Chapter 2
Stability of Regulatory T Cells Undermined
or Endorsed by Different Type-1 Cytokines.

Silvia Piconese and Vincenzo Barnaba

Abstract Regulatory T cells (Tregs) encompass an array of immunosuppressive
cells responsible for the protection against exacerbated immune responses and the
maintenance of tissue homeostasis. Various Treg subtypes, normally resident within
distinct lymphoid and non-lymphoid tissues, can be recruited and expanded during
inflammation, possibly undergoing functional and molecular re-programming. Gen-
erally, two processes have been reported in different settings of type-1 response: i)
Treg subpopulations acquiring the ability to specifically suppress Thl cells (called
Thl-suppressing Tregs), and ii) Treg subsets rather polarizing into IFN-y-producing
(called Thl-like) Tregs.

Along the development of type-1 responses, Tregs are exposed to a variety of
cytokines and other signals, exerting disparate activities. The combinatorial effects
of typical Thl-driving cytokines, such as IL-12 (mostly produced by antigen-pre-
senting cells during Thl priming) and IFN-y (mostly produced by pre-existing NK
cells) lead to inhibition of Treg expansion and function, while promoting Th1-like
Treg polarization. Conversely, cytokines produced at more advanced phases by Thl
effectors, such as IL-2, TNF-a and IFN-y, promote Treg proliferation and/or Th1-
suppressing Treg specialization. Some controversy exists around IL-27 and IFN-a,
cytokines possibly released during bacterial or viral infections. Furthermore, cyto-
kine signals can be finely tuned by the concomitant stimulation of costimulatory or
coinhibitory receptors, such as OX40 and PD-1 respectively, within inflamed tissues.

A model may be envisaged of an alternate Treg response to type-1 cytokines,
being hampered or boosted by early or late phase cytokines, respectively. Such
regulation would unleash the development of protective type-1 immunity while
constraining exacerbated Thl responses, possibly causing immunopathology.
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Introduction

Most of the information about regulatory T cell (Treg) biology derives from the
analysis of peripheral cells in the circulation and in lymphoid organs. While such
data have provided important clues for the understanding of the crucial immune sup-
pressive activity of Tregs in many settings, they may not recapitulate the complexity
of Treg behavior within disparate non-lymphoid tissues. Many recent data, mostly
obtained in experimental models, indicate a fine adaptation of Treg molecular pro-
gram and suppressive functions in distinct tissues even under physiological condi-
tions. For instance, the visceral adipose tissue and the skeletal muscle constitutively
contain pools of resident Tregs characterized by PPARy (Cipolletta et al. 2012) and
amphiregulin (Burzyn et al. 2013b) overexpression respectively. Such molecules
drive peculiar suppressive programs in the respective tissue-resident Tregs, shaped
on the prevalent inflammatory mechanisms that need to be moldered to maintain or
rescue homeostasis in each tissue (Burzyn et al. 2013a). Indeed, while visceral fat
Tregs are particularly devoted to suppress metabolic inflammation, muscular Tregs
are specialized in promoting muscle repair via the amphiregulin/epithelial growth
factor receptor pathway.

In conditions of tissue injury, the development of immune and inflammatory
responses is accompanied by, and possibly drives, the expansion of tissue-resident
Tregs and the accrual of circulating Tregs, in an attempt to restore tissue homeosta-
sis (Burzyn et al. 2013a). However, Treg suppression needs to be carefully regulated
in the different phases of an inflammatory response, especially during chronic viral
infections, such to achieve a compromise between pathogen containment and main-
tenance of tissue integrity and performance (Barnaba 2010).

Within tissues, Tregs are overwhelmed by a plethora of extracellular signals,
such as cytokines, growth factors, chemokines and membrane-bound ligands,
which finely and concurrently re-shape their functions, in line with the requirements
of tissue preservation and immune response development (Smigiel et al. 2014). Cy-
tokines represent crucial mediators in dictating and arranging the dominant type of
immune response. At early phases of immune responses to virus-derived and also to
other danger signals, both tissue and immune cells produce cytokines such as type
I IFNs that orchestrate an innate defense program. Afterwards, appropriately stimu-
lated antigen-presenting cells (APCs) release T helper 1 (Th1)-polarizing cytokines
such as interleukin (IL)-12, IL-18 and IL-27, which drive Thl differentiation and
cytotoxic T lymphocyte (CTL) activation. At later phases, Thl- and CTL-derived
cytokines, such as IL-2, interferon (IFN)-y and tumor necrosis factor (TNF)-o,
propagate inflammation and protective immunity. When recruited and/or expanded
into inflamed tissues dominated by type-1 responses, Tregs may be exposed to com-
binations of APC- or T cell-derived type-1 cytokines, and differentially affected by
them depending on cytokine receptor expression and sensitivity.
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Treg Subsets Play Divergent Roles in Type-1 Inflammation

In the context of type-1 inflammation, two facets of Treg behavior have been de-
scribed: some reports have underscored the existence of a Treg subset specialized in
the suppression of Th1 responses (hereafter called “Th1-suppressing”), while others
have identified subpopulations of Tregs competent for IFN-y production thus re-
sembling Th1 cells (hence called “Th1-like”). Different type-1 cytokines may shift
the Treg balance between these two extremities, determining whether suppression
or inflammation will prevail.

Specialized Th1-Suppressing Treg

A subpopulation of murine Tregs constitutively expresses CXCR3, the chemo-
kine receptor typically associated to Thl effector cells. Alike classical Thl cells,
CXCR3 expression in Tregs is strictly dependent on T-bet, the transcription factor
orchestrating and stabilizing Th1 polarization (Koch et al. 2009). T-bet is markedly
up-regulated in Tregs during type-1 inflammation and drives expansion and migra-
tion of Tregs specifically devoted to the regulation of type-1 responses (Koch et al.
2009). Contrary to classical Thl cells, such Thl-suppressing Tregs are unable to
secrete IFN-y despite T-bet expression, a defect dependent on the low susceptibil-
ity of Tregs to IL-12, which is due to an epigenetic constrain in the expression of
IL-12R-B2, the inducible subunit of IL-12 receptor (Koch et al. 2012). Expansion
of Thl suppressing Tregs has been observed not only in experimental models of
type-1 inflammation (Koch et al. 2012; Koch et al. 2009) but also in human ovarian
(Redjimi et al. 2012) and hepatic (Piconese et al. 2014) cancer, where the anti-tumor
type-1 immune response cannot succeed in tumor eradication, being kept under
strict control by populations of specialized Tregs.

Plastic Thi-Like Treg

In tissues characterized by acute, exacerbated and/or prolonged type-1 responses,
it was possible to identify subsets of Tregs not only expressing T-bet but also pro-
ducing detectable amounts of IFN-y. Such Thl-like Tregs were observed in a vari-
ety of pathological conditions including graft-versus-host disease (Koenecke et al.
2012), viral infection (Zhao et al. 2011), parasite infection (Oldenhove et al. 2009),
multiple sclerosis (Dominguez-Villar et al. 2011) and diabetes (Du et al. 2013;
McClymont et al. 2011). Conceivably, the competence for IFN-y production may
render those Tregs more prone to contribute to, rather than suppress, inflammatory
responses. In line with this possibility, IFN-y-producing Tregs display reduced sup-
pressive function in vitro (Dominguez-Villar et al. 2011), and conditions associated
to Th1-like Treg polarization are also characterized by uncontrolled immunopathol-
ogy (Lu et al. 2010; Oldenhove et al. 2009).
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Type-1 Cytokines Have Disparate Effects on Tregs

IL-12 Counteracts Treg Suppression

Tregs do not constitutively express IL-12R-B2, but IL-12-responsive Tregs can be
found within tissues characterized by type-1 inflammation, and IL-12 susceptibility
can be induced in vitro upon prolonged exposure to IFN-y, in both murine (Koch
etal. 2012) and human (Piconese et al. 2014) Tregs. In the resulting IFN-y-sensitized,
IL-12-responsive Tregs, IL-12 seems to exert a variety of functions aimed at desta-
bilizing Treg suppression. At late phases of Mycobacterium tuberculosis infection,
pathogen-specific highly activated Tregs undergo an IL-12-dependent contraction,
thus unleashing protective immune responses (Shafiani et al. 2013). In vitro, IL-12
paralyzes Treg activity at different levels, inhibiting their proliferation, suppressive
function, Foxp3 and CD25 expression (Dominguez-Villar et al. 2011; Zhao and
Perlman 2012). Specifically, IL-12 produced by CD16-positive monocytes inhibits
the proliferation of the Helios"¢" Treg subpopulation, characterized by epigenetic
stability and increased suppressive function (Zhong and Yazdanbakhsh 2013). Im-
portantly, IL-12 appears as a pivotal signal in driving the polarization of Th1-like
Tregs, both directly through IL-12R-f2/STAT4-mediated signaling pathway (Koch
et al. 2012; Piconese et al. 2014), and indirectly by restraining IL-2 production in
T cells and blocking CD25 expression on Tregs (Zhao and Perlman 2012). As dis-
cussed below, IL-2 is instead considered as one of the most relevant trophic factors
for Treg maintenance and stability.

IL-2, IFN-y and TNF-a Favor Treg Activation and Suppression

Under physiological conditions, IL-2 is released at the steady-state level mostly by
T cells, and Tregs constitutively and highly express CD25, the high-affinity alpha-
subunit of the IL-2 receptor (Boyman and Sprent 2012). Initially thought to be cru-
cial for T cell clonal proliferation, IL-2 was soon recognized as the cytokine play-
ing pivotal and non-redundant role in preserving tolerance, rather than immunity,
through exerting a variety of functions on Treg homeostasis and activation (Malek
and Bayer 2004). Indeed, IL-2 or IL-2 receptor deficiency or blockade has proven
to severely impair Treg development and suppressive function, leading to lethal
lymphoproliferation and autoimmunity, in a variety of experimental settings (Cheng
et al. 2011). IL-2 determines not only the development of thymus-derived (previ-
ously called “natural”) Tregs, but also the homeostatic maintenance and survival of
peripheral Tregs. IL-2 promotes the in vitro differentiation of induced Tregs (iTregs)
and maintains their stability in opposition to other polarizing cytokines. Through
STATS signaling, IL-2 directly induces and sustains Foxp3 expression, thus driving
the molecular program of Treg suppressive function (Cheng et al. 2011).
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During immune responses, antigen-activated T cells (especially CD4) early
release huge amounts of IL-2 and up-regulate high-affinity IL-2 receptor. IL-2 is
captured by CD4 T cells, fostering their proliferation and directing their Th1 polar-
ization, and by CD8 cells, optimizing their primary expansion and the development
of long-lived memory cells (Boyman and Sprent 2012). A self-amplifying loop is
established, with IL-2 expanding T cells that in turn further increase IL-2 amounts.
To interrupt such circle turning from virtuous into vicious, Treg suppression inter-
venes: indeed Tregs, constitutively expressing CD25, promptly respond to IL-2 and
proliferate concomitantly to activated T cells, until balancing and even outcompet-
ing them.

At later phases of immune responses, CD4 T cells fully polarized into Thl ef-
fectors, expressing high levels of T-bet, partially lose their competence for IL-2
production (Lazarevic et al. 2013). Therefore, it may be argued that control mecha-
nisms other than IL-2-mediated Treg expansion may take place during an ongoing
type-1 response. Self-limiting processes have been discovered that protect from
collateral damage possibly triggered by excessive Thl responses, such as IL-10
production (O’Garra and Vieira 2007) or, more recently, Twist expression (Niesner
et al. 2008). However, also Thl-extrinsic mechanisms may contribute to the regula-
tion of type-1 responses, again involving Tregs. Indeed, two cytokines abundantly
released by Th1 effectors, namely TNF-a and IFN-y, may replace IL-2 in activating
Treg suppression at later phases of Thl responses.

TNF-0 may play crucial, possibly underestimated so far, roles in promoting
Treg suppression not only in physiological conditions but also, and more impor-
tantly, in type-1 responses. At steady-state conditions, a subset of both human and
mouse Tregs, constitutively expressing at high level the type-2 receptor for TNF-a
(TNFR?2), displays a more potent suppressive function (Chen et al. 2008; Chen et al.
2010). Tumor necrosis factor receptor (TNFR) 2, together with other members of
the TNFR superfamily, plays non-redundant function in Treg thymic development
(Mahmud et al. 2014). TNF-ao stimulation promotes an activation program in Tregs,
which is potently amplified by the induction of other members of the TNFR su-
perfamily exerting similar functions (Chen et al. 2007; Hamano et al. 2011; Nagar
et al. 2010). We have recently underscored the relevance of OX40, a receptor be-
longing to the same family, in fostering Treg activation and suppressive function
(Piconese et al. 2014). OX40 was highly expressed in Tregs infiltrating tumor and
pre-tumor liver tissues in chronic hepatitis C patients, in direct correlation with the
high Treg frequency at those sites. OX40-expressing Tregs were mostly included
among Helios"" Tregs, characterized by signs of epigenetic and functional stability
and by markers of operational immune suppression. In vitro, OX40 stimulation, by
a soluble agonist or by monocytes expressing OX40 L, promoted Treg proliferation
and stability (Piconese et al. 2014). Interestingly, TNF-a promptly induced OX40
up-regulation on Tregs and strongly enhanced Treg suppressive function in vitro
(Piconese et al. 2014). In line with these data, others have shown TNF-a inhibiting
preferentially Helios'*" Tregs (Zhong and Yazdanbakhsh 2013).
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This effect may acquire utmost importance during type-1 inflammatory re-
sponses, in which not only Thl and CTL but also other cells such as M1 mac-
rophages produce vast amounts of TNF-a. In a mouse model of colitis, TNFR2-
deficient Tregs failed to maintain Foxp3 expression within the inflamed tissue
and could not suppress colitogenic T cells (Chen et al. 2013). In an experimental
model of type 1 diabetes, diabetogenic effector cells boosted the expansion of
islet-specific and polyclonal Tregs, in an IL-2-independent and rather TNF-a-
dependent fashion (Grinberg-Bleyer et al. 2010). Of note, in that model, Tregs
up-regulated CXCR3, a marker of the Thl-suppressing specialization program,
when boosted by effector T cells-derived TNF-a (Grinberg-Bleyer et al. 2010).
Therefore, the effector T cell response may exploit TNF-a to activate an immu-
noregulatory feedback loop when a potentially dangerous response needs to be
moldered. In an experimental setting of human Th1-like Treg polarization in vitro,
we have recently demonstrated that TNF-a completely counteracts the polarizing
activity of IL-12, and rather stabilizes the suppressive Treg phenotype (Piconese
et al. 2014). It should be noted, however, that some studies have reported a nega-
tive effect of TNF-a on Treg stability and function. For instance, TNF-a in the
synovium of rheumatoid arthritis patients was shown to reverse Treg suppressive
function and destabilize FOXP3 expression by decreasing its phosphorylation
(Nie et al. 2013), and therapies with TNF-a antagonists/inhibitors have shown to
recover high proportions of Tregs in several autoimmune diseases (Di Sabatino
et al. 2010; Nadkarni et al. 2007). Such controversy may arise from the intrinsic
duality of TNF-a activities, pro-inflammatory (through the activation of innate
cells) and anti-inflammatory (through the expansion of Tregs). Indeed, Treg res-
cue following TNF-a blockade approaches may be secondary to indirect effects
on other inflammatory pathways depressing Treg expansion, rather than attribut-
able to direct effects of TNF-a on Tregs.

IFN-vy is considered the prototypical cytokine released by NK cells during
early innate responses and by Thl cells and CTL at more advanced phases, thus
conceivably abundant in microenvironments characterized by type-1 inflamma-
tion. IFN-y has been recognized to directly induce (via STAT1 phosphorylation)
T-bet expression that in turn promotes IL-12R-B2 transcription (Koch et al. 2012).
Therefore, at early moments of type-1 responses, IFN-y derived from innate cells
can sensitize Tregs to IL-12, thus rendering them susceptible to Th1-like polariza-
tion. However, along the development the adaptive type-1 immunity, IFN-y, most-
ly derived from T cells, paradoxically drives the expansion of Thl-suppressing
Tregs (Koch et al. 2009). This likely occurs in advanced phases of Th1-responses,
in which the depletion of IL-12 curtails the full differentiation into Th1-like Tregs
and favors the establishment of Th1-suppressing Tregs producing low amount of
IFN-y. Such activity contributes to the regulation of immunopathology in a mouse
model of toxoplasmosis (Hall et al. 2012). Similarly, we have shown that IFN-y
induces T-bet up-regulation in human Tregs (Piconese et al. 2014). Therefore,
like IL-2 and TNF-a, also IFN-y produced by Thl effector cells can initiate a
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feedback regulatory loop through the expansion of Tregs specially addressed to
controlling type-1 response. However, IFN-y signaling should be finely regulated
to prevent the conversion of Thl-suppressing into Thl-like Tregs. Indeed, a pro-
longed IFN-y/STAT1 signaling, otherwise normally controlled by miR146, can
paralyze Thl-suppressing Tregs and promote the polarization of IFN-y producing
Thl-like cells, disrupting Treg-mediated regulation of type-1 inflammation (Lu
et al. 2010).

Controversies About IL-27 and IFN-a

IL-27, belonging to the same family of IL-12, is released by APCs during type-1
responses and contributes to Thl cell polarization by activating STAT1 and T-bet.
However, contrary to IL-12, IL-27 also displays some immunoregulatory proper-
ties, promoting the induction of suppressive cytokines, such as IL-10, in a va-
riety of immune cell types (Hunter and Kastelein 2012). With respect to Tregs,
and again unlike IL-12, IL-27 did not down-regulate Foxp3 expression or molder
their suppressive function (Hunter and Kastelein 2012). Rather, and similarly to
IFN-y, IL-27 induced Thl-suppressing Tregs, expressing T-bet and CXCR3, in
experimental models of bacterial infection (Hall et al. 2012). Interestingly, the two
cytokines showed a preferential anatomical competence, with IFN-y being more
relevant in lymphoid tissue and IL-27 particularly prominent at sites of inflamma-
tion (Hall et al. 2012).

Controversy also exists about the role of type I IFNs, especially IFN-a, if pre-
dominantly pro-inflammatory or rather immunomodulatory cytokines in type-1
responses (Gonzalez-Navajas et al. 2012; Trinchieri 2010). Indeed, while on the
one side IFN-a may induce IFN-y in T and NK cells via STAT4 phosphorylation
(which is anyway unstable), in some conditions it rather antagonizes IL-12 pro-
duction and signaling (Trinchieri 2010). Controversy also exists about the effects
of IFN-a in Treg expansion and function. Some reports assert that IFN-a pro-
motes Treg-mediated suppression in mouse models of cancer (Stewart et al. 2013)
and colitis (Lee et al. 2012). Other studies have instead underscored a negative ef-
fect of IFN-a on both murine (Pace et al. 2010) and human (Bacher et al. 2013; Le
Buanec et al. 2011) Treg suppressive function. A recent report has clearly shown
that, during an acute viral infection in mice, type I IFNs inhibited costimulation-
dependent Treg proliferation thus unleashing the emergence of an optimal anti-
viral adaptive immunity (Srivastava et al. 2014). In line with this data, we could
observe that IFN-a strongly suppressed the proliferation of human Tregs in vitro,
and significantly decreased Treg frequency in vivo in patients with chronic hepa-
titis C undergoing PEG-interferon/ribavirin therapy (unpublished data). It may
be argued that different aspects, such as local dosage of IFN-a, timing of IFN-a
release and concomitant presence of other cytokines may determine the prevalent
effect of this cytokine on Treg functions.
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Interplay Between Costimulatory/Coinhibitory Receptors
and Cytokine Signals

Several examples can be quoted from the literature of the interplay between cyto-
kine signaling pathways and costimulatory or coinhibitory receptors. Tregs may
constitutively express some of these receptors in the peripheral lymphoid organs,
and many of them have been shown to be strongly induced or up-regulated within
inflamed tissues.

Tregs infiltrating human liver affected by chronic hepatitis C significantly up-
regulate PD-1 (Franceschini et al. 2009; Piconese et al. 2014), a receptor belong-
ing to the CD28/CTLA-4 family and recognized as a co-inhibitory molecule. Pro-
grammed cell death (PD)-1 was shown to temper the expansion of a peculiar Treg
subtype known as T follicular regulatory cells, specialized in the suppression of
T follicular helper cells that arrange humoral responses (Sage et al. 2013). Within
the liver, PD-1 signal dampened Treg proliferation mainly through the inhibi-
tion of IL-2/STATS axis. Indeed, PD-1 blockade rescued Treg proliferation and
STATS phosphorylation ex vivo (Franceschini et al. 2009). Such PD-1-mediated
constraining of Treg expansion may contribute to mitigate immune suppression,
allowing an immunological compromise between anti-viral immunity and immu-
nopathology in chronic infections. Therefore, PD-1 seems to provide opposite
signals to Tregs according to the phase of T cell activation: they contribute to Treg
conversion from naive Tconvs (induction signal), on the one hand, and constrain
experienced Treg expansion and functions (inhibition signal), on the other hand
(Barnaba and Schinzari 2013).

Contrary to PD-1, the costimulatory receptor OX40 seems to rather sustain
immunoregulatory Treg activities in HCV-related cirrhosis and cancer (Piconese
et al. 2014). OX40 may result in opposite effects depending on the cytokine con-
texts, whether non-inflammatory or pro-inflammatory. Indeed, in a mouse model
of autoimmune disease, an OX40 agonist promoted the expansion of protective
Tregs only when administered at priming, and not after disease onset (Ruby et al.
2009). This data suggests that the OX40 pathway may cooperate with steady-state
homeostatic cytokines, mostly IL-2, and rather work in opposition to inflamma-
tory cytokines. In line with this hypothesis, a defective Treg homeostasis and
competitive fitness was observed in OX40-null mice, which was attributable to an
impaired ability to optimally utilize IL-2 (Piconese et al. 2010). OX40-null Tregs
showed reduced STATS phosphorylation in response to IL-2, an event possibly
linked to an overexpression of the STATS inhibitor SOCSI, in turn sustained by
low levels of miR155 (Piconese et al. 2010). Of note, such defect impaired Treg
expansion in vivo not only in conditions of homeostatic proliferation but also
during inflammatory responses in mouse models of colitis (Griseri et al. 2010;
Piconese et al. 2010).

0X40 engagement may promote Treg proliferation partly through the inter-
action with cytokine signaling. In mice, OX40 ligation synergized with IL-2
administration in promoting STATS5 phosphorylation and the expansion of fully
suppressive Tregs (Xiao et al. 2012). Using human cells, others and we have



2 Stability of Regulatory T Cells Undermined or Endorsed ... 25

demonstrated that OX40 stimulation promotes Treg proliferation (Hippen et al.
2008; Piconese et al. 2014). Of note, OX40 was up-regulated on human Treg
surface by IL-2 and more massively by IL-2 and TNF-a co-exposure (Nagar et al.
2010; Piconese et al. 2010). The OX40/0X40 L axis may then represent an am-
plification loop of TNF-a signal towards Treg expansion and stabilization. In line
with this idea, Tregs highly expressing OX40 in human hepatic cancer and cirrho-
sis were preferentially contained within the committed (Helios"¢") and special-
ized (Thl-suppressing) subpopulation, rather than in the unstable Th1-like coun-
terpart. Supporting OX40 as a Treg-stabilizing signal, an OX40 agonist inhibited
Th1-like Treg polarization in vitro (Piconese et al. 2014). It may be suggested that
0X40- and TNF-o-initiated signaling pathways, mostly mediated by NF-kB ac-
tivation (Nagar et al. 2010), may directly antagonize IL-12 axis by still unknown
mechanism, possibly mediated by SOCS molecules. However, the antagonism
between OX40/TNF-a and IL-12-mediated Th1-like polarization may also be ex-
plained taking into account the heterogeneity of Tregs: indeed, OX40 and TNF-a
may preferentially promote the proliferation of those Treg subsets which are less
susceptible to IL-12-mediated diversion. Supporting this view, we could observe
a pattern of mutually exclusive expression between OX40 and IL-12R-B2 in hu-
man Tregs ex vivo (Piconese et al. 2014).

Conclusions

Tregs reside in lymphoid and non-lymphoid tissues, hence being possibly exposed
to distinct type-1 cytokines at different sites and phases of a type-1 response. Fur-
thermore, the concomitant stimulation of some surface receptors may finely modu-
late Treg response to many cytokines, amplifying or antagonizing cytokine signals.
From the above overview, a duality of Treg response to type-1 cytokines may be
broadly delineated: on the one side, IL-12, mostly produced by APCs at the initial
stages of Thl priming in lymphoid organs, seems to antagonize Treg suppression
and rather promote Th1-like Treg polarization; on the other side, cytokines released
by proliferating T cells, such as IL-2, or by already differentiated Thl cells, such as
TNF-o and IFN-y, at later phases of type-1 immunity mainly in inflamed tissues,
seem to rather promote Treg proliferation, suppressive function and specialization
into Thl-suppressing cells (Fig. 2.1). Of note, Tregs only inducibly express IL-
12R-B2, while constitutively expressing at high levels the receptors for IL-2 and
TNF-o. Similarly to IL-12, IFN-a is released by plasmacytoid dendritic cells and
tissue cells relatively early during viral infections, and it may contribute to the ini-
tiation of innate and adaptive anti-viral responses also by antagonizing Tregs. We
are tempted to speculate that such alternate processes may have evolved to ensure
a transient Treg deactivation when type-1 responses need to be initiated, while pro-
moting the expansion of specialized Tregs when type-1 inflammation should un-
dergo resolution, to prevent collateral tissue damage.
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Fig.2.1 Type-1 cytokines differentially affect Treg functions at distinct stages of type-1 responses.
Cytokines produced during priming or effector phase of type-1 response may respectively antago-
nize or promote Treg-mediated suppression. At the initiation of type-1 responses (red area on
the left), IFN-y produced by innate lymphocytes (i.e., NK cells) induces (via STAT1/T-bet axis)
IL-12R-B2 expression on Tregs making them susceptible to IL-12, which is mostly produced by
myeloid dendritic cells (mDC). IL-12, together with IFN-a released by plasmacytoid dendritic
cells (pDC) and epithelial cells, inhibits Treg proliferation and suppression; IL-12 even promotes
the polarization of Thl-like Tregs, which possibly contribute to inflammation. At later phases of
type-1 responses (green area on the right), ThO- and Thl-derived cytokines such as IL-2, TNF-a
and IFN-y foster Treg expansion and inhibitory function and promote their specialization into Th1-
suppressing cells. Such alternate modulation would allow the development of type-1 responses
while ensuring proper resolution of inflammation.
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