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Abstract

The cytokine TGF-p plays an integral role in regulating immune responses. TGF-p has pleiotropic
effects on adaptive immunity, especially in the regulation of effector and regulatory CD4* T cell
responses. Many immune and nonimmune cells can produce TGF-B, but it is always produced as
an inactive complex that must be activated to exert functional effects. Thus, activation of latent
TGF-p provides a crucial layer of regulation that controls TGF-p function. In this review, we
highlight some of the important functional roles for TGF-f in immunity, focusing on its context-
specific roles in either dampening or promoting T cell responses. We also describe how activation
of TGF-p controls its function in the immune system, with a focus on the key roles for members of
the integrin family in this process.
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PROCESSING, SECRETION, AND STRUCTURE OF TGF-pB

The TGF-B family in mammals includes three members, TGF-B1, 2, and 3. Each is
synthesized as a precursor that includes a signal peptide to direct TGF-Bs to the endoplasmic
reticulum, a large N-terminal portion called the latency-associated peptide (LAP), and a
short C-terminal fragment, which is the mature cytokine (1, 2). After the signal peptide is
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removed, the remaining polypeptide translocates to the lumen of the endoplasmic reticulum,
where it is assembled into a dimer with three interchain disulfide bonds and cleaved by the
endoprotease furin. Furin cleavage can also occur in the extracellular space after secretion of
unprocessed TGF-p. Following furin-mediated cleavage, the disulfide-linked homodimer of
the C-terminal fragment remains noncovalently associated with the disulfide-linked
homodimer of the N-terminal LAP to form the small latent complex (Figure 1). Furin-
mediated cleavage is required for TGF-p activity, and loss of furin from specific cell types
(for example, T cells) in mice results in phenotypes very similar to those seen in mice
lacking TGF-p production from the same cells (3).

In most, but not all, cells the two copies of the N-terminal LAP are themselves chemically
cross-linked by disulfide bonds with two cysteine residues in another small family of
proteins called latent TGF- binding proteins (LTBPs) (Figure 1). LTBP1, 3, and, to a lesser
degree, 4 can all be associated in this fashion with the small latent complex to form a
structure called the large latent complex. LTBP1 and 3 can form disulfides with all three
TGF-B isoforms, but LTBP4 appears to associate only with TGF-B1. After secretion, LTBPs
interact with other components of the extracellular matrix (especially fibrillin family
members) and can be covalently cross-linked to some matrix proteins (for example,
fibronectin) through the action of a family of extracellular enzymes called tissue
transglutaminases.

The recently solved crystal structure of the small latent complex shows that the active
cytokine is encircled by the larger LAP in a wreath-like structure, effectively covering all
the contact sites that must interact with TGF-p receptors to induce cellular responses (4).
Importantly, each monomer of the LAP is composed of a series of relatively rigid a helices
and B sheets, but the active cytokine is held in place by multiple contacts with a single
flexible loop that has been termed the latency lasso and effectively holds the active cytokine
in a straitjacket. As long as this lasso maintains close contacts with the active cytokine,
TGF-p can be stored in the extracellular space with little or no evidence of active TGF-p
signaling or cellular responses.

The three isoforms of TGF- are highly homologous. The active cytokine regions of the
TGF-p isoforms show 71-79% amino acid sequence identity, with the LAP regions showing
slightly less homology (36-51% sequence identity). The functions of the different isoforms
appear to be similar in vitro, but the diversity of phenotypes of knockout mice for each
isoform suggests distinct functions for the isoforms in vivo (5). The predominate isoform
expressed in the immune system is TGF-B1 (6; see also http://www.immgen.org), and mice
lacking this isoform either die embryonically or, if surviving to birth, develop multiorgan
inflammation and die by 3—4 weeks of age (7, 8). Thus, this initial work highlighted a
crucial role for TGF-B in dampening self-harmful inflammatory responses. However, as
described later in this review, TGF- also has important functions in promoting
inflammatory responses.
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TGF-p triggers signaling in cells via binding to the TGF-p receptor complex. This complex
is a tetrameric structure, composed of two type | TGF-p receptors (TGF-BRI) and two type
Il TGF-B receptors (TGF-BRII). Initially, TGF-p binds to a homodimer of TGF-BRII, which
complexes with a homodimer of TGF-BRI (9). Both receptors are serine/threonine kinases,
and upon engagement with TGF-B, TGF-BRII phosphorylates the cytoplasmic domain of
TGF-BRI (Figure 2). For optimal signaling by TGF-2, an additional receptor, f-glycan
(also called TGF-BRIII), is required and enhances initial binding of TGF-p2 to TGF-BRII.

Ligation of the TGF-p receptor complex triggers recruitment of the intracellular receptor
Smad (R-Smad) proteins Smad2 and Smad3 to the cytoplasmic domain of activated TGF-
BRI, which directly phosphorylates Smad2/3. Once phosphorylated, Smad2/3 forms a
trimeric structure with Smad4, which translocates to the nucleus to activate or repress gene
expression via binding to Smad-responsive regulatory regions (Figure 2). Alternatively,
Smad2/3 can form a complex with TIF1y to regulate gene expression (10). However, it is
now appreciated that, at least in some cell types, alternative Smad activation can facilitate
TGF-B signaling. Thus, Smad1 and 5, classically involved in signaling by bone
morphogenic proteins, can be phosphorylated upon binding of TGF-p to its receptors (11).
Indeed, recent evidence has suggested that, during differentiation of Th17 cells, different
isoforms of TGF-B may activate different Smad signaling pathways (12). Hence, it appears
that alternate Smad signaling pathways may be initiated by TGF-f in a context-dependent
manner. Given the potential differences in functional activity of Smad2 versus Smad3 in the
immune system (see below), further work is required to determine the biological relevance
of differential Smad activation in regulation of immunity.

In addition to classic Smad-mediated signaling events, TGF-f can trigger numerous Smad-
independent signaling pathways. For example, signaling via MAP kinases, PI3 kinase, and
Rho GTPases can all be triggered by TGF- receptor engagement (Figure 2) (13). Much
remains to be learned about how and when Smad-dependent and -independent signaling
pathways are triggered by TGF-p in immune cells and the relative contributions of these
pathways to the pleiotropic effects of TGF-p on immune responses.

Once TGF- binds to the receptor complex, several mechanisms can modulate the intensity
and duration of downstream signals. One important pathway is upregulation of Smad7, an
inhibitory Smad (I-Smad) that is induced by TGF-p and binds to TGF-BRI directly to inhibit
Smad2/3 binding (14, 15). Smad7 also promotes TGF-BRI inactivation [via recruitment of
the phosphatase PP1 (16)] and degradation [via recruitment of the ubiquitin ligase Smurf2
(17)]. Other important inhibitory pathways include the dephosphorylation of R-Smads,
which inhibits Smad signaling, and hyperphosphorylation of R-Smads, which targets them
for ubiquitination and degradation (18). Thus, TGF-p signaling concomitantly triggers
pathways that prevent overly exuberant responses.

FUNCTION OF TGF-B IN THE IMMUNE SYSTEM

As stated above, mice lacking TGF-B1 die of multiorgan inflammation early in life (7, 8).
TGF-B1-deficient animals crossed with mice lacking MHC class 11 molecules (19) or B,-
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microglobulin (20) were substantially protected from inflammation, indicating that the
adaptive immune response is a fundamentally important target for TGF-p. TGF-p can be
made by, and act upon, many types of immune cells (6). In this review we focus on the
important role of TGF-B in regulating adaptive immunity, focusing on its crucial role in
modulating T cell and dendritic cell (DC) function.

Regulation of T Cells by TGF-p Receptor Signaling

To address the importance of T cells as a major direct target for TGF- in vivo, Gorelik &
Flavell (21) generated mice expressing a dominant-negative TGF-BRII specifically in T cells
using the CD4 promoter. These mice developed enhanced T cell activation and an age-
related wasting disorder associated with multiorgan inflammation and development of
autoantibodies (21). This phenotype was similar to that seen in TGF-B1~/~ mice, but not
nearly as severe and with a delayed onset. In another study where a dominant-negative TGF-
BRIl was driven in T cells via the CD2 promoter, mice developed expansion of memory
CD8™ T cells, but they did not show any overt inflammatory phenotype (22). These studies
left open the possibility that TGF-f acting on non-T cells was important in preventing T
cell-mediated inflammatory disease, but they were confounded by the likelihood that
expression of the dominant-negative TGF-BRII did not completely inhibit TGF-f signaling
in T cells. Subsequently, T cell-specific deletion of either TGF-BRII (23, 24) or TGF-BRI
(25) via expression of Cre recombinase under the control of the CD4 promoter region (CD4-
Cre) resulted in rapid lethal inflammatory disease similar to that seen in TGF-B1~/~ mice,
definitively identifying a central role for TGF- acting directly on T cells.

However, a recent study has questioned the crucial requirement for TGF-f in postnatal
homeostatic regulation of T cells. Zhang & Bevan (26) produced mice in which a
conditional TGF-BRII was deleted via expression of dLck-Cre, a T cell-specific Cre that is
switched on later in T cell development. Indeed, TGF-BRIIfoX/floX x d| ck-Cre mice show
delayed TGF-BRII deletion, with considerable TGF-BRII expression seen on T cells in the
first 3 weeks of life, in contrast to the complete absence of TGF-BRII expression on T cells
in TGF-BRIIfloX/flox x cD4-Cre mice (26). Strikingly, in contrast to TGF-BRI1Tlox/flox x
CDA4-Cre mice that succumbed to inflammatory disease at 3-5 weeks of age, TGF-
BRIIflox/flox x d|_ck-Cre mice survived into adulthood, showing low levels of T cell
activation and minimal pathology (26). T cells from these mice showed enhanced
proliferation in a lymphopenic environment, suggesting that in mature animals TGF-$
signals to T cells may be principally important for dampening T cell expansion in response
to exogenous stimuli (26).

Role of Smad-Mediated TGF-8 Signaling in Regulation of T Cells

Analyses of mice lacking expression of Smad proteins in T cells support a crucial role for T
cell-intrinsic TGF-p signaling in prevention of inflammation. Mice lacking Smad2
specifically in T cells and globally deficient in Smad3 develop lethal autoimmunity early in
life akin to that of TGF-B1~/~ mice, suggesting a critical role for Smad-mediated signaling
in regulating T cell function (27, 28). Mice either lacking Smad2 in T cells or globally
lacking Smad3 had relatively normal T cell homeostasis, suggesting functional redundancy
of Smad2 and 3in T cells (27, 28). Mice lacking Smad4 specifically in T cells displayed
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dysregulation of T cell homeostasis and developed intestinal inflammation and colorectal
cancer (29). However, these mice did not develop rapid lethal onset of inflammation akin to
that in TGF-B1~/~ mice or Smad2/3 knockout mice (29), suggesting that Smad2/3 can
mediate TGF-p signaling in T cells in a Smad4-independent manner.

As it does in other cells, the I-Smad Smad7 negatively regulates T cell responses to TGF-p.
Overexpression of Smad7 in T cells enhanced Thl and Th2 cytokine production in mouse
models of allergic asthma, although T cell homeostasis was unaffected in unchallenged mice
(30). Similarly, mice overexpressing Smad7 in T cells developed worse disease during
experimental autoimmune encephalomyelitis (EAE), and mice lacking Smad7 in T cells
were protected from EAE (31). In humans, isolated T cells from patients with active
multiple sclerosis showed enhanced expression of Smad7 compared to T cells from patients
in remission (31). T cells from patients with chronic inflammatory bowel disease also
showed heightened Smad7 expression, and inhibiting Smad7 reduced proinflammatory
cytokine expression in these cells (32), at least in part by enabling suppression by regulatory
T cells (Tregs) (33). Thus, the balance between R-Smad and I-Smad expression and function
appears to be key in the regulation of T cell responsiveness to TGF-f during health and
disease.

TGF-p Signaling in Regulation of T Cell Proliferation, Survival, and Homing

Early studies showed that TGF-p can be a potent inhibitor of T cell proliferation (34).
Several mechanisms drive TGF-B-mediated inhibition of T cell proliferation, including
suppression of IL-2 production, downregulation of c-myc, and upregulation of cyclin-
dependent kinase inhibitors (6). However, inhibition of proliferation is abrogated in
activated T cells, with costimulation via CD28 important in blocking TGF-p-mediated
inhibition of proliferation (35).

In some contexts, TGF-p also plays an important role in promoting cell death to limit T cell
expansion after activation. For example, during bacterial infection with Listeria
monocytogenes, reduced TGF- signaling in T cells resulted in enhanced clonal expansion
of CD8™ T cells (36). This enhanced T cell expansion was due to diminished apoptosis in
proliferating short-lived effector cells, with TGF-f normally acting to reduce expression of
the antiapoptotic protein Bcl2 in such cells to induce cell death (36). Similar findings were
seen in a model of chronic viral infection, in which the upregulation of the proapoptotic
protein Bim by TGF-B resulted in enhanced CD8* T cell apoptosis (37).

However, in other contexts TGF-f has been shown to promote survival of activated T cells.
Thus, TGF- in conjunction with IL-2 can inhibit activation-induced cell death during T cell
expansion by blocking FasL-mediated apoptosis (38). In addition, TGF-p has been shown to
promote survival of naive CD4* T cells in vivo. In mice whose T cells lack TGF-BRII
expression, early T cell development is normal, but the numbers of naive CD4* T cells in
the periphery are dramatically reduced, and this is associated with enhanced T cell death (6).
Additionally, TGF-B can promote homeostasis of CD4* T cells by promoting expression of
IL-7Ra (via downregulation of the negative regulator Gfi-1), with this pathway most
important in T cells with low-affinity T cell receptors (TCRs) (39). TGF-B can also promote
migration and/or retention of T cells in specific peripheral tissues. For example TGF-p
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induces expression of the G protein—coupled receptor GPR15 in Tregs, which is required for
homing of these cells to the large intestine (40). Thus, in different contexts TGF-f can either
inhibit or enhance T cell proliferation, survival, and subsequent accumulation at specific
tissue sites.

REGULATION OF EFFECTOR AND REGULATORY T CELL
DIFFERENTIATION AND FUNCTION BY TGF-B

Th1 Cells

Th2 Cells

TGF-B plays fundamental roles in regulating differentiation of T cells into effector and
regulatory subsets (Figure 3). The effects of TGF-p on T cell differentiation are highly
context specific: TGF-B can drive either pro- or anti-inflammatory responses, depending on
the amount of TGF-B presented to the cells and on intracellular and local extracellular
factors present at the time of exposure to TGF-.

TGF-p is a potent suppressor of Thl effector T cell differentiation. Differentiation of Thl
cells is driven by IL-12 produced by myeloid cells, which drives T cells to produce large
amounts of IFN-y and to express the transcription factor T-bet (41). IFN-y contributes to a
positive feedback loop to drive further Thl differentiation, and innate sources of IFN-y have
the same effect (42). TGF- potently inhibits Th1 cell differentiation by inhibiting
production of T-bet, and ectopic expression of T-bet in Th1 cells renders them resistant to
TGF-p inhibition (43). TGF-p downregulates expression of IL-12RpB2 on T cells, thus
reducing their responsiveness to I1L-12 (44). TGF-B can also act indirectly to inhibit Th1 cell
differentiation by inhibiting IFN-y production by natural killer cells (45).

The importance of TGF- in limiting Th1 cell differentiation during homeostasis in vivo is
strikingly demonstrated in mice lacking TGF-BRII on T cells. As previously described, these
mice develop massive T cell activation and a wasting disorder early in life, and this
phenotype is characterized by a specific upregulation of Thl cell differentiation (23, 24).
TGF-p-mediated inhibition of Thl cells appears to require Smad2/3-mediated signaling, as
mice globally lacking Smad3 and lacking Smad2 in T cells also develop Thl-mediated
autoimmune disease (27, 28).

However, it has been reported that, under certain in vitro conditions in the presence of IFN-
v, TGF-B can enhance Th1 cell differentiation (46). Additionally, recent data suggest that
TGF-B in combination with IFN-y and IL-4 can mediate induction of a specific subset of
CD103* Thi cells (47). However, the importance of TGF-B-mediated enhancement of Thl
cell differentiation remains unclear, especially given that loss of TGF-f signaling and
function in vivo is associated with enhanced Th1 cell differentiation.

TGF-p has also been shown to potently downregulate differentiation of Th2 cells. Inhibition
of Th2 differentiation is due to modulation of the transcription factor GATA3, a key
transcription factor in Th2 cell induction (48, 49). TGF-p downregulates expression of
GATAZ3, and ectopic expression of GATAS prevents TGF-B-mediated inhibition of Th2
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differentiation. TGF- also inhibits GATAS3 function indirectly by inducing the transcription
factor Sox4, which binds directly to GATAS3 and inhibits its transcriptional activity (50).
Additionally, Sox4 inhibits production of the Th2 cytokine IL-5 by binding to the IL-5
promoter and preventing GATA3-mediated induction of gene expression (50).

Regulation of Th2 differentiation by TGF-p also appears to be important in vivo. Although
loss of TGF-B signaling in T cells in mice primarily drives T cells toward a Th1 phenotype,
concomitant loss of the Thl-associated transcription factor T-bet in T cells causes rapid
multiorgan inflammation associated with enhanced Th2 cell differentiation (23). Conversely,
retroviral-mediated overexpression of TGF-B by T cells prevents Th2 cell differentiation in
vivo and protects mice from allergic inflammation and airway hyperresponsiveness in
mouse models or allergic airway disease (51).

Foxp3* Tregs

TGF-B also contributes to suppression of T cell responses by regulating Foxp3* Tregs.
Tregs are a subset of CD4* T cells that are crucial in suppression of self-harmful T cell
responses (52). Thus, mice with a nonfunctional mutation in Foxp3 (53) or with a targeted
knockout of Foxp3 in T cells (54) die of multiorgan inflammation very early in life, akin to
mice lacking TGF-B1. Also, humans carrying an inactivating mutation in the FOXP3 gene
develop immunodysregulation, polyendocrinopathy, and enteropathy X-linked (IPEX)
syndrome, a severe autoimmune disease generally resulting in death by age 2 (55). There are
two major subtypes of Tregs: natural Tregs (nTregs), which are produced in the thymus
early in life, and induced Tregs (iTregs), which are generated in the periphery from naive
CD4* T cells (56). TGF-p appears to play important but distinct roles in the regulation of
both nTreg and iTreg populations.

TGF-g and nTreg development—TGF-f was initially thought to be dispensable for
nTreg production in the thymus, as mice lacking expression of TGF-B1 showed similar
numbers of thymic Tregs (57). Also, in mice lacking TGF-BRII expression by T cells, nTreg
numbers were similar to (24) or increased (23) compared with those in control mice.
However, subsequent work showed that in mice lacking TGF- signaling in T cells, nTregs
were almost completely absent for the first 5 days after birth (25). Thereafter, an I1L-2-
dependent expansion of nTregs occurred, explaining the similar/higher nTreg numbers
observed in previous studies of mice lacking TGF-BRII in T cells (25). Subsequent work
showed that TGF-B signaling in T cells protects nTregs from apoptosis during thymic
development by suppression of proapoptotic proteins and upregulation of the antiapoptotic
protein Bcl2 (58).

TGF-g and iTreg development—TGF-B plays a more clear-cut role in promoting iTreg
development. In combination with IL-2, TGF-f promotes the conversion of naive CD4* T
cells to iTregs by upregulating expression of Foxp3 (59-61). Both Smad2 and Smad3
contribute to Foxp3 induction by distinct mechanisms. In the setting of TCR engagement,
Smad3 interacts with an enhancer region of the Foxp3 gene called CNS1 (62, 63). A recent
report suggests that, in vivo, Smad3 binding to the CNS1 enhancer region is required for
normal Foxp3 Treg numbers in the mouse gut, but not in other organs (64). Smad3 also
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modulates Foxp3 expression by forming an enhanceosome complex along with NFATc2 and
CREB at the Foxp3 promoter (65). TGF-p-induced expression of Foxp3 is partially reduced
in Smad3 knockout T cells (28, 66, 67), suggesting an important functional role for Smad3
in promoting iTreg induction.

Smad2 does not bind directly to the CNS1 region (62), but it does appear to play a role in
the TGF-B-mediated iTreg induction, given that T cells lacking Smad2 have a reduced
ability to upregulate Foxp3 expression (68, 69). Loss of both Smad2 and Smad3 resulted in
complete ablation of Foxp3 upregulation by TGF-f (28), supporting a cooperative
interaction between Smad2 and 3 in the induction of iTregs. In addition to Smad-mediated
effects, TGF-p can indirectly promote Foxp3 induction by inhibiting factors that normally
suppress Foxp3, such as the transcriptional repressor Gfi-1 (70).

Expression of Foxp3 induced in vitro by TGF- is unstable in iTregs because of incomplete
demethylation of the so-called Treg-specific demethylated region (TSDR) present upstream
of the Foxp3 gene (71, 72). However, Tregs induced in vivo appear to express Foxp3 stably
and display a demethylated TSDR region (72). Thus, further studies are required to
determine the mechanisms regulating the stability of Foxp3 induction by TGF- in different
immunological contexts.

TGF-p-mediated induction of Foxp3 is enhanced by the vitamin A metabolite retinoic acid
(RA) (73), which can be secreted by DCs and macrophages to promote iTreg induction in
the intestine (74, 75), lung (76-78), and skin (79). Ligated RA receptor complexes bind to
regulatory elements in the Foxp3 promoter and enhancer regions and promote binding of
phosphorylated Smad3 to the CNS1 enhancer region of the Foxp3 gene (80). RA also
facilitates iTreg induction indirectly by inhibiting proinflammatory cytokine production by
effector/memory T cells and dampening the responsiveness of T cells to proinflammatory
cytokines (which normally block iTreg induction) (81, 82). Finally, RA can enhance TGF-p-
mediated Foxp3 expression by promoting histone acetylation at the Foxp3 promoter (83).

Roles of TGF-B in Treg maintenance and function—Mice lacking TGF-p1 (57) or
TGF-BRII on T cells (23, 24) display marked reductions in Foxp3* Treg numbers in the
periphery, suggesting a role for TGF-B in maintenance of these cells. However, repopulation
of mice lacking TGF-pRII on T cells with wild-type Tregs did not prevent multiorgan
inflammation (23, 24). One mechanistic explanation for these results is that Foxp3* Treg-
mediated suppression of effector T cells requires TGF-p responsiveness in those cells.
Indeed, responsiveness of T cells to TGF-p is required for Treg-mediated suppression in T
cell-dependent models of colitis (84).

In studies in which peripheral Treg numbers are diminished in the absence of TGF-$
production/signaling, it is not possible to directly address the relative contribution of nTregs
versus iTregs to the phenotypes observed. To assess the role of iTregs in controlling immune
responses directly, researchers generated mice lacking the CNS1 enhancer of the Foxp3
gene that is required for TGF-B-mediated upregulation of Foxp3 expression and iTreg
induction (85). These mice did not develop the severe, early-onset multiorgan inflammation
seen in mice lacking all Tregs, indicating that nTregs are sufficient to prevent this
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phenotype. However, in older mice lacking iTregs, Th2-mediated pathology developed in
the lung and intestine, with altered bacterial species detected in the gut (85). Similarly,
Haribhai et al. (86) found that selective depletion of iTregs, using a diphtheria toxin
depletion model, resulted in T cell activation and pathology in the liver, intestine, and lung,
indicating that iTregs are important in controlling immune responses in some peripheral
tissues. These findings fit with data suggesting that mucosal surfaces such as the intestine
are a major site of iTreg induction driven by the commensal flora. However, a recent report
that profiled the TCR specificity of Tregs in the intestine concluded that most intestinal
Tregs were nTregs, with TCR specificity regulated by the microflora (87). Thus, further
work is required to definitively apportion the contributions of iTregs and nTregs at mucosal
surfaces.

Recent work has suggested that an additional CD4* Foxp3~ Treg population has an
important suppressive function and that this subset is characterized by cell surface
expression of the LAP region of TGF-B. Investigators have proposed that these cells, termed
Th3-type Tregs, are important in the suppressive effects of anti-CD3 antibody in several
autoimmune diseases (88). TGF-p has also been shown to induce expression of CD73 on
activated T cells independently of Foxp3 expression, which can induce adenosine to
suppress T cell proliferation (89). Additionally, in conjunction with IL-27, TGF- can drive
induction of Tr1 cells, which are a Foxp3~-suppressive CD4* T cell subpopulation
characterized by high expression of 1L-10 (90, 91). Thus, the potential role of TGF-§ in
regulating Foxp3~ Treg subsets requires further exploration.

As noted above, TGF-B plays several important suppressive roles in T cell biology.
However, research in the past decade has highlighted a fundamental role for TGF-g in
enhancing proinflammatory T cell responses. TGF- is critical in the induction of Th17 cells
—CD4* T cells that are characterized by the production of IL-17 and the expression of the
transcription factor ROR-yt. Th17 cells play crucial roles in immunity to certain extracellular
bacteria and fungi and in the development of autoimmunity (92). Induction of Th17 cells by
TGF-p requires proinflammatory cytokines such as IL-6, IL-1, and 1L-21, and recent
studies suggest that IL-6 and IL-1 may play distinct roles in driving the Th17 differentiation
in specific anatomical locations (93, 94). IL-23 is also important in the induction of Th17
cells, with IL-6 shown to induce the expression of both the IL-23 receptor and IL-21 in T
cells, thereby enhancing Th17 differentiation (95).

Although TGF-p was first identified as a key inducer of Th17 cell differentiation in mice,
initial studies suggested that TGF-p was not required for Th17 induction in humans (96, 97).
However, follow-up studies have shown that the role for TGF-f in Th17 cell differentiation
is conserved between mice and humans (98, 99), although in some contexts Th17 cell
differentiation does appear to occur in the absence of TGF-p (100).

Despite this potential TGF-p-independent Th17 cell induction, the functional importance of
TGF-B in Th17 cell differentiation has been shown in several in vivo mouse models. Thus,
mice lacking TGF-BRII on T cells have reduced numbers of Th17 cells and are protected
from development of EAE, and local injection of TGF-p-blocking antibody also protects
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against EAE (101). Overexpression of active TGF-p by T cells results in exacerbated CNS
inflammation and more severe EAE (102). A recent report suggests that in addition to TGF-
B1, production of the alternative TGF-p isoform TGF-B3 by Th17 cells is crucial for
induction of their effector function (12), suggesting that isoform-specific effects may be
important in Th17 differentiation.

Although TGF-p can drive Th17 differentiation in vitro, exposure to high concentrations of
TGF-p can generate Th17 cells that do not drive inflammation in the EAE model because of
upregulation of IL-10 (103). The addition of 1L-23 during Th17 cell differentiation
suppressed expression of I1L-10 and rescued pathogenicity in the EAE model (103).
However, whether similar regulation would be relevant in the context of the much smaller
amounts of TGF-B likely to be activated in vivo remains to be determined.

The signaling mechanisms underlying TGF-B’s role in differentiation of Th17 cells are
controversial. In particular, it is not clear what role, if any, Smad signaling plays in TGF-p-
mediated Th17 differentiation. Smad3 does not appear to be required (67, 68), and other
studies have shown that, in T cells lacking expression of Smad2 and Smad3 (28) or Smad 4
(104), induction of RORyt in T cells in response to TGF-p and IL-6 is unaltered.
Additionally, TGF-p has been shown to suppress expression of the transcription factor
Eomesodermin (Eomes) during Th17 cell induction, which alleviates Eomes-mediated
suppression of RORyt in a Smad2/3-independent manner (105).

However, one study suggested that Smad2 can directly bind to and synergize with RORyt
(69), another suggested that Smad2 induced expression of the IL-6 receptor on T cells (106),
and each effect was purported to be important for Th17 cell differentiation. Also, Smad
signaling may promote Th17 differentiation indirectly by dampening production of
cytokines (for example 1L-2) that inhibit Th17 induction (28). Thus, further work is required
to clarify the role of Smad signaling in Th17 cell induction.

The Role of TGF-B in the Induction of iTregs Versus Th17 Cells

An important consideration is how TGF-p can induce such functionally diverse cell
populations in different immunological contexts (e.g., iTregs in the presence of IL-2 and
Th17 cells in the presence of IL-6, IL-1f, and/or IL-21). A study by Zhou et al. (107)
suggested that, upon initial sensing of TGF-B, CD4* T cells upregulate both Foxp3 and
ROR1yt and that the concentration of TGF- present is crucial in determining whether a cell
commits to becoming an iTreg or a Th17 cell. Thus, low concentrations of TGF-f block
expression of the 1L-23 receptor and favor Foxp3 expression, whereas high concentrations
of TGF-p in conjunction with IL-6 and IL-21 result in upregulation of the 1L-23 receptor
and commitment to become RORyt* Th17 cells (107). The relative importance of
differential TGF-p concentrations and different cytokine milieus in modulating the induction
of iTregs versus Th17 cells in vivo remains to be determined.

Mechanistically, Foxp3 and RORyt can directly interact with each other, and Foxp3 binding
to RORyt inhibits ROR-yt function by preventing its interaction with the IL-17 gene
promoter (104, 107, 108). The presence of IL-6, IL-21, and IL-23 blocks this Foxp3-
mediated inhibition of RORvyt function, driving differentiation of Th17 cells (104, 107,
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108). Antagonism of Foxp3 by IL-6 also appears to be important in nTregs, as coculture of
these cells with 1L-6 causes downregulation of Foxp3 expression and upregulation of I1L-17
production (104). Together these data show the potential plasticity between the Treg and
Th17 lineages, highlighting the importance of understanding how therapeutic manipulation
of one subset may have unexpected effects on the other.

TGF-B induces another subset of proinflammatory CD4* T cells, termed Th9 cells, which
secrete IL-9, and can drive inflammation in various disease settings (109). Induction of Th9
cells requires TGF-B in conjunction with IL-4 (110, 111), with TGF-B inducing the key
transcription factor PU.1 (112, 113). The addition of IL-4 to in vitro cultures blocks TGF-§-
mediated Treg induction in favor of IL-9 production (110). TGF-p can also skew Th2 cells
toward a Th9 phenotype (111). However, recent evidence using an IL-9 reporter mouse
suggests that, in vivo, the majority of IL-9 is produced by innate lymphocyte cells termed
ILC2s (114). Thus, the physiological role of TGF-B-mediated IL-9 production in T cells
warrants further investigation.

REGULATION OF CD8* T CELLS BY TGF-B

In addition to regulation of CD4* T cell subsets, TGF- plays an important role in
controlling CD8" T cells. Thus, TGF- can potently inhibit CD8* T cell proliferation in
vitro, although in contrast to its action in CD4* T cells, inhibition appears to be independent
of Smad3 signaling (115). As mentioned above, dampening of TGF- signaling in T cells
(via expression of a dominant-negative TGF-BRII under the control of the CD2 promoter)
resulted in expansion of CD8* T cells (22), and expression of the construct by the CD4
promoter led to enhanced CD8* T cell activation (21). However, complete loss of TGF-f
signaling in T cells results in reduced thymic development of CD8* T cells (23), with recent
work showing that TGF- induction of IL-7Ra. expression is important in CD8* T cell
development (39). Interestingly, a recent report suggests that reduced TGF- signaling (via
expression of dominant-negative TGF-BRII) results in lymphoproliferation of memory
CD8* T cells but that complete blockade of TGF-B signaling (via genetic deletion of TGF-
BRII) does not result in similar lymphoproliferation (116). Thus, reduction of TGF-$
signaling appears to play distinct functional roles compared with complete blockade of
TGF-B function in regulation of CD8* T cells.

TGF-p has also been shown to potently suppress the effector functions of cytotoxic T cells
through multiple mechanisms, including inhibition of perforin and IFN-y expression, and
mice expressing dominant-negative TGF-BRII in T cells show enhanced cytotoxic T
lymphocyte (CTL) function in tumor models (6). Thus, TGF-p appears to control the
homeostatic expansion and activation of CD8* T cells in vivo.

TGF-B signaling in CD8* T cells is important in the induction of cell death during bacterial
infection, preventing overproliferation by promoting apoptosis in short-lived effector cells
(36, 37). TGF-B also induces a specialized intraepithelial subset of CD8" T cells in the
intestine that is characterized by expression of CD8a.a and is important in mucosal immune
regulation (117). Recent data also suggest that CD4* T cells can be reprogrammed to
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upregulate CD8* T cell-associated genes, via downregulation of the transcription factor
ThPOK and upregulation of Runx3. This process is driven by TGF-p and results in a unique
CD4* CTL-like effector cell (118, 119). Thus, as for CD4* T cells, the regulation of CD8* T
cells by TGF-B is highly context dependent, so that TGF-p can either inhibit or enhance
effector function.

Recently, investigators have found populations of CD8* T cells that can suppress immune
responses and are controlled by TGF-p (120). Several populations of potential CD8*
suppressor cells have been identified. For example, CD8* T cells expressing LAP on their
cell surface (mostly Foxp3~) can suppress EAE via TGF-B-dependent and IFN-y-dependent
mechanisms (121). A recent study identified a population of CD8" Foxp3™ T cells from the
intestine that can suppress CD4* T cell proliferation, demonstrating that these cells from
Crohn’s patients have reduced suppressive ability (122). However, the investigators
suggested that TGF-B inhibited the suppressive capacity of these CD8" suppressor cells.

In addition to CD8*Foxp3™ suppressor cells, a small population of CD8*Foxp3* Tregs have
been identified in the thymus, and these cells can be induced from CD8*Foxp3~ T cells by
TGF-B (123). Although initial reports suggested that these cells lacked suppressive function
(123), subsequent studies have shown that these CD8"Foxp3* T cells are induced by TGF-B
during graft-versus-host disease and are functionally suppressive (124, 125). Thus, in
addition to its effect on classical CD4" iTregs, TGF- can also drive the differentiation of an
important CD8*Foxp3* Treg population.

REGULATION OF DENDRITIC CELLS BY TGF-B

TGF-p signaling can also regulate the adaptive immune response by effects on DCs.
Although expression of dominant-negative TGF-BRII in DCs did not affect their
homeostasis (45), ablation of TGF-pRII in DCs (using CD11c-Cre) caused spontaneous
multiorgan inflammation and death by 15 weeks of age (126). DCs lacking TGF-BRII
express normal levels of MHC class 11 and costimulatory molecules but produce more IFN-
v, which reduces these DCs’ ability to induce Foxp3* Tregs (126).

TGF- is also important in regulating Langerhans cells, a specialized subset of DCs present
in the skin. Early descriptions of mice lacking expression of TGF-p1 reported a complete
lack of Langerhans cells in these mice (127), and in vitro studies suggested that TGF-p
could inhibit the maturation and antigen-presenting ability of Langerhans cells (128).
Deletion of TGF-pBRII specifically in Langerhans cells (via Langerin-Cre) resulted in the
absence of Langerhans cells, and deletion of TGF-B1 from these cells had the same effect
(129). TGF-p-mediated differentiation of Langerhans cells appears to involve AxI, a
receptor tyrosine Kinase that is induced by TGF-f during Langerhans cell development
(130). Langerhans cells isolated from patients with atopic dermatitis display reduced TGF-p
signaling and TGF-B receptor expression, suggesting potential functional importance of
TGF-p signaling in Langerhans cells in this disease (131).
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Studies have clearly shown that T cells themselves are an important source of TGF-§ for
regulating adaptive immune responses. Conditional ablation of the TGF-B1 gene in T cells
results in lethal multiorgan inflammation in mice associated with increased T cell activation
and enhanced differentiation of T cells into both Th1 and Th2 cells (132). Surprisingly, in
contrast to mice lacking TGF-p1 production by all cells and mice lacking TGF-pRII
specifically on T cells, Foxp3* Treg numbers were not reduced in mice lacking TGF-B1in T
cells. In fact, Treg numbers were elevated in the mesenteric lymph nodes of these mice,
indicating that Foxp3 induction/maintenance does not require TGF-f production by T cells
(132). In mice specifically lacking TGF-B1 expression in Tregs (via expression of Foxp3-
Cre), numbers of Foxp3* Tregs in lymph nodes were again higher than in control mice,
suggesting an important role for autocrine TGF-B signaling in limiting Foxp3* Treg cell
numbers but not in their induction or maintenance (133).

Mice lacking TGF-B1 specifically in Foxp3* Tregs are healthy and do not develop
inflammation (133), indicating a redundant role for Treg-derived TGF-p in Treg-mediated
immune homeostasis. Whether or not TGF-p produced by Tregs is crucial to their ability to
suppress inflammation is less clear. Although one study demonstrated that TGF-p produced
by Tregs was critical for suppression of disease in a T cell transfer colitis model (132),
another study showed that TGF-B1~/~ Tregs were fully capable of suppressing colitis (84).
Thus, further work is required to clarify the importance of Treg-derived TGF-B in
suppression of T cell-mediated inflammation.

Mice lacking TGF-B1 production by both activated CD4* T cells and Foxp3* Tregs (using
0OX40-Cre) develop multiorgan inflammation and T cell activation akin to that of mice
lacking TGF-B1 production in all T cells (133). Together, these data indicate a crucial role
for TGF-B production by activated T cells. Furthermore, Th17 cell differentiation was
almost completely absent in these mice but was normal in mice lacking TGF-B1 in Foxp3*
cells, indicating that autocrine TGF-f production is key to the induction of Th17 cells.
Accordingly, TGF-p1floX/flox x 9X40-Cre mice are almost completely protected from EAE
(133).

Although ablation of T cell-derived TGF-B1 clearly impairs T cell homeostasis, the
inflammatory phenotype observed is mild compared to that of mice either completely
lacking TGF-B1 or lacking TGF- responsiveness in T cells. This indicates that other non-T
cell sources of TGF-$ are important in signaling to T cells. Given that TGF-p is produced as
an inactive complex by a wide variety of cells, TGF-g function may be better controlled at
the level of its activation rather than at the level of latent TGF-p production. Below, we
describe in detail mechanisms known to activate TGF-p and the known functional relevance
of such mechanisms in regulation of the immune system.
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MECHANISMS OF TGF-B ACTIVATION

Because active TGF-B is maintained in a latent state by noncovalent association with the
LAP, it is relatively easy to activate TGF-p in vitro through a variety of mechanisms that
lead to protein denaturation. For example, heat, extremes of pH, and ionizing radiation all
activate TGF-p in vitro. Heat is commonly used in the laboratory to activate all available
latent TGF- as a way to calculate the fraction that is activated in biological samples.
However, no convincing data implicate changes in temperature or pH as a way to activate
TGF-p in vivo. Radiation treatment induces tissue fibrosis in a variety of organs, and
radiation of mammary tissue has been suggested to cause fibrosis, at least in part, by
activating TGF-B (134).

Binding to Thrombospondin 1

The secreted extracellular matrix protein thrombospondin 1 contains a short exposed linear
peptide sequence (KRFK) that binds to a specific sequence in the LAP of TGF-p1 (LSKL)
and interferes with its noncovalent association with the active cytokine (135, 136). In vitro,
addition of either intact thrombospondin 1 or the relevant peptide to latent TGF-f has been
shown to activate TGF- (135, 136). Mice homozygous for an inactivating mutation in
thrombospondin 1 manifest some, but not all, phenotypes of TGF-p1-deficient mice,
including inflammation of multiple organs and epithelial hyperplasia at multiple sites (137).

Enzymatic Activation

Latent TGF-P can be activated by a variety of glycosidases, including N-glycanase,
sialidase, and neuraminidase (138). Incubation of the latent complex with influenza virus
induced activation that was dependent on neuraminidase expressed on the surface of viral
particles (139). However, these studies have involved in vitro activation of TGF-$, so the in
vivo significance of activation by deglycosylation is unclear.

A more extensive literature has implicated two families of proteases in TGF-f activation—
serine proteases, especially plasmin and cathepsin D, and metalloproteases, including
MMP9 and MMP14. The crystal structure of the small latent complex identified accessible
proteolytic cleavage sites and suggested how proteases could lead to release of free active
TGF-B from the LAP latency lasso (4). However, as with glycosidases, most of the data
implicating proteases in activation are based on in vitro observations with purified proteins
or cultured cells. The phenotypes of mice lacking specific candidate proteases (i.e.,
plasminogen or its activators or metalloproteases) are not suggestive of effects of loss of
TGF-p function (140). Such results could be explained by functional redundancy or by the
dominance of other roles for these proteases independent of TGF- activation. At least one
metalloprotease (MMP14) can cooperate with the integrin avp8 in TGF- activation (141),
and mice lacking the integrin p8 subunit have multiple phenotypes consistent with loss of
TGF-p activity (see below) (142, 143).

Regulation by Other TGF-B-Binding Proteins

As noted above, there are four members of the LTBP family, LTBP1, 2, 3, and 4, and three
of these, LTBP1, 3, and 4, can form disulfide bonds with TGF-B LAPs prior to secretion in
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so-called large latent complexes. LTBPs are structurally closely related to another family of
proteins called fibrillins. There are three mammalian isoforms, fibrillin 1, 2, and 3, all of
which form components of elastin microfibrils. All LTBPs and fibrillins contain several
domains called TGF-p-binding (TB) domains (144), although only a small minority of these
TB domains actually form disulfide bonds with TGF-B LAPs (145). LTBPs and fibrillins
also contain a large but variable number of epidermal growth factor—like domains that bind
to extracellular calcium and contribute to the relatively rigid structure of these proteins.
LTBP1 and 2 and all three fibrillins contain arginine-glycine-aspartic acid (RGD)
sequences, but only the RGD sequence in fibrillin 1 has been shown to be present in a
surface-exposed loop and to interact with RGD-binding integrins (146). LTBPs bind directly
to fibrillins, which is an important step in anchoring latent TGF-B to elastin-containing
fibers in the extracellular matrix (144).

Mutations in the fibrillin 1 gene have been shown to cause Marfan syndrome, a human
disease characterized by joint laxity, lens dislocation, skeletal deformities, pulmonary
emphysema, and aortic aneurysms (147). Similarly, mice with a truncation mutation in
fibrillin 1 develop pulmonary emphysema and aortic aneurysms (148). Both manifestations
are associated with excess TGF-f signaling, and both can be inhibited by blocking
antibodies to TGF-B. These results strongly suggest that intact fibrillin 1 is normally an
inhibitor of TGF- activation, perhaps as a consequence of sequestering latent TGF-p in
elastin fibers. These findings also suggest that release of latent TGF-p from the extracellular
matrix could in some circumstances facilitate its activation.

It is clear that the relationship between TGF- tethering through LTBPs and fibrillins is
complex because defects in these tethers can either enhance or inhibit TGF-p activation. For
example, mice homozygous for a null mutation in LTBP3 develop abnormalities in bone
development and severe developmental emphysema that appear to be due to a deficiency in
TGF-p signaling (149, 150). However, the functional importance of LTBP-fibrillin
interactions in regulating TGF-p function in the immune system is at present completely
unclear.

Regulation of TGF-p Activation by Glycoprotein A Repetitions Predominant Protein

Recent evidence demonstrates that TGF-f can be tethered to the surface of T cells through
association with glycoprotein A repetitions predominant protein (GARP) (151-153). GARP
is a transmembrane protein that, like LTBPs, is covalently linked to TGF-B1 LAP through
disulfide bond formation prior to TGF-B1 secretion (154). Unlike LTBPs, which are widely
expressed, GARP expression appears to be tightly restricted to Foxp3-expressing Tregs, and
latent TGF-B expression on activated Tregs is dependent on expression of GARP (155).
Recent work suggests that when GARP and LTBP1 are coexpressed, GARP outcompetes
LTBP1 for association with LAP. Association of TGF-B1 with GARP can facilitate
activation of the latent complex by other mechanisms, for example via the integrin avp6
and, to a lesser extent, integrin avp8 (154).
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ACTIVATION OF TGF-B BY INTEGRINS

The possibility that members of the integrin family could activate latent TGF-p was first
suggested by the phenotype of mice lacking the integrin p6 subunit of the integrin avp6
(156, 157). Expression of this integrin is restricted to epithelial cells and is highly induced
on epithelial cells in several organs by tissue injury and inflammation (158, 159). Integrin
B6 knockout mice develop exaggerated inflammatory responses in the lungs and skin in
response to usually trivial insults, but despite exaggerated inflammation they are protected
from tissue fibrosis at multiple sites (157). Both phenotypic features are consistent with a
failure to optimally activate TGF-p. Cells expressing integrin avp6 can activate both TGF-
B1 and TGF-p3 by binding to a common integrin recognition motif, the linear tripeptide
RGD that is present in an exposed loop in the LAPs of TGF-B1 and 3 (157, 160).

The integrin avp8 binds to the same RGD site and can also activate TGF-B1 and 3 (141).
Mice globally lacking the integrin B8 subunit generally die during embryonic development
or immediately after birth as a consequence of intracerebral hemorrhage caused by defective
vascular development in the central nervous system (143). This effect appears to be due to
impaired TGF-B signaling as a consequence of impaired presentation of active TGF-B by
neuroepithelial cells, which normally express the integrin av8, to endothelial cells, which
do not (142, 161). Mice lacking integrin avp8 also develop cleft palate, a prominent finding
in mice deficient in TGF-B3 (142, 143).

Work from Munger’s laboratory strongly suggests that these two integrins, avpé and avp8,
are essential for all the developmental and homeostatic roles of TGF-B1 and 3. Knock-in of
a point mutation in the TGF-B1 gene, which changed the RGD sequence to RGE and
eliminated integrin binding but did not affect TGF-B1 secretion or any other known
mechanism of TGF-B1 activation, completely recapitulated all known effects of the
knockout of TGF-p1, including massive multiorgan inflammation in young mice (162).
These data suggest a critical role for integrin-mediated TGF-B1 activation in suppressing
self-harmful immune responses. The Munger group also generated mice completely lacking
expression of the integrin B8 subunit that survived developmental defects by crossing
integrin B8 knockout mice into an outbred line (CD1). Treatment of these mice, beginning
before or immediately after birth, with a blocking antibody against the integrin avp6, or
crossing these mice to mice lacking integrin avp6 recapitulated essentially all the findings
in mice lacking TGF-B1 and 3 (163), including severe multiorgan inflammation (a central
feature of TGF-B1 knockout mice) and a high prevalence of cleft palate [a central feature in
TGF-B3 knockout mice (164)]. Furthermore, mice lacking integrin-mediated activation of
TGF-B1 (via an RGD to RGE knock-in mutation) and completely lacking TGF-3
expression developed intracerebral hemorrhage, a prominent feature of integrin 8 subunit
knockout mice (143) not seen in single knockouts of TGF-B1 or 3. Taken together, these
data indicate that integrins avp6 and avp8 are crucial activators of TGF-p for maintenance
of immune homeostasis and for controlling TGF-p function during development.

In addition to integrins avp6 and avp8, there are four other integrins that recognize the
RGD site in the LAP region of TGF-p1: a 8p1 (165), avpl (166), avp3 (167, 168), and
avp5 (166, 169). Integrins avp3 and avp5 can both activate TGF-f in vitro when they are
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expressed on contractile fibroblasts or airway smooth muscle cells (168-171). Recent
evidence suggests that one or more av-containing integrins on myofibroblasts, other than
avp6 and avp8, contribute to tissue fibrosis in multiple solid organs (172) and that TGF-B
activation by avp5 contributes to proliferation of airway smooth muscle following allergen
sensitization and challenge in vivo (171). These data suggest that multiple RGD-binding
integrins may play important roles in activating TGF-p that contribute to tissue pathology in
adult mammals. However, no roles for activation of TGF-B by integrins other than avp6 and
aVvp8 have yet been demonstrated to be relevant to immune responses.

Mechanisms of TGF-B Activation by Integrins

Integrin av6 appears to activate TGF-B1 and 3 by binding to the RGD sequence in the
respective LAPs and exerting deforming physical force on the tethered latent complex.
Although expression of this integrin is restricted to epithelial cells, which are not generally
considered to be highly contractile cells, considerable evidence supports an important role
for actin-myosin contraction and mechanical deformation of the latent complex in integrin
avp6-mediated TGF-p activation. This process clearly depends on interactions between the
6 cytoplasmic domain and the actin cytoskeleton, because deletions in the cytoplasmic
domain that impair cytoskeletal engagement or inhibition of actin polymerization (by
cytochalasin D) completely prevent TGF-p activation (157). This process is also blocked by
pharmacologic inhibition of nonmuscle myosin (with blebbistatin) and by plating avp6-
expressing epithelial cells on flexible substrates that interfere with the transmission of
contractile force to the tethered latent complex (173). Deletion of LTBP1, required for
tethering the latent complex to the extracellular matrix, also completely inhibits avp6-
mediated TGF- activation, and this effect can be rescued by a short fusion protein
composed of a region of LTBP1 containing the cysteine residues that form disulfide bonds
with LAP and the domain that directly binds fibronectin (174). These data underscore the
fact that LTBP1 supports avp6-mediated TGF-p activation entirely through mechanically
tethering the latent complex. Finally, the solved crystal structure of the small latent complex
identified a single unstructured region of TGF-p LAP (the latency lasso) that forms the
critical contacts covering the sites on active TGF-p that are required for binding to TGF-p
receptors (4). The solved structure also demonstrated that the site for tethering LAP and the
exposed RGD-containing loop that binds avp6 are located on opposite poles of the latent
complex, and it fully explained how linear force applied across the tethered complex would
preferentially unfold the latency lasso and thus release the active cytokine (Figure 4).
Although there is clear evidence for integrin avp6-mediated TGF-f activation in regulation
of the immune system (163), expression of this integrin is restricted to epithelial cells. Thus,
modulation of the immune system by this mechanism must be via epithelial cell-immune
cell cross talk.

In vitro studies have shown that more professional contractile cells, for example
myofibroblasts, also activate latent TGF-p through mechanical deformation of the tethered
latent complex. Wipff and coworkers (170) showed that this effect could be induced in the
absence of intact cells, using cytoskeletal preparations from myofibroblasts, and that TGF-p
activation clearly required transmission of contractile force, because this effect was also
prevented when fibroblasts were plated on flexible substrates. As noted above,
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myofibroblasts do not express avp6, and studies with blocking antibodies suggested that
integrins avp3 and avp5 both contributed to this effect.

However, the role of mechanical deformation in TGF-p activation by integrin avp8 is less
clear. The B8 cytoplasmic domain is completely divergent from other integrin § subunits
and does not contain sequences known to interact with linker proteins that connect integrins
to the actin cytoskeleton (141). In contrast to avp6-mediated TGF- activation, activation
by integrin avp8 is retained even after the entire 8 cytoplasmic domain is deleted.
Furthermore, in at least some cultured cell lines, avp8-mediated TGF-f activation appears
to require proteolytic cleavage of TGF- LAP by the transmembrane metalloproteinase
MMP14 (141). However, it is not yet certain whether MMP-mediated cleavage is
universally required for avp8-mediated TGF-B activation, and additional proteins that
associate with avp8 could facilitate transmission of mechanical force across the integrin-
bound latent complex.

Activation of TGF-f2

As mentioned earlier, there are three mammalian isoforms of TGF-B, TGF-B1, 2, and 3. All
developmental effects and regulation of immune homeostasis by TGF-p1 and 3 appear to
depend on activation by the integrins av6 and avp8, which bind to exposed RGD
sequences in TGF-B1 and 3 LAP. However, TGF-B2 LAP does not contain an RGD
sequence and does not appear to bind to these integrins. Homology modeling based on the
solved crystal structure of the small latent complex of TGF-B1 suggests that TGF-$2 could
also be activated by mechanical deformation (4), but whether such a mechanism is
physiologically relevant to TGF-B2 activation and whether TGF-p2 can be activated by
other integrins remain to be determined.

FUNCTIONAL SIGNIFICANCE OF INTEGRIN-MEDIATED TGF-g ACTIVATION
IN IMMUNITY

The most convincing evidence for the importance of distinct mechanisms of TGF-g
activation in immunity comes from studies of mice defective in integrin avp6, avp8, or
both. As noted above, mice expressing latent TGF-p1 with a point mutation that prevents
integrin binding manifest all the features of TGF-p1 knockout mice, including profound
multiorgan inflammation (162). Mice deficient in the integrin B8 subunit that are treated
starting at birth with a blocking monoclonal antibody to the integrin av6 have the same
phenotype, with similar severity of multiorgan inflammation (163), suggesting, as noted
above, that activation of TGF-B responsible for these features is likely entirely explained by
effects of integrins avp6 and avp8.

However, the temporal pattern of phenotypic effects of combined inhibition of integrins
avp6 and avp8 is striking. If p8-deficient mice are treated with avp6-blocking antibody
beginning at 3 days after birth, the inflammatory phenotype is much milder. Thus, whereas
8 knockout mice treated with avp6-blocking antibody before or at birth nearly all die from
severe multiorgan inflammation before age 25 days, all the mice treated beginning at 3 days
of age survived well beyond 25 days and only manifested the mild lung inflammation seen
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in avp6-deficient mice (163). Given that this time window corresponds to the period of
rapid T cell development in the thymus, these results suggest combined roles in TGF-p
activation for integrins avp6 and avp8 during thymic development. However, the nature of
these effects and of the relevant avp6- and avp8-expressing cells remains to be determined.

Role of Integrin avp8-Mediated TGF-p in Regulating Intestinal Homeostasis

Integrin avp8 is more widely expressed than avp6, but in the absence of effective
antibodies for immunostaining, the precise distribution of integrin av38 expression remains
to be determined. Inbred mice globally lacking the integrin 8 subunit usually die during
embryonic development from intracerebral hemorrhage (143), so they have not been useful
for studies of the role of integrin avp8—mediated TGF-p activation in immune responses of
adult animals. Mice deficient in integrin avp8 in hematopoietic cells, generated by crossing
mice expressing a floxed allele of integrin B8 with mice expressing Cre recombinase under
the control of the Vav-1 promoter, live well into adulthood, but by as early as 1 month of
age they have an increase in spontaneously activated CD4* and CD8* T cells and profound
increases in circulating levels of IgE, IgA, and IgG1 (175). By 6—10 months of age these
mice develop severe colonic inflammation, and they subsequently develop circulating
autoantibodies. All these phenotypic features are essentially identical to those seen in mice
with hypomorphic TGF- signaling in T cells that resulted from overexpression of a
dominant-negative TGF-BRII receptor in these cells (21), and a similar phenotype was
observed in mice lacking all av integrins from hematopoietic cells (176).

In the absence of effective antibodies recognizing murine avp8, relative expression in
hematopoietic cells was assessed by quantitative PCR. Expression of 8 appeared to be
largely restricted to CD4* T cells and DCs, with little detectible B8 mRNA in B cells,
neutrophils, monocytes, or CD8* T cells (175; A.C. Melton & D. Sheppard, unpublished
data). Additional conditional knockout lines were thus generated using CD11c-Cre to induce
deletion in DCs or CD4-Cre to induce deletion in T cells. Mice lacking integrin p8 in DCs
completely mimicked the phenotype of mice lacking 8 in all hematopoietic cells, whereas
mice lacking 8 only in T cells had no spontaneous phenotype (175). T cell activation,
increased immunoglobulin production, and colonic inflammation thus all appear to be due to
a defect in activation of TGF-p by integrin avp8 on DCs and its subsequent presentation to
T cells. The function of integrin avp8 expressed by CD4* T cells remains to be determined.

Recent studies identify potential explanations for this phenotype. Mice lacking integrin
avp8 on DCs have a significant reduction in the number of Tregs in the colonic mucosa
(175). Work has shown that the integrin B8 subunit is preferentially expressed by intestinal
CD103* DCs (177, 178). CD103" DCs in the gut are a subset of DCs proposed to contribute
to intestinal tolerance by preferentially inducing naive T cells to express the transcription
factor Foxp3 and become iTregs (74, 75). CD103* DCs from the intestine appear specialized
to activate TGF-p, a function dependent on high expression of integrin avp8 (177, 178).
This enhanced integrin avp8—mediated TGF- activation is crucial to induction of iTregs, as
CD103* intestinal DCs lacking integrin B8 are no longer able to induce iTregs in vitro, and
lack of B8 expression on DCs inhibits the preferential induction of iTregs in the intestine in
vivo (178).
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Additionally, mice lacking integrin avp8 in DCs have a marked reduction in the numbers of
Th17 cells in the colonic mucosa (179). Cytokines released by these cells (for example,
IL-22) play a major role in maintaining the barrier function of intestinal epithelial cells, so
loss of these cells could also contribute to the disruption in intestinal homeostasis in mice
lacking the integrin avp8 on DCs.

Role of Integrin avp8—Mediated TGF-B Activation in Induction of Th17 Cells

Mice lacking integrin av8 on DCs are relatively healthy for several months, which allowed
examination of the role of DC-avp8-mediated TGF-B activation in models of immune-
mediated disease. Despite a baseline increase in T cell activation, mice lacking integrin
avp8 on DCs were dramatically protected from EAE (179), with a similar phenotype
observed in mice lacking all av integrins in myeloid cells (180). This protection was
associated with a nearly complete absence of Th17 cells in the spinal cords and draining
lymph nodes of mice lacking integrin avp8 on DCs. In vitro Th17 induction assays
demonstrated that wild-type DCs loaded with a peptide derived from myelin could induce
differentiation of naive TCR transgenic T cells into Th17 cells in the absence of exogenous
TGF-p but that this effect was markedly reduced when integrin avp8-deficient DCs were
used in the assay (179). This difference could be rescued by the addition of a low
concentration of active TGF-B or the addition of wild-type DCs, but not by the addition of
DCs with a mismatched MHC class 1l molecule and thus incapable of presenting the myelin
peptide to the T cells (179). These results strongly suggest that TGF-B, activated by integrin
avp8 and simultaneously presented with antigen, is required for induction of antigen-
specific Th17 cells (Figure 5).

Role of Integrin avp8—Mediated TGF-f Activation in Allergic Asthma

IL-17 has been suggested to play a role in allergic asthma and has been shown to be
increased in the blood of patients with severe asthma and to correlate with asthma severity
(181). Mice lacking integrin av8 on DCs are also protected from airway
hyperresponsiveness in two different models of allergic asthma, induced by sensitization and
challenge with either ovalbumin or house dust mite (182). Although IL-17 induces release of
neutrophil-recruiting chemokines from epithelial cells and is associated with neutrophilic
inflammation in multiple disease models, there are no differences in the numbers of
neutrophils recruited into the airways of allergen-challenged control mice or of mice lacking
integrin avpB8 on DCs. As in the colonic epithelium and the spinal cords of mice undergoing
EAE, the major cellular abnormality in the lungs of allergen-challenged mice lacking
integrin avp8 on DCs was a profound reduction in Th17 cells (182). In the lungs, Th17 cells
are not the largest population of cells capable of making IL-17 as there are large numbers of
IL-17-producing innate y8T cells. The number of IL-17-producing y8T cells also increases
with allergen challenge, but this effect was not different between control mice and mice
lacking integrin avp8 on DCs.

In these models, IL-17 released by Th17 cells appears to act directly on airway smooth
muscle to increase its contractility. Overnight incubation of murine tracheas with I1L-17
increased force generation in response to bronchoconstrictor agonists (182). This effect
appeared to be due to activation of NF-xB, which increased transcription and protein
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synthesis of the small GTPase RhoA and its effector kinase, Rho kinase, leading to
inhibition of myosin phosphatase, increased phosphorylation of myosin, and enhanced actin-
myosin contraction. Importantly, all these biochemical effects were readily apparent in
smooth muscle dissected from control mice sensitized and challenged with allergen in vivo
but were markedly blunted in muscle dissected from sensitized and challenged mice lacking
integrin avpB8 on DCs (182). Tracheal rings dissected from control mice generated more
contractile force in vitro than rings from mice lacking avp8 on DCs, but this difference was
abolished by adding back IL-17. These results raise the possibility that targeting integrin
avp8-mediated TGF-p activation might be an effective intervention in allergic asthma.

Immune Effects of Integrin avp8—Mediated TGF-B Activation on Fibroblasts

Integrin avp8 is also expressed on a number of nonimmune cells, including fibroblasts.
Deletion of integrin avp8 from fibroblasts in adult mice, using tamoxifen-inducible collagen
la2-ERcre, protected mice from airway inflammation induced by the introduction of
adenovirus that expresses IL-1 in the airways and also inhibited airway inflammation and
mucus metaplasia in response to allergen sensitization and challenge (183). This protection
appeared to be explained by reduction in production of the chemokines CCL2 and CCL20
and impaired recruitment of DCs into the lungs. These findings suggest that integrin avp8-
mediated TGF-p activation can have very different effects on immune responses when
integrin avP8 is expressed on different cell types. These findings also provide an additional
rationale for considering inhibition of integrin avp8-mediated TGF-p activation as a
potential therapeutic intervention in allergic asthma.

Unique Roles of the Integrin avg6 in Immunity

As described in detail above, mice lacking expression of TGF-p1 develop T cell-mediated
inflammation early in life, and mice deficient in both integrins avp6 and avp8 have
profound abnormalities in adaptive immunity. However, work on the TGF-B-activating
integrin avP6, an integrin expressed specifically on epithelial cells, has shown that the
principal immune defects involve cells of the innate immune system.

Mice globally lacking the integrin B6 subunit are born at the expected Mendelian frequency
with no apparent developmental defects in B cells or T cells. In the first few weeks of life,
they develop spatially restricted baldness that is due to infiltration of the dermis with
macrophages (156). This appears to be an exaggerated response to low-grade trauma
because the bald areas correspond to locations where mothers pick up their offspring with
their teeth. These areas heal and look normal after pups are weaned from their mothers
(156). Integrin p6 knockout mice also develop low-grade inflammation in their lungs,
characterized by accumulations of T cells and B cells around blood vessels and conducting
airways. These mice also have increased numbers of alveolar macrophages and a dramatic
change in alveolar macrophage morphology, with accumulation of large macrophages with
foamy cytoplasm suggestive of an activated phenotype (156). Lung inflammation also
appears to be an exaggerated response to low-grade injury because the phenotype is much
more severe when mice are maintained in nonventilated cages and therefore exposed to
ammonia released from urine-soaked bedding (X. Huang & D. Sheppard, unpublished
observations).
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Alveolar macrophages in integrin subunit 6 knockout mice have a marked increase in
production of metalloproteases, most prominently MMP12 (184). mRNA encoding MMP12
is increased up to 200-fold in macrophages from these mice, and increased MMP12
eventually leads to the development of destructive emphysema (185). The role of MMP12
and loss of TGF-B signaling in this phenotype was demonstrated by complete prevention of
emphysema in integrin 6 knockout mice by combined loss of MMP12 and by rescue of the
increase in MMP12 expression by transgenic expression of active TGF-p by pulmonary
epithelial cells. Thus, integrin avp6-mediated TGF-B activation appears crucial in
regulating alveolar macrophage—mediated regulation of immune responses. However, how
epithelial-expressed integrin avp6 regulates adaptive immune responses to modulate
immunity requires further study.

Role of Integrin avp6 in Regulating Intraepithelial Mast Cell Protease Expression

Intraepithelial mast cells play an important role in expulsion of parasites from the
gastrointestinal tract. TGF- contributes to the accumulation or differentiation of a specific
population of intraepithelial intestinal mast cells that express the murine mast cell protease
mMCP1 and are greatly expanded after infection of mice with the parasite Nippostrongylus
brasiliensis (186). p6 knockout mice have a profound defect in accumulation of
intraepithelial mMMCP1-expressing intestinal mast cells in response to Nippostrongylus
infection (186).

TGF-p has been suggested as an important modulator of the airway remodeling seen in mice
chronically challenged with allergens in models of allergic asthma. f6 knockout mice
sensitized and then repeatedly challenged with intra-airway ovalbumin were protected from
the induction of airway hyperresponsiveness (187). However, contrary to expectations, these
mice had the same airway remodeling seen in wild-type mice.

Because expression of integrin avp6 is restricted to epithelial cells, the epithelial
microenvironment was sampled with a specially designed murine airway “brush.” There
were few informative differences between control mice and integrin p6 knockout mice in
epithelial cell genes, but there were profound differences in a series of genes encoding
proteins restricted to mast cells (187). Even in the absence of allergen challenge, the
epithelial microenvironment in 36 knockout mice manifested large increases in the mast cell
proteases mMCP4, 5, and 6 and chymotrypsin. After chronic allergen challenge, mMMCP1
was dramatically increased in the airway microenvironment of control mice, but this
response was essentially absent in the airways of integrin 6 knockout mice (187). In vitro
differentiation of mast cells in the presence or absence of active TGF-p1 demonstrated that
TGF-B1 signaling is absolutely required for induction of mMMCP1 expression but completely
suppresses expression of mMMCP4 and 6. Examination of whole mounts of tracheas from
wild-type and 6 knockout mice demonstrated a large increase in the numbers of mast cells
within the airways of integrin p6 knockout mice even in the absence of allergen challenge
(187).

In vitro studies examining contractility of mouse tracheal rings appeared to explain the
protection from airway hyperresponsiveness seen in the integrin f6 knockout mice.
Sugimoto et al. (187) found that mMMCP1, which was not expressed in mast cells in integrin
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6 knockout mice, increased tracheal ring contractility through indirect effects on the airway
epithelium (187). In contrast, mMCP4, which was increased in the airway epithelium of
integrin B6 knockout mice, acted directly on airway smooth muscle to suppress the
enhanced contractility induced by the Th2 cytokine I1L-13, a well-characterized mediator of
enhanced airway smooth muscle contractility in this model. Thus, integrin avp6 appears to
be a key activator of TGF- for regulation of mast cells during allergic responses in the
airway.

CONCLUSIONS AND FUTURE PERSPECTIVES

We have discussed some of the pleiotropic effects of TGF-g on immunity, with a focus on
the effects of TGF-p on T cells. Depending on the presence of other secreted factors and cell
surface coreceptors, TGF-f can suppress adaptive immune responses (through induction and
stabilization and function of Tregs and by directly suppressing Th1 cells, Th2 cells, and
CD8™ T cells) or can enhance adaptive responses (through induction of Th17 cells, Th9
cells, and CD4* CTL-like effector cells). It is thus clear that global inhibition of TGF- or
TGF-p signaling will be an imprecise strategy for therapeutically modulating adaptive
immunity. A more detailed understanding of regulation of cofactors that drive these
divergent effects and the relative importance of specific pathways downstream of TGF-p
receptor ligation will thus be required to optimally translate what we have learned about
TGF-B signaling in immunity into effective therapies.

One important regulator of TGF-B function is its extracellular activation. In this review we
have focused on activation by a subset of integrins. Two integrins, avp6 and avp8, appear
to jointly regulate much of the TGF-p1 activation relevant to adaptive immunity, given that
combined inhibition of these integrins largely mimics the immune dysregulation seen in
mice with complete loss of TGF-B signaling in T cells. Because a loss of one of these
integrins by itself results in much less severe phenotypes, targeting integrin avp6 or avp8
could provide more precision for therapeutic intervention. However, much remains to be
learned about the relative contributions of each of these integrins on specific cell types and
how their expression and function are regulated during development of the immune system
and in the setting of immune-mediated diseases.
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Figure 1.
Synthesis and processing of TGF-f isoforms into small and large latent complexes. TGF-f genes encode an N-terminal latency-

associated peptide (LAP) and a C-terminal mature cytokine that form dimeric structures. The LAP and the mature TGF-p
cytokine are cleaved from each other by the enzyme furin but remain noncovalently associated. The LAP region folds around
the mature cytokine, blocking access of TGF- to its receptor, and is termed the small latent complex. In the LAP of TGF-p1
and 3 (but not TGF-p2) there is an arginine-glycine-aspartic acid (RGD) site that facilitates binding to integrins. In some cells,
the small latent complex can associate with latent TGF-p binding protein (LTBP) via interactions with LAP, forming the large
latent complex. LTBP can facilitate binding of the large latent complex to proteins of the extracellular matrix.
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Figure 2.
Signaling pathways triggered by TGF-p. Active TGF-f binds to a dimer of TGF-BRII, which associates with a dimer of TGF-

BRI to form a tetrameric receptor complex. TGF-BRII then phosphorylates the cytoplasmic domain of TGF-BRI, which activates
the kinase activity of TGF-BRI. TGF-BRI can then associate with and phosphorylate receptor Smads (Smad2 or 3), which
subsequently form a complex with either Smad4 or TIF1y. The activated Smad complexes then act to modulate gene expression
by binding to Smad-responsive elements in genes. TGF-B receptor activation can also trigger non-Smad-mediated signaling

events (e.g., via MAPK, Rho GTPases, or PI3 kinase) to regulate gene expression.
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Figure3.
Regulation of multiple CD4* T cell phenotypes by TGF-B. The latent complex of TGF-f must be activated to function, and

recent data highlight a key role for integrin avp6 expressed by epithelial cells and integrin avp8 expressed by dendritic cells in
activating TGF-B. Once activated, TGF-p performs important functions in controlling both anti-inflammatory and
proinflammatory T cell responses, with the presence of other cytokines dictating the functional outcome of TGF- signaling in T
cells.
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Figure4.
Latent TGF-B can be activated by integrins via generation of physical force. Physical force generated by contraction of the actin

cytoskeleton of cells expressing certain TGF-p-activating integrins (e.g., avp6) unfolds the unstructured region (straitjacket) of
the latency-associated peptide that forms the major contact points with the active TGF-p dimer, thereby releasing active TGF-p
and freeing it to interact with TGF-B receptors. Integrins avp3 and avp5 are proposed to activate latent TGF- via a similar
mechanism (not shown). Adapted from Reference 4 and reprinted with permission from Nature Publishing Group and Prof.
Timothy Springer (Harvard University).
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Figures.
Th17 cell induction via dendritic cell (DC)—expressed, integrin avp8-mediated TGF-B activation requires MHC-I1-antigen—

TCR interaction. (a) Activation of TGF-p by integrin avp8 expressed by DCs, in the presence of proinflammatory cytokines,
can induce Th17 cell differentiation when the DC presents antigen via MHC-I1 to naive T cells. (b) In the absence of integrin
aVvp8 expression, DCs are unable to induce Th17 cell differentiation. Additionally, DCs that express integrin av8 but express a
mismatched haplotype of MHC-I1 that cannot present antigen to T cells cannot induce Th17 cells.
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