








presence of IL-6 or IL-2 to drive Th17 or iTreg differentiation,
respectively. We have previously shown that TGF-b1 derived from
the TGF-b1/GARP complex plays a major role as the source of
TGF-b1 required for differentiation of Th17 cells or iTreg (1).
WT, but not Itgb8 cKO, Tregs, promoted the differentiation of
Th17 or iTreg as measured by IL-17A and Foxp3 expression,
respectively (Fig. 5A, 5B). The same result was observed when
the Tregs were only activated overnight prior to being cultured
with naive cells (data not shown). To determine whether the
GARP/latent-TGF-b1 complex and avb8 needed to be expressed
on the same cells or whether avb8 could result in release of bio-
logically active TGF-b1 from the GARP/latent TGF-b1 complex

on a different cell, we cultured Tregs from GARP (Lrrc32) cKO or
Itgb8 cKO mice separately or together with naive T cells in the
Th17 differentiation assay. Neither GARP nor Itgb8 cKO cells
alone could efficiently drive Th17 differentiation, however when
mixed they were able to substantially restore Th17 differentiation,
indicating that avb8 expressed on one cell could result in the
activation of TGF-b1 from the GARP/latent-TGF-b1 complex on
a distinct cell (Fig. 5C, 5D). Previous studies indicated that
integrin avb8 expressed by human epithelial cell lines required the
coexpression of an MMP, in particular MMP-14 (3), to activate
latent TGF-b1 from the large latent complex. The contribution of
MMP-14 was demonstrated by the use of the MMP inhibitor

FIGURE 3. Activated Itgb8-deficient Tregs accu-

mulate latent TGF-b1 on their surface. (A and B)

Freshly isolated cells from pooled lymph nodes and

enriched CD4+ cells from Itgb8 cKO mice (CD4-CRE)

or CRE2 littermates were stimulated for 48 h with

plate-bound anti-CD3 and IL-2 and then stained for

CD4, Foxp3, LAP (or IC), and GARP (or IC). (A)

Representative histograms for LAP (latent TGF-b1)

from CD4+Foxp3+ cells. (B) Graphic representations

indicating LAP and GARP mean fluorescence intensity

on CD4+Foxp3+ cells as well as percentage of LAP and

GARP double-positive cells.

FIGURE 4. Tregs from Itgb8 cKO mice suppress

normally in vitro and in vivo. (A) T cell suppression

assays using sorted CD4+CD252 cells from WT mice in

the presence or absence of increasing ratios of Itgb8WT

and KO CD4+CD25+ cells, as described previously (12).

(B) WT CD4+CD252CD45RBhi T cells were trans-

ferred into Rag12/2 mice in the presence or absence of

CD4+CD25hiCD45RBlow Tregs from WT or Itgb8 cKO

mice and monitored for weight loss for up to 11 wk.

Indicated are the average weight changes from five mice

in each group. (C and D) At the end of the experiment,

mesenteric lymph nodes were stained for CD4 and

Foxp3. (C) Representative lymph node samples. (D) The

percentage of CD4+ cells that were Foxp3+ in individual

mice.
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GM6001. Thus far, we have not observed any effect of this in-
hibitor over a wide dose range on Treg-mediated Th17 induction
up to 20 mM, as compared with the vehicle control or GM6001-
control (Fig. 5E). It is important to note, however, that it is
unknown which MMPs are expressed by Tregs and whether avb8-
mediated activation of latent TGF-b1 activation from the GARP/
latent TGF-b1 complex is dependent on MMPs.

Helios2/lowTregs are less efficient at producing biologically
active TGF-b1

Because we found that Helios+ Tregs expressed substantially
higher levels of Itgb8 (Fig. 2B), we wished to assess the ability of

the Helios+ versus Helios2/low Tregs to drive Th17 differentiation
in the same experimental setup as used in Fig. 5. When using
plate-bound anti-CD3 to activate the cells in the culture, Helios+

Tregs were more efficient at driving Th17 differentiation (Fig. 6A,
6C) than Helios2/low Tregs. This result is consistent with the
higher level of expression of Itgb8 on the Helios+ cells. It is not
due to an inability of the Helios–/low cells to express latent TGF-b1
on their surface, because total Tregs activated in vitro when gated
on the Helios–/low or Helios+ subsets both have similar levels of
latent TGF-b1 on their surface (Fig. 6D). It also remains possible
that Helios–/low Tregs can process the latent-TGF-b1 by an avb8-
independent mechanism. Surprisingly, when the cocultures were

FIGURE 5. Treg-mediated Th17 differentiation requires activation of latent TGF-b1 via integrin avb8. (A) Naive CD45.1+ OT-II cells from Rag12/2

mice were activated by soluble anti-CD3 in the presence of IL-6, splenic DCs, and preactivated CD4+CD25+ T cells from Itgb8 cKO mice (CD4-CRE) or

CRE2 littermates. Cells were reactivated with Cell Stimulation Cocktail and Protein Transport Inhibitors and then stained for CD4, CD45.1, CD45.2, and

IL-17A. The percentage of IL-17A+ cells derived from the CD4+CD45.1+CD45.22 cells in the culture are shown in each panel. (B) Same as in (A), except

in the presence of IL-2 (100 U/ml). Culture was stained for CD4, CD45.1, CD45.2, and intracellularly for Foxp3. (C and D) Same culture set up as in (A),

except using preactivated CD4+CD25+ T cells from Itgb8 or Lrrc32 cKO mice or CRE2 littermates. In the right panel, half of the CD4+CD25+ T cells were

from Itgb8 cKO mice and half were from Lrrc32 cKO mice. (D) Bar graph indicates the average (6 SD) of duplicates within the experiment from (C). (E)

Same as in (A), except using sorted CD4+Foxp3+ cells from Foxp3-GFP reporter mice and plate-bound anti-CD3 to activate the cells in the culture. Cells

were cultured in the presence of a vehicle control (DMSO), the MMP-inhibitor GM6001, or the GM6001 control and measured for IL-17A as in (A).
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activated using soluble anti-CD3 with splenic DCs, which both the
Helios+ and Helios2/low Tregs were equally capable of driving
Th17 differentiation (Fig. 6B, 6C). Because splenic DCs were
unable to restore biologically active TGF-b1 production from
Itgb8 KO Tregs (Fig. 5A), it is unlikely that low levels of Itgb8 on
the DCs contribute to TGF-b1 activation, but instead, it is possible
that the DCs act as a platform to force a close proximity between
the Tregs and naive T cells, thus resulting in a decreased threshold
for TGF-b1 concentrations. As result, lower levels of biologically
active TGF-b1 produced by Helios2/low (Fig. 6A, 6C) are suffi-
cient to drive a full response in the presence of DCs (Fig. 6B, 6C).

Discussion
TGF-b1 is critical to the maintenance of immune homeostasis as
deletion of TGF-b1 results in a generalized inflammatory syn-
drome and autoimmunity. T and B lymphocytes play a critical role
in disease development in TGF-b12/2 mice as inflammation does
not develop in TGF-b12/2 mice on a SCID background (19).
Almost every cell type expresses TGF-b1 receptors, but TGF-b1

is always produced in an inactive form associated with LAP that
prevents its binding to its receptor. Activation of TGF-b1 is
closely regulated so that its effects can be mediated in an appro-
priate environment. A number of mechanisms have been proposed
for the activation of TGF-b1 including plasmin, matrix metal-
loproteases, lysosomal proteases, and thrombospondin. Recent
studies have demonstrated that physiologically, integrins are the
key activations of TGF-b1. The strongest evidence in favor of this
is that mice with a single point mutation in the RGD sequence of
LAP that cannot bind to integrins phenotypically copy mice with
a global deficiency of TGF-b1 (20).
Although 6 of the 24 integrins can bind latent TGF-b1 via the

RGD sequence in LAP, only avb3, avb5, avb6, and avb8 have
been demonstrated to liberate active TGF-b1. A number of studies
have shown that avb6 and avb8 are the key activators of TGF-b1
in vivo. Integrin avb6 is primarily expressed in epithelial cells and
b62/2 mice develop a lung and skin inflammation and pulmonary
emphysema (21). The cytoplasmic domain of avb6 connects to
the actin cytoskeleton and avb6-mediated TGF-b1 activation is
controlled by cell contraction (2). In contrast, avb8 is widely
expressed by many different cell types including neurons, astro-
cytes, airway epithelial cell, fibroblasts, DCs, and T cells. The
cytoplasmic domain of avb8 does not connect to the actin cyto-
skeleton. It appears that the role of this integrin is to present latent

TGF-b1 to a membrane bound protease resulting in release of
active TGF-b1 (3). It is not clear whether avb8 uses different
mechanisms to activate TGF-b1 in different cell types.
Although most cell types are capable of secreting latent TGF-b1

bound to LTBP as the large latent complex, Tregs and platelets
express a unique TGF-b1 binding protein, GARP that targets la-
tent TGF-b1 to the cell surface (1, 13, 14). Within the immune
system, avb8 expression on leukocytes, particularly CD103+ DCs,
appears to be critical in generating active TGF-b1 from the large
latent complex (4). In this report, we have demonstrated that Itgb8
is selectively expressed on tTreg and mediates the release of active
TGF-b1 from the latent TGF-b1/GARP complex. In contrast to
the latent TGF-b1/GARP complex whose expression is markedly
upregulated during the course of T cell activation, expression of
Itgb8 on Tregs was constitutive and only modestly upregulated
during activation.
Thus far, mice with selective deficiency of GARP on T-cells cells

show no evidence of spontaneous autoimmune disease or in-
flammation in any organ. Similarly, mice with a deletion of b8 in
CD4+ T cells did not have a phenotype (4). In contrast, mice
lacking av or b8 only on DCs develop systemic autoimmunity and
colitis and may also have a defect in generating Tregs (4, 16). In
addition, mice with a myeloid cell–specific b8 deficiency exhibit
a reduction in Th17 cells and are protected from experimental
autoimmune encephalomyelitis (5). Importantly, the same myeloid
cell must both present the Ag and express the integrin. It is unclear
why the expression of avb8 on cells on DCs is so critical for the
maintenance of immune homeostasis, while loss of avb8 expres-
sion on Treg does not lead to a defect in immune regulation, at
least in the steady state. One possibility is that the number of DCs
that express avb8 is much higher than the number of avb8

expressing Tregs and that they are much more broadly distributed
in the body. However, this is clearly not the case because avb8

expression is highly restricted to intestinal CD103+ DC, and avb8

expression is not detected on splenic DC (16). The most likely
explanation for the different phenotypes of b82/2 DC and T cells
is that DCs are constantly exposed to the large latent complex at
sites where they access it in the extracellular matrix. Furthermore,
in the gut, potentiation of Th17 induction may be modulated by
the intestinal microflora and Treg induction can be enhanced by
the production of retinoic acid by the CD103+ DC. In contrast,
although Tregs express relatively high levels of avb8 (Fig. 1),
Tregs only express the latent TGF-b1/GARP complex when ac-

FIGURE 6. Helios low/2 cells are less efficient at

producing biologically active TGF-b1. Naive CD45.1+

OT-II cells from Rag12/2 mice were activated by plate-

bound (A) or soluble ani-CD3+ splenic DCs in the

presence of IL-6 and preactivated Helios+ or Helios2/low

cells from Helios (GFP)/Foxp3 (RFP) double-reporter

mice. After 4 d, cells were reactivated with Cell

Stimulation Cocktail and Protein Transport Inhibitors

and then stained for CD4, CD45.1, CD45.2, and IL-

17A. The percentage of IL-17A+ cells derived from the

CD4+CD45.1+CD45.22 cells in the culture are shown

in each panel. (C) Bar graph indicates the average (6 SD)

of duplicates within the experiment from (A) and (B).

(D) Tregs were activated for 48 h and then stained for

CD4, Foxp3, Helios, and LAP. Histograms shown

represent the expression of LAP on CD4+Foxp3+

Helioshi cells and CD4+Foxp3+Helios2/low cells, as

compared with the isotype control.

2848 avb8 ACTIVATES LATENT TGF-b1 FROM T REGULATORY CELLS

 by guest on June 19, 2021
http://w

w
w

.jim
m

unol.org/
D

ow
nloaded from

 

http://www.jimmunol.org/


tivated and the conditions leading to expression of this complex
in vivo have yet to be defined.
It remains unclear why Tregs should express a second pathway

for the delivery and activation of TGF-b1 on their cell surface. We
have demonstrated that Treg-derived active TGF-b1 can play
a role both in the differentiation of iTreg and Th17 cells. Tregs
may primarily exert their effects via recognition of self-antigens
during the process of priming and differentiation of naive T cells
on the surface of Ag-presenting DCs. It is likely that not all DCs
express Itgb8 and that Treg intrinsic expression of Itgb8 may be
required to facilitate activation of Treg-expressed latent TGF-b1
during the priming/differentiation of naive T cells. Depending on
the makeup of the inflammatory environment (IL-2 versus IL-6),
Treg-derived active TGF-b1 would then promote infectious tol-
erance [existing Tregs driving de novo Treg differentiation (22)]
by the generation of iTreg or promote the induction of potentially
regulatory or pathogenic Th17 cells.
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