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Tregs and immune tolerance
Tolerance to self- and foreign antigens is
created by a combination of the deletion
of antigen-reactive T cells and control
of the remaining cells by a specialized
population of T cells known as Tregs.
The best-characterized lineage of Tregs
is defined by expression of the X-linked
transcription factor FOXP3, and this pop-
ulation is essential for the maintenance
of self-tolerance (1). The importance of
these FOXP3* Tregs in the preservation of
self-tolerance is perhaps best exemplified
by the development of multiorgan auto-
immunity in patients with IPEX syndrome
and in scurfy mice, both of which harbor
loss-of-function mutations in the FOXP3-
encoding gene.

Tregs also play a critical role in organ
and tissue transplantation, and abundant
evidence from patients and animal mod-
els implicates these cells in long-term
allograft survival and tolerance. As the
frequency of T cell precursors that are
capable of responding to alloantigens is
extremely high (~1%-10%; ref. 2), toler-
ance is likely established by deletion of
large numbers of these alloreactive cells
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(3). However, deletion of alloreactive T
cells is incomplete, and new alloreactive
T cells are continuously generated in the
thymus; therefore, maintaining tolerance
to the allograft requires continual monitor-
ing of alloreactive cells in the periphery by
Tregs. Indeed, Tregs have been implicated
to be essential for graft acceptance in the
vast majority of experimental transplant
tolerance models.

Like other T cell populations, Tregs
mature in the thymus as part of normal
lymphoid development. These so-called
“natural” or “thymic” Tregs express TCRs
(T cell receptors for antigen) that are pref-
erentially attuned to recognize self-antigen.
Moreover, thymic-derived Tregs appear to
prevent the spontaneous autoimmunity that
otherwise would result when self-reactive
lymphoid cells escape thymic deletion. A
second population of Tregs arises from the
conversion of FOXP3" cells into FOXP3*
cells in the periphery and are termed
“induced” or “peripheral” Tregs. Induced
Tregs are important for materno-fetal tol-
erance (1, 4). This observation, along with
other experimental models (5), suggests
that these cells can arise when antigen is
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encountered in a noninflammatory context.
While thymic-derived and induced Tregs
have different origins, both subpopulations
require specific antigen activation to induce
their regulatory function and appear to sup-
press in an antigen-nonspecific manner
once activated (1, 6).

Several antigen-presenting cells,
including DCs, macrophages, and B cells,
have been shown to suppress inflam-
mation and facilitate the conversion of
FOXP3"T cells into FOXP3* Tregs through
reduced expression of T cell costimulatory
molecules and secretion of cytokines, such
as IL-10 and TGF-B (7-9). Macrophages,
which survey the extracellular space by
engulfing antigen and activating patrolling
T cells, play a role in tolerance induction
and maintenance as well. Moreover, sup-
pressive macrophages can induce Treg dif-
ferentiation (10), though the mechanism
has not been completely elucidated.

IL-34: a new player in immune
tolerance

In this issue, Bézie et al. demonstrate a
new connection between macrophages
and Tregs that mediates the immunosup-
pressive properties of these cells (11). [L-34
shares several characteristics with mac-
rophage CSF (M-CSF or CSF1), which is
necessary for the differentiation of mono-
cytes, macrophages, and some DCs. While
there is little sequence homology between
IL-34 and M-CSF, both cytokines pro-
mote monocyte lineage survival through
binding their shared receptor CSF1R (also
known as CD115) (12). IL-34 is largely con-
sidered to promote macrophage, mono-
cyte, and DC survival following its release
from various tissues in response to inflam-
mation. Bézie and colleagues now provide
evidence that IL-34 is also expressed by
rodent and human Tregs and promotes the
suppressive properties of macrophages,
which in turn promote the upregulation of
FOXP3in Tregs (Figure 1).

Previously, Guillonneau et al. demon-
strated that using adenovirus-delivered
CD401Ig to block the CD40/CD154 T cell
costimulatory pathway promotes trans-
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Figure 1. Suppressor monocytes secrete a number of molecules including inducible NOS and arginase |
to promote allograft survival and suppress alloreactive T cells. |L-34 is produced by monocytes and
cells from a number of organs including the heart and binds to its receptor on monocytes. IL-34 is also
expressed by CD45RC" CD4* and CD8* Tregs. IL-34 treatment of mixed lymphocyte cultures improves
Treg-dependent suppression of effector T cell proliferation. The IL-34 receptor CD115 is not known to be
expressed on Tregs; therefore, suppression of the alloresponse and FOXP3 upregulation may be medi-
ated through a suppressor monocyte intermediate. iNOS, inducible NOS; Teff, T effector cell.

plant tolerance in rats. Moreover, this
study revealed that a population of CD8*
CD45RCP Tregs mediates tolerance in
these animals (13), although it was not
clear how this CD45RCP cell population
prevented allograft rejection. Bézie et
al. extend these findings and show that
IL-34 levels in the spleen are substan-
tially increased in CD40Ig-tolerized heart
transplant recipients but decreased in
animals rejecting their grafts (11). Impor-
tantly, adenovirus-mediated overexpres-
sion of IL-34 in rats prior to transplantation
prolonged graft survival and, in combi-
nation with a subtherapeutic dose of the
mTOR inhibitor rapamycin, dramatically
improved graft tolerance. Moreover, allog-
raft tolerance was also achieved in naive,
sublethally irradiated animals following
adoptive transfer of Tregs from tolerant
animals, confirming a role for Tregs in
mediating IL-34-associated tolerance.

Remaining questions

The results of Bézie and colleagues estab-
lish that IL-34 mediates transplant tol-
erance and that Tregs are involved in
the process (11). IL-34 is expressed by an
extremely wide variety of cell types (7, 12,
14, 15). While Bézie et al. argue that Tregs
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are the relevant cellular source of IL-34
in their system, it is equally plausible that
other cell types are involved, perhaps even
macrophages themselves, which are also
implicated in tolerance in their model.
Future studies using IL-34-deficient Tregs
and/or IL-34-deficient macrophages will
be needed to address this issue; however,
such experiments would entail establish-
ing a different model (mouse vs. rat).
While it remains uncertain precisely
how IL-34 inhibits graft rejection, there
is strong evidence that macrophages are
involved. The IL-34-related cytokine
M-CSF has immunosuppressive proper-
ties, and exogenous M-CSF decreases T
cell proliferation when added to mixed
lymphocyte reactions in a dose-depen-
dent manner (16). Moreover, the ability of
M-CSF to suppress T cell proliferation in
these mixed reactions was lost upon mac-
rophage depletion, suggesting that M-CSF
promotes tolerogenic functions of macro-
phages. The results of Bézie et al. suggest
similar features for IL-34 (11). Indeed, these
authors demonstrated that Treg-depen-
dent IL-34-mediated graft survival is also
macrophage-dependent, as macrophage
depletion in their models resulted in rapid
rejection of heart allografts, a finding that
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is consistent with a previous study showing
that IL-34 can induce human suppressive
macrophages in vitro (17). Together, these
results indicate that, similar to M-CSF,
interactions between effector T cells, mac-
rophages, and Tregs are required for this
suppression to occur.

Macrophages are differentiated by
stimuli and cytokines in the microen-
vironment and are divided into a grow-
ing list of subpopulations. For example,
exposure to IFN-y or activation of TLR
signaling induces an M1 proinflamma-
tory phenotype characterized by elevated
expression of IL-12 and low expression
of IL-10 (IL-12MIL-10%). In contrast,
tumor-associated macrophages have an
M2 profile (IL-12°IL-10%). Treatment of
macrophages with IL-4, IL-13, or IL-34,
as now demonstrated by Bézie and col-
leagues (11), induces their differentiation
into IL-12°IL-10" cells, which recruit Tregs
and induce nonresponsiveness upon inter-
action with naive T cells.

Whatis the relationship of these IL-34~
treated macrophages to myeloid-derived
suppressor cells, which also promote trans-
plant tolerance (18)? Like IL-34-treated
macrophages, this population of cells pro-
motes the development of Tregs in vivo
(19). In a murine heart transplant model in
which CD40/CD154 blockade plus donor
splenocyte transfusion promotes long-
term survival, myeloid-derived suppressor
cells are required for tolerance and Treg
induction (18, 20). Do the IL-34-treated
macrophages described by Bézie et al. (11)
and the myeloid-derived suppressor cells
represent overlapping suppressor cell pop-
ulations, and do myeloid-derived suppres-
sor cells induce IL-34-expressing Tregs?

Conclusions

The demonstration that IL-34 has immu-
nosuppressive properties is an important
and exciting finding, yet many questions
remain. For example, is the generation
of these IL-34-mediated Treg and sup-
pressive macrophage populations limited
to allograft tolerance created by CD40/
CD154 blockade or a general feature of
immunoregulation in a noninflammatory
environment? It is also not clear how IL-34
is acting to induce tolerance. Is there a mac-
rophage-generated intermediate signal that
promotes generation of CD45RC"® Tregs
(see Figure 1)? Is IL-34 secreted along with
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the known Treg inducers TGF-p and IL-10,
and do these cytokines work together to
upregulate FOXP3? Are the immunosup-
pressive properties of IL-34 described by
Bézie et al. (11) related to the phenotype
of IL-34-deficient mice, which mount
defective immune responses in the skin
and CNS? Like many provocative studies,
the work of Bézie and colleagues raises a
plethora of important questions for future
investigation. It is clear, however, that IL-34
is now on the map as a potential key player
in transplant tolerance.
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