although Tr1 cells
suppress mainly via IL-10 secretion, production of TGF-b,
and expression of granzyme B, which confers cytotoxic
function, also contribute to their regulatory activity
[25,35]. Tr1 may or may not express T-bet [31,36–38],
and are anergic unless exposed to high amounts of IL-2,
IL-21 or IL-27 [18,31,36,38,39]. Although IL-10 can regulate Th1 cell responses by directly inhibiting their proliferation and IL-2 production [40–43], the major regulatory
effect of Tr1 cells seems to root in interfering with DC
maturation and IL-12 (a cytokine needed for Th1 induction) secretion by DCs (Figure 1A) [18,20,44]. Our current
understanding of Tr1 cell biology is still limited, because:
(1) there is no specific marker for Tr1 cells (and therefore
Tr1 work is mostly limited to in vitro-induced Tr1 cell
populations); (2) a lineage-specific transcription factor
has yet to be defined that could account for their phenotype
and function; and (3) although Tr1 cells can be induced in
vitro, they proliferate poorly, which has limited their use in
vivo.
Th1 cell autoregulation through co-induction of IL-10
and IFN-g
Although the importance of IL-10-secreting natural and
adaptive Tregs in Th1 regulation is undisputed, a recent
concept suggests that Th1 cells themselves are a dominant
source of IL-10 that controls immune responses – that is,
Th1 effector responses are regulated through a negative
feedback loop via the co-induction of IL-10 in addition to
IFN-g in the same cells [4,17,45,46] (Figure 1B). IL-10secreting Th1 cells, however, seem to be different from Tr1
cells, which are thought currently to not develop via a proinflammatory state.
Although IL-10-producing (Foxp3 ) Th1 cells were described in the 1990s [47,48], interest in these IFN-g+ IL-10+
double-positive cells has re-emerged, because they regulate immune responses to certain infections. For example,
patients with either acute pulmonary tuberculosis, or Borrelia burgdorferi or Leishmania visceralis infection, express pathogen-specific IL-10+ IFN-g+ Th1 cells in the
blood and lung [47–49]. A high proportion of T cell clones
derived from the synovium of RA patients express IFN-g
and high levels of IL-10 [50], and single cell analysis has
confirmed that RA synovial joint CD4+ T cells are enriched

[()TD$FIG]

Trends in Immunology June 2011, Vol. 32, No. 6

(a)

IFN-γ
IL-2
(Th2
Th17)

Tr1
IL-10

IL-10

Th1

IL-12
mDC

(b)

IFN-γ
IL-2
Th1
IL-10
IL-10
IL-12
IFN-γ IL-10
IL-2

IL-10

IFN-γ+
IL10+
Th1

IL-12
mDC

TRENDS in Immunology

Figure 1. Regulation of Th1 responses via T cell-derived IL-10. Th1 cell activation
can be regulated (a) ‘‘extrinsically’’ by IL-10-secreting, induced Tr1 Tregs, or (b)
‘‘intrinsically’’ via IL-10 co-expression by Th1 cells. In both cases, IL-10 can
suppress T cell activation directly, but probably affects Th1 induction most
strongly by inhibiting the maturation of immature DCs (not shown), as well as IL-12
production by mature DCs (mDC) in the vicinity. Other T cell populations
producing sufficient amounts of IL-10, such as Th2 and Th17 cells, could also
suppress Th1 cell function (a).

for IFN-g+ IL-10+ cells [51]. An association between low
numbers of CD4+ IL-10+ T cells and synovial hyperplasia
and lymphocytic infiltrates provides indirect evidence of
autoregulation in situ [52], and also points to defective
generation of IL-10-producing T cells in chronic inflammatory disease. A mouse model of T. gondii infection provided
a functional explanation for the existence of double-positive Th1 cells that produce two cytokines with opposing
biological effects. This study suggested that IFN-g produced by antigen-specific IFN-g+ IL-10+ Th1 cells is required for pathogen eradication, and that the concomitant
production of IL-10 by these cells is vital for the resolution
of the inflammatory response and prevention of tissue
279
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pathology [49]. However, pathogens might exploit high IL10 expression by Th1 cells to better sustain the infectious
process (as has been shown for Tr1 cells [17,18,31,53]).
Indeed, during infection with Leishmania major, co-expression of IL-10 by Leishmania-specific Th1 cells prevented pathogen eradication and contributed to chronic
infection [54,55]. A more extreme example is Epstein-Barr
virus-derived IL-10 that functions to enhance the survival
of newly infected B cells, and to diminish the production of
IFN-g and IL-2 during ongoing immune reactions [56].
Taken together, these studies suggest that the relative
amounts or duration of IFN-g and IL-10 produced by Th1
cells might define pathogen clearance versus pathogen
persistence [17,57].
Although IL-10-secreting Th1 cells have been studied
mostly in the context of infections, their induction might
also be a mechanism by which tolerance is induced in the
presence of persistent (e.g. self) antigen [18,58,59] or selfderived antigens of high antigen avidity [60]. Congruent
with this notion is that the appearance of mellitin-specific
IFN-g+ IL-10+ Th1 cells coincide with the development of
immunological tolerance of the host (in this case the bee
keeper) to bee venom [58].
The concept of ‘cytokine switching’ in Th1 cells
To understand cytokine switching, two key issues merit
further discussion. The first relates to the precise origin of
IFN-g+ IL-10+ T cells. For example, do these cells represent
a specific T cell population derived directly from a naı̈ve T
cell pool without going through an effector phase, or do
they develop from IFN-g+ Th1 cells that have received
appropriate signals to switch into regulatory IL-10-secreting Th1 cells? The latter concept would be consistent with
the growing appreciation that IL-10-secreting Th1 cells
might not necessarily represent a lineage, but rather the
‘endpoint’ of a successful effector response – a cell-intrinsic
component of the life cycle of a Th1 cell. Such a switch
would have the advantage of producing T cells that express
an effector cytokine, while, at the same time, inducing a
regulatory cytokine, following recognition of the same
antigen. Thus, ‘switched’ Th1 cells could function independently of ‘extrinsic’ sources of IL-10. This concurs with the
production of IL-10 by Th1, Th2, Th9 and Th17 T cells

under certain conditions [61], and indicates that this IL-10based self-regulatory pathway could apply during the differentiation of effector T cells across a range of lineages.
The second issue relates to the context in which T cells
switch from being IFN-g to IL-10 producers. Several recent
observations support the idea that IFN-gtoIL-10 switching
in Th 1 cells occurs in vivo, and is operational in Th1 cells
during induction of tolerance to both self and non-self
antigens. Repeated intranasal administration of soluble
peptide to myelin basic protein (MBP)-transgenic animals
induces the generation of anergic regulatory MBP-specific
IFN-g+ IL-10+ Th1 cells that confer tolerance; this population was derived from IFN-g+ Th1 cells [59]. Importantly,
the initial response of naı̈ve T cells towards peptide administration was marked by IFN-gand IL-2 production,
the prototypic proinflammatory Th1 profile. A second administration of antigen was required to induce the switch
to IFN-g+ IL-2 IL-10+ Th1 cells with suppressor function.
This observation agrees with the view that peripheral
tolerance induction depends on the continuous presence
of antigen [58]. The switched IL-10-secreting Th1 cells
retained the prototype Th1 transcription factor signature
(T-bet+, Gata3 ), while anergy induction was associated
with high expression of egr-2, a negative regulator of T cell
activation [62]. Similar observations have been made in
humans where only continuous exposure of non-allergic
beekeepers to high doses of bee venom induces the switch
from IFN-g-secreting Th1 cells into IFN-g- and IL-10producing Th1 cells, manifest by the decrease of T cellmediated cutaneous swelling [58]. Once again, these Th1
switched cells maintain T-bet expression. Following antigen withdrawal, bee venom-specific T cells produce high
levels IFN-g, but no IL-10, upon reactivation; however,
they then switch to IL-10 production upon repetitive stimulation. Thus, there is evidence of memory in the context of
this switch system.
CD46 and IL-2 as environmental cues promoting Th1
IFN-g to IL-10 switching
A number of conditions required for IL-10 co-expression
both in mouse and human Th1 cells have been identified
(see Table 1 and for a comprehensive review [18]); however,
the exact molecular pathways regulating IFN-g versus

Table 1. Intracellular signals involved in IL-10 production by CD4+ Th1 and Tr1 cells.
Intracellular signals
T-bet
Foxp3
STAT1
STAT3
STAT4
STAT5
Erk
c-Maf
JNK
p38
SMAD4
AhR
SPAK
Proliferation

IFN-g+ IL-10+ Th1 cells
+
+ [28] and – [28]
+
+
+
+
+
+

CD46-med. IL-10 induction in Th1 cells
+
ND
+
+
+
+
ND
+

ND
ND
ND
+

ND
ND
+
+ [43] and
a

Tr1 cells
+ [36] and
+ [37] and
ND

[38]
[37]

+
ND
+
+
ND
+
+
ND
[43] a

+, yes; , no; ND, not determined; numbers in brackets denote source references; , CD46-induced IFN-g+ IL-10– and IFN-g+ IL-10+ T cell proliferate strongly, whereas CD46induced IFN-g– IL-10+ are anergic.
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IL-10 expression are largely undefined. Although, IFN-g
and IL-10 co-expressing Th1 cells can now be generated in
vitro in the presence of IL-27 [63,64] and IL-21 [65], or with
high amounts of IL-12 [66], a controlled switch from the
IFN-g+ IL-10 to the IFN-g+ IL-10+ state has only recently
been reproduced in an in vitro system, tractable to in-depth
study. Using this system, an intricate link was described
between activation of the human complement regulatory
protein CD46 and TCR engagement with IFN-g to IL-10
switching [46]. In humans, CD46 is a widely distributed
transmembrane glycoprotein and can express two differentially spliced cytoplasmic domains (designated CYT-1
and CYT-2) with distinct signalling capacities [53,67]
(Figure 2A). CD46 inhibits complement activation on host
cells by binding and inactivating the opsonins C3b and C4b
[53]. CD46 also serves as a receptor for several major
human pathogens, including adenovirus, and specific Neisseria and Streptococcal strains [53]. Further, it functions as
a co-stimulatory molecule on T cells, transducing signals
through the recruitment to its cytoplasmic tail of the TCR
adaptor proteins p120-CBL and LAT, and through subsequent activation of Vav, Rac and Erk [68–70]. CD46 engagement was initially shown to induce low IFN-g, and

high IL-10 and granzyme B expression in naı̈ve CD3activated CD4+ T cells, a phenotype shared with Tr1 cells
[53]. Subsequent studies then showed that CD46 not only
induces the switch from proliferating non-suppressive
IFN-g+ IL-10 Th1 cells into proliferating suppressive
IFN-g+ IL-10+ Th1 cells, but also orchestrates the final
transition from the latter to anergic, operationally suppressive IFN-g IL-10+ Th1 cells [46]. Importantly, the
CD46-mediated IFN-g to IL-10 switch is IL-2-dependant;
in the presence of low IL-2 concentrations, TCR and CD46
co-activation induces IFN-g+ Th1 cells, with high environmental IL-2 being required for co-induction of IL-10
(Figure 2A). Noteworthy, IFN-g induction always precedes
IL-10 secretion, even in high IL-2 conditions. Further,
naı̈ve T cells, in ways similar to that described in the
mouse MBP and human ‘bee venom tolerance’ induction
models, require, at the minimum, a second TCR stimulation before they can switch from IFN-gto IL-10 production
(with the cells retaining Th1-specific transcription factors)
[46]. And, as observed for other switched Th1 cells, CD46derived IL-10 single-positive T cells produce high amounts
of IFN-g (but only low or no IL-10) after resting and
subsequent CD3–CD46-restimulation.

[()TD$FIG]

(a)
1

Pathogen
receptor
(Measles v,
Herpes simplex v,
Adeno v,
Streptococci,
Neisseria)

2
Complement
regulation
(C3b/C4b
binding)

3
4
B

Surface

C
U

Membrane
Th1 cell regulation
Cytokine,
Granzyme B expression

Cytoplasm
Either CYT1 or CYT-2
(b)
(i)

(ii)

IL-2

4

ICER/
CREM

3

ICER/
CREM

IL-2R

2

U

-1

CD46

T
CY

?

Low IL-2

1

C3 – C3b
MHC
TCR
C

U

C

CD46

APC
Antigen

B

B

U

C

-1

T
CY

IFN-γ
IL-2

3

MHC
TCR

4

4
B

CD46

(iii)

C3 – C3b
2

3

MHC
TCR

APC
Antigen

1

1

C3 – C3b
2

APC
Antigen

Erk

IL-2R

SPAK

P

P

High IL-2
IL-2R

IL-10

TRENDS in Immunology

Figure 2. CD46-mediated signals involved in Th1 IFN-g to IL-10 switching. (a) CD46 structure. All CD46 isoforms contain four (1-4) CCPs (complement control protein units),
followed by an alternatively spliced highly O-glycosylated B or C region, a membrane anchor and one of two possible tails, CYT-1 or CYT-2. (b) TCR engagement induces the
secretion of C3, which is further processed during antigen presence into the CD46 ligand C3b. (i) CD46 activation in the presence of low IL-2 then induces IFN-g. When
environmental IL-2 reaches a certain threshold, CD46-mediated signals induce the (ii) inhibition of IL-2 production via the translocation of ICER/CREM to the nucleus and (iii) the
induction of IL-10 through CYT-1 and SPAK-mediated activation of Erk (and possibly JNK, not shown). The signals responsible for concurrent IFN-g shut-down are undefined.
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The apparent requirement for IL-2 in IL-10 secretion in
the CD3CD46-mediated Th1 ‘‘switching system’’ is on one
hand compatible with studies showing that deficiencies in
IL-2 or components of the IL-2 receptor are associated with
autoimmune diseases and hypersensitivity states, including IBD [71]. In addition, in several other model systems,
supplementation with exogenous IL-2 also increases Th1derived IL-10 production [59,72,73]. On the other hand,
and somewhat paradoxically, CD46-mediated signals attenuate autocrine IL-2 production when switching from
the IFN-g+ Th1 phase to the IL-10 (co)-expressing phase.
This is coordinated via ICER-CREM (a transcriptional
repressor of IL-2 promoter activity [74]) translocation to
the nucleus (Figure 2B), in agreement with the finding that
IL-2 secretion indeed ceases briefly after activation in Th1
cells through IL-2 transcriptional repression also by T-bet
[75]. This active ‘‘shut down’’ of IL-2 and the lack of clear in
vivo evidence for the necessity of IL-2 in IL-10 co-induction
by Th1 cells, makes an autocrine role for IL-2 in Th1 cell
cytokine switching unlikely.
If this switching mechanism is fundamental to the
control of pro-inflammatory effector responses, one might
reasonably anticipate anomalies of IFN-g to IL-10 switching in disease. Identification of such defects has been
confined to studies of human disease, because mice do
not express CD46 on somatic cells and a functional homologue has yet to be defined [53,76]. Indeed, it was reported
that CD46 and IL-2-induced switching is defective in RA
patients. T cells from patients with active disease fail to
shut down IFN-g production upon CD46-activation, and
lack the IFN-g IL-10+ cell subpopulation. As a consequence of this intrinsic cell defect, differentiating Th1 cells
produce up to 20 times more IFN-g compared to T cells
from healthy individuals [46]. In addition, and in contrast
to T cells from healthy individuals, the IFN-g+ IL-10+ T
cells from RA patients lack suppressor functions. The
reversibility of this defect is currently under investigation,
but will be important to establish, since this has obvious
therapeutic implications.
CD3-activated T cells produce the CD46 ligand C3b, and
blocking C3bCD46 interactions abrogates IL-10 production in CD3-and CD46-activated, as well as CD3-and
CD28-activated T cells [46]. This indicates that the
CD46-mediated IFN-g to IL-10 switching pathway is operational during ‘‘conventional’’ pathways of T cell activation, at least in vitro. Thus, CD46-mediated signals appear
to be an integral part of Th1 cell biology rather than a
‘situation-specific’ activation event. This suggests a model
by which antigen recognition via the TCR induces the
generation of CD46 ligands, which, in turn, provide a
means for CD46 activation early during T cell activation.
This early phase is marked by high IFN-g production that
will control infection and invading microorganisms at local
sites. CD3- and CD46-activated cells then integrate the
third signal – high environmental IL-2, indicative of a
productive Th1 response – and switch appropriately into
the IFN-g+ IL-10+ regulatory phase (Figure 3). Cytokineswitched Th1 cells direct self-regulation, and also inhibit
IL-12 production by DC [17,59] in the vicinity, leading
to robust contraction/resolution of the Th1 response.
This model agrees with the current knowledge about the
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induction and progression of Th1 responses, the vital
contribution of IL-2 in this process [71], and the emerging
role of innate signals, including complement activation, as
negative regulators of adaptive immunity [53,77].
The CD46-mediated intracellular signaling pathway for
IL-10 induction
CD46-mediated intracellular signals that induce IL-10
during the IFN-g ‘‘phase’’ require CYT-1 (but not CYT-2)
(Figure 2A), as well as Ste20 (SPS1)-related proline alanine-rich kinase (SPAK) [78]. The necessity for CYT-1
agrees with a study connecting impaired IL-10 production
with increased CYT-2 expression upon CD46 activation of
CD4+ T cells from patients with MS [79]. SPAK interacts
constitutively with CD46 CYT-1 in non-activated T cells,
and TCR activation without concurrent CD46 cross-linking
leads to CYT-1SPAK dissociation. By contrast, during TCR
and CD46 co-activation, SPAK remains bound to CYT-1,
leading to phosphorylation of Erk and Erk-dependent
induction of IL-10 expression (Figure 2B). Involvement
of Erk activation is in line with the notion that Erk is
absolutely central for IL-10 production, not only by all
effector T cells, but also by DCs and macrophages
[18,72]. SPAK silencing abrogates both CD3- and CD46induced JNK phosphorylation, suggesting that SPAK may
also contribute to JNK activation in the CD46-independent
pathway, although currently c-Jun activation has only
been connected with IL-10 production in Th2 cells. By
contrast, p38 phosphorylation in CD3 and CD3CD46-activated T cells remains largely unaffected by SPAK protein
knockdown, paralleling observations that p38 activation is
indeed not required for IL-10 expression in either Th1, Th2
or Th17 cells [18,72]. The regulation of ICOS, which also
participates in IL-10 production by Th1 cells [18], the role
of CD46-induced Flt3 [80], and the possible roles of IL-15,
IL-21 and/or IL-27 in IFN-g to IL-10 switching has not yet
been evaluated in this system. CD46-induced cytokine
switched cells also contain moderate pSTAT5, and high
pSTAT4 and T-bet, expression levels (Table 1). There is
evidence that T-bet itself may be necessary for IFN-g to IL10 switching: prolonged T-bet expression (observed in all
IL-10-producing Th1 cells) is required for the induction of
the IL-12Rb chain. IL-12 in turn is essential for STAT4
activation, a key requirement for IL-10 production by
human and mouse Th1 cells [17,72]. We speculate that
the dependence of IL-10 induction in Th1 cells on the
presence of Th1 signature cytokines and key lineage transcription factors ensures that the regulatory phase will not
be accidently induced before the inflammatory phase –
which could be potentially catastrophic during ongoing
infection. In line with this concept, IL-10 expression in
Th2 cells is regulated by IL-4, GATA3 and STAT6 [81], and
in Th17 cells by STAT3 expression [82].
The Notch system is involved in Th1 versus Th2 lineage
decisions [83], and Notch-1 activation induces IL-10 in
human Th1 cells [84]. Notch disruption does not affect T
cell proliferation, but attenuates IL-10 production after
TCR engagement. Further, although Notch is clearly implicated in IL-10 production in Th1 cells, additional signals
are required, one of which is IL-12- or IL-27-mediated
STAT4 activation [84]. Activated CD46 up-regulates the
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Figure 3. The CD46 and IL-2-driven Th1 life cycle. During the induction of Th1 responses, IL-2 and C3b production are low, and support proliferating, prototypic, IFN-g
secreting Th cells that control infections (phase I). The expansion of Th1 effector cells raises environmental IL-2 sufficiently to induce IL-10 co-expression and the regulatory
phases, coinciding with IFN-g and IL-2 shut-down and suppression of IL-12 production by DCs (phase II and III). Further, the decrease in IL-2 secretion during switching
probably induces the loss of proliferation in the IL-10 single-positive cells in the latest phase because these cells require high IL-2 for growth. In line with a Th1 memory cell
phenotype, IFN-g IL-10+ T cells (phase III) will initially produce IFN-g only (phase I), and then again switch to IL-10 production upon re-stimulation. In addition, Th1
switching from phase II to phase I (without a phase III) has also been observed, particularly in the setting of chronic parasite infection [49].

Notch-1 and -2 receptors and the Notch ligand jagged-1,
and is associated with reduced delta-1 expression [85].
Regulation of the Notch system by CD46 might also involve
a positive regulatory loop, because Notch not only induces
IL-10, but IL-10 also upregulates Notch [86]. Inhibiting
CD46-mediated regulation of Notch signaling leads to
dysregulation of IFN-g versus IL-10 production [85], to
an extent similar to that recently documented in RA
patients.
IL-10-secreting Th1 cells and Tr1 cells: common or
distinct?
Although there is evidence that IL-10-producing Th1 cells
– at least in humans – are generated via CD46-mediated
cytokine switching, the relationship between IL-10-producing Th1 cells and Tr1 cells is less intuitive. Tr1 cells
have been generated only in vitro, and, common to IL-10secreting Th1 cells, they seem to utilize IL-2 and/or IL-12
cytokine family members for induction. However, there
are important differences between Tr1 cells and IL-10producing Th1 cells: Tr1 cells require IL-10 for their
induction and are anergic [33], whereas IL-10-secreting
Th1 cells are independent of IL-10, and proliferate vigorously [although CD46-switched Th1 cells also lose their

proliferative capacity at the IL-10 single positive stage
(Table 1)] [46]. Also, Tr1 cells may or may not express T-bet
[36,38] while T-bet expression is clearly retained in IL-10secreting Th1 cells (Table 1) [58]. It is now understood,
however, that T cell plasticity is not only much greater
than acknowledged previously, but also desirable for optimal responses to micro-environmental cues [87]. Thus, IL10-producing T cells and Tr1 cells might be derived from a
single precursor population, but acquire distinctive features depending on ‘incoming’ signals (supporting this,
Tr1 cells vary phenotypically, depending on the induction
protocol; for example they can be IFN-g- and/or Foxp3and/or granzyme B-negative or positive [25]). In vitro
induction models leading to IL-10 production by CD4+ T
cells do not preclude ‘physiological’ CD46 engagement,
because C3b and C4b are secreted in abundance during
TCR engagement [46,88]. According to this model, Tr1
cells might not derive from a unique lineage, but instead
reflect a state of terminally switched Th1 (or even Th2,
Th17 or Th9) cells. Tr1 cells are abundant at the host/
environment interface, such as the skin, gut and lung [22],
immunological niches that are continuously exposed to
tissue-specific environmental factors including vitamin D
(in skin) and retinoic-acid (in the gut) that can ‘lock’ Th1
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cells into a regulatory or Tr1 state. The issue of a common
versus distinct IL-10-secreting precursor cell remains to
be resolved. Identifying a Tr1-specific lineage marker
would help to address this question, and analysis of the
epigenetic changes and gene expression profiles among
existing IL-10-producing T cell populations could be rewarding.
Concluding remarks and future outlook
The ability to manipulate therapeutically the IFN-g to IL10 Th1 cell switch would be invaluable, but will depend to a
large extent on the identification of the molecular checkpoints that regulate each phase of the Th1 life cycle (from
the IFN-g to IL-10 single positive state), and how tractable
these pathways will be to therapeutic manipulation. It is
conceivable that perturbations of any component of TCR,
CD46 or IL-2R signaling could influence the dynamics of
the Th1 life cycle. For example, allelic variants associated
with a wide range of autoimmune diseases might perturb
IFN-g to IL-10 switching through effects on thresholds of
TCR signaling (as in the case of PTPN22), the integrity of
the IL-2-IL-2R pathway (through variants at IL-2-IL-21,
IL2RA, IL2RB loci), as well as through inherited or acquired deficiencies of complement factors (e.g. C3/C4 deficiency associated with SLE). The possibility that analogous
defects in a switch from IL-17- to IL-17+/IL-10+-producing
cells in Th17-mediated inflammatory disease exists, merits
further attention. Conversely, low intrinsic thresholds for
CD46- and IL-2-mediated IL-10 production might protect
from autoimmunity at the price of an increased risk of
persistent infections or malignancies.
The inherent plasticity in the pathways of T helper
differentiation could pose a major obstacle for the use of
IL-10-secreting Th1 suppressor cells as a potential therapeutic strategy. Tregs generated in a controlled in vitro
environment may re-acquire a pro-inflammatory Th1 phenotype in vivo after injection into patients. Identifying the
molecular signatures and pathways that characterize both
the effector and regulatory phases of CD46-induced Th1
differentiation might provide a framework for actively
‘‘inducing and locking’’ these cells into the desired functional state in the clinical setting. If reversal of the defects
in IFN-g to IL-10 switching that we have recently observed
in RA patients after induction of clinical remission, turns
out to be a more general phenomenon, applicable to other
inflammatory diseases, then therapeutic manipulation of
this pathway could be a realistic goal.
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