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Introduction

Peripheral tolerance to self antigen is critical to ensuring that
adaptive immunity is directed specifically against pathogens to
avoid autoimmune diseases, which is mediated to a significant
degree by Tregs (1-11). Tregs are characterized by their expression
of the X-linked forkhead transcription factor FOXP3, which plays
essential roles for the establishment and maintenance of Treg
identity and suppressive function (12-15). The lineage stability and
phenotypic plasticity of Tregs ensure the robustness of tolerance
and tissue homeostasis (16). Recent studies have suggested, how-
ever, that Tregs may retain lineage plasticity, the ability to switch
their cell fate to various T effector (Teff) cell types, under certain
circumstances, such as inflammation (16).

GP96, known also as GRP94 (encoded by HSP90BI), is a
paralog of HSP9O in the ER (17). Through genetic and biochemi-
cal studies, we demonstrated previously that GP96 is an essential
chaperone for folding TLRs, integrins, Wnt coreceptor LRP6, and
the platelet glycoprotein Ib/IX/V complex (18-21). GP96 is also
required for early B and T cell lymphopoiesis (22). These findings
suggest that GP96 serve as a specialized immune chaperone that
controls receptors for immune function in multicellular organ-
isms. But it is unclear whether GP96 plays any Treg-intrinsic roles
in immune tolerance. To answer this question, we undertook a
genetic approach to deleting GP96 in a Treg lineage-specific fash-
ion in vivo. We found that GP96 is critically required for multiple
aspects of Tregs, including their lineage stability and in vivo-sup-
pressive function. Without GP96, Tregs are unable to maintain
adequate FOXP3 expression levels and there is a marked accu-
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Molecular chaperones control a multitude of cellular functions via folding chaperone-specific client proteins. CD4*FOXP3* Tregs
play key roles in maintaining peripheral tolerance, which is subject to regulation by multiple molecular switches, including
mTOR and hypoxia-inducible factor. It is not clear whether GP96 (also known as GRP94), which is a master TLR and integrin
chaperone, controls Treg function. Using murine genetic models, we demonstrated that GP96 is required for Treg maintenance
and function, as loss of GP96 resulted in instability of the Treg lineage and impairment of suppressive functions in vivo. In the
absence of GP96, Tregs were unable to maintain FOXP3 expression levels, resulting in systemic accumulation of pathogenic
IFN-y-producing and IL-17-producing T cells. We determined that GP96 serves as an essential chaperone for the cell-surface
protein glycoprotein A repetitions predominant (GARP), which is a docking receptor for latent membrane-associated TGF-p
(mLTGF-B). The loss of both GARP and integrins on GP96-deficient Tregs prevented expression of mLTGF-p and resulted in
inefficient production of active TGF-p. Our work demonstrates that GP96 regulates multiple facets of Treg biology, thereby
placing Treg stability and immunosuppressive functions strategically under the control of a major stress chaperone.

mulation of pathogenic IFN-y-producing and IL-17-producing T
(Th17) cells. It was further unveiled that GP96 chaperones glyco-
protein A repetitions predominant (GARP), a cell-surface dock-
ing receptor for latent membrane-associated TGF-B (mLTGF-p)
expressed by Tregs and platelets (23-25). In the absence of GP96,
both mLTGF-B and the secreted form of active TGF-f from Tregs
were substantially reduced. Our work thus unmasked a function
of GP96 in maintaining immune tolerance and demonstrated that
GP96 is an obligate chaperone for GARP in controlling the expres-
sion of cell-surface TGF-B in vivo.

Results

Foxp3-Cre-mediated Hsp90DbI deletion in mice causes fatal inflam-
matory disease. To probe the roles of GP96 in Treg biology in vivo,
we genetically deleted GP96 from Tregs by crossing LoxP-flanked
GP96 mice (Hsp90bI"#) with Foxp3-EGFP¢* NOD transgenic mice
(26). The Treg-specific GP96 KO (Hsp90b1*Foxp3-EGFP*) mice
were born at the expected Mendelian ratio without apparent early
developmental defect. However, around 4 to 5 weeks after birth,
unlike WT (Hsp90bI1""WTFoxp3-EGFP) or heterozygous (Het,
Hsp90b1"W'Foxp3-EGFP) littermates, KO mice began to rapidly
lose body weight and succumbed to a severe inflammatory disease
(100% mortality before the age of 100 days) (Figure 1, A and B).
Necropsy demonstrated overwhelming infiltrations by mononu-
clear cells in a variety of organs of all KO mice examined, includ-
ing the lung, liver, pancreas, and gastrointestinal tract (Figure 1C).
Abundant alveolar infiltration was apparent, particularly in the
peribronchial and perivascular regions. Liver parenchyma and
islets of the pancreas were also heavily infiltrated with mononucle-
ar cells, including neutrophils and lymphocytes, with evidence of
organ destruction. There were infiltrations by inflammatory cells
in all layers of the gastric mucosa and a striking loss of Paneth cells
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Figure 1. Foxp3-Cre-mediated Hsp90b1 deletion in mice causes a fatal inflammatory disease. (A) Rapid loss of body weight of KO mice (right) compared with
WT littermates (left). (B) Survival rate of WT (n = 7), Het (n = 10), and KO (n = 18) mice. Mouse survival data was analyzed by a log-rank (Mantel-Cox) test. (C)
H&E staining of sections of indicated organs from 7-week-old KO mice and WT littermates. Representative results from multiple mice (n > 3) are shown.

and goblet cells in the small and large intestines, respectively. In
addition, KO mice had significantly higher levels of systemic cyto-
kines including IFN-y, IL-2, IL-17, IL-4, TNF-q, and IL-6 (Figure
2A, and Supplemental Figure 1A; supplemental material available
online with this article; doi:10.1172/JCI79014DS1), indicating
uncontrolled inflammatory T cell activation. We further charac-
terized the phenotype of FOXP3™ T cells in the KO mice. Unlike
T cells from WT or Het mice, which were mostly naive, a major-
ity of T cells from KO mice adopted effector/memory phenotype,
with high CD44 and low CD62L expression on the cell surface
(Figure 2B and Supplemental Figure 1B). Ex vivo stimulation of
these KO T cells with phorbol myristate acetate (PMA) and iono-
mycin demonstrated a high-level production of IFN-y, IL-4, IL-17,
and IL-6 (Figure 2C and Supplemental Figure 1C). These striking
autoinflammatory diseases and associated broad activation of
T cells were also appreciated in Cd4-Cre-mediated GP96 KO mice
(Cd4-Cre HSP9ObI*#) on a C57BL/6 background (Supplemental
Figure 2). Together, deletion of GP96 from FOXP3" cells led to the
development of fatal inflammatory diseases that resemble diseas-
es observed in mice with compromised Treg function, including
defects in FOXP3 (2-6) and TGF-p (27-30).

GP96-null Tregs develop and persist, but demonstrate compro-
mised suppressive function in vitro. Upon close analysis, we found
that Treg number increased significantly in the thymus and spleen
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of the KO mice, but decreased in lymph nodes (LNs) (Figure 3A
and Supplemental Figure 3A). The deletion of GP96 was effective
in Tregs, as evidenced by intracellular (IC) stain (Figure 3B). The
expansion of CD4* T cells in the spleen also correlated with reduc-
tion of CD8" cells and B cells (Supplemental Figure 3B). The differ-
ence between the spleen and LNs is most likely due to the fact that
GP96-dependent integrins are required for lymphocytes to dwell
in the LNs but not in the spleen (31). Indeed, we found that KO
Tregs had a defective expression of both integrins and TLRs (Sup-
plemental Figure 3C). More importantly, using loss of cell-surface
B, integrin as a surrogate, Foxp3-Cre-mediated Hsp90bI deletion
was found to be more efficient in the spleen followed by the LNs
and the thymus (Supplemental Figure 3D). By extensive phenotyp-
ic analysis, we revealed that KO Tregs had either increased or nor-
mal expression of many Treg signature molecules, with reduction
of CD62L expression (Figure 3C). Intriguingly, the expression lev-
el of FOXP3 itself was consistently decreased in KO Tregs, which
correlated with a reduction of cell-surface CD25 (Figure 3D). To
examine the homeostatic status of KO Tregs, freshly isolated
Tregs from KO mice were stained for cell proliferation marker
Ki-67 (Figure 4A) and apoptosis indicator active caspase-3 (Figure
4B). KO Tregs appeared to cycle actively, but were prone to under-
going apoptosis. Moreover, we also performed ex vivo stimulation
of FOXP3" cells to determine whether KO Tregs could gain Teff
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Figure 2. Treg-specific deletion of GP96 in mice triggers systemic cytokine storm and uncontrolled activation of Teff cells. (A) Serum inflammatory
cytokine levels (pg/ml) in WT (n = 2), NOD Het (n = 6), and NOD Foxp3 KO mice (n = 9-10). Data are shown as mean + SEM. Two-tailed Student’s t test was
used for comparisons between Het and KO mice. (B) Flow cytometry analysis of CD44 and CD62L expression of CD4* T cells in 6-week-old KO mice and Het
littermates. Numbers indicate percentages of gated cells of all CD4* cells. (C) Flow cytometry analysis of IC IFN-y, IL-4, IL-17, and IL-6 expression by CD4*

T cells from KO mice and Het littermates. Numbers indicate percentages of cells in each quadrant. Representative results from multiple mice are shown.

cell function. Just as with WT Tregs, neither freshly isolated KO
Tregs from spleen nor those from LNs produced any appreciable
levels of IFN-y, IL-2, IL-17, or IL-4 (Supplemental Figure 3E). How-
ever, both WT and KO Tregs produced IL-10 (Supplemental Fig-
ure 3F). Consistent with the Ki-67 data, we also performed BrdU
pulsing analysis and demonstrated that KO Tregs proliferate more
actively (Supplemental Figure 3G).

The heightened proliferation and active phenotypes of Tregs
in the KO mice could be due to a compensatory response to the
active inflammation (32). To exclude this potential secondary
effect on the expression of Treg signature molecules, we gener-
ated mixed BM chimeras by reconstituting sublethally irradiated
NOD Rag”" mice with BM cells from CD45.1 KO and CD45.2 WT
mice. We observed a similar expression level of many typical Treg
markers, including CTLA4, by WT and KO Tregs (Supplemental
Figure 3H). Importantly, in vitro suppressive function of GP96-
null Tregs was significantly compromised, based on a standard
suppression assay (Figure 4C).

Failure of GP96 KO Tregs to suppress T cell-mediated autoim-
mune diseases. We next performed extensive studies to deter-
mine the functional competency of GP96 KO Tregs in regulating
immune tolerance in vivo. We depleted CD25* T cells from the
splenocytes of NOD mice and transferred the remaining diabe-
togenic splenocytes into NOD Rag”~ mice along with purified
Tregs from either WT or KO mice. Unlike WT Tregs, KO Tregs
were unable to prevent diabetes, as evidenced by hyperglycemia

(Figure 5A), expansion of T cells with active phenotype (Figure
5, B and C), and insulitis in the recipient mice (Figure 5D). We
also assessed the in vivo suppressive function of Tregs in a colitis
model. Highly purified CD4*CD45Rb" T cells were transferred
into NOD Rag”” mice along with WT or KO Tregs. Clearly, KO
Tregs were unable to prevent colitis (Figure 5, E and F). Finally,
we performed a mixed chimera experiment by reconstituting
lethally irradiated NOD Rag”~ mice with BM cells from WT mice,
KO mice, or a 1:1 mixture from WT and KO mice. We found that
the loss of tolerogenic function of KO Tregs could be partially res-
cued by WT hematopoietic cells (Figure 5, G and H).

GP96-null Tregs lose FOXP3 expression and convert to IFN-y-
producing “ex-FOXP3” T cells. Our observation that KO Tregs
express less FOXP3 (Figure 3D) indicates that this lineage is not
stable in the absence of GP96. To address this point further, we
confirmed the reduced FOXP3 at the protein level by immunoblot-
ting (Figure 6A) and IC stain (Figure 6B) as well as at the mRNA
level by a quantitative reverse-transcription PCR (RT-PCR) (Sup-
plemental Figure 4A). Interestingly, about 50% of CD4"FOXP3"
T cells in the KO mice were “ex-FOXP3” cells, as evidenced by a
reduced expression of a GP96 client — B, integrin (CD18) (Figure
6C). We reached this conclusion because Hsp90bl1 deletion was
accomplished by Foxp3-Cre and because these CD4*FOXP3-
CD18" cells had to express FOXP3 during some points of their
ontogeny. To further address the lineage stability of Tregs, we iso-
lated CD4*CD25" natural Tregs from WT or KO mice, followed by
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stimulation with plate-bound antibodies against CD3 and CD28
in the presence of IL-12 in vitro. We found that even after stim-
ulation for only 3 days, KO Tregs began to lose FOXP3 and gain
expression of IFN-y (Figure 6D). To understand the roles of GP96
in maintaining the stability of Tregs in vivo, highly purified WT or
KO CD4*FOXP3GFP* Tregs were adoptively transferred to NOD
Rag”~ mice. The fate of these Tregs was then followed over time
by staining for FOXP3 and IFN-y. We found that WT Tregs were
stably maintained. However, KO Tregs progressively lost FOXP3
(Figure 6, E and F) and gained expression of IFN-y (Figure 6, G
and H). We conclude that GP96 is indispensable for maintaining
Treg lineage stability in vivo.

Recent studies suggest that stable FOXP3 expression corre-
lates well with the DNA demethylation status of the conserved
noncoding sequence 2 (CNS2) of the Foxp3 promoter, particular-
ly in the Treg-specific demethylated region (TSDR) (33, 34). We
next compared TSDR demethylation status between WT and KO
Tregs by real-time PCR (35). It was found that the TSDRs of both
WT and KO Tregs were highly demethylated (WT: 79.7%; KO:
87.6%), indicating that loss of FOXP3 stability in the absence of
GP96 was not due to TSDR methylation. Interestingly, we did
observe that about 43.7% of Teff cells from KO mice had TSDR
demethylation (Supplemental Figure 4B), which correlated
precisely with the similar percentage of ex-FOXP3 cells in the
total number of Teff cells (Figure 6C). The persistence of TSDR
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demethylation status in Teff cells provided a further proof for the
increased conversion of FOXP3* Tregs to IFN-y-producing ex-
FOXP3 T cells in the absence of GP96.

GP96 is a critical chaperone for cell-surface expression of GARP
and mLTGF-f. We so far unveiled that GP96 is required for the
stability and tolerogenic function of Tregs. Since the phenotype
of GP96 KO mice resembles mice with a defect in TGF-p biogen-
esis, maturation, and signaling (27, 28, 36-40), we decided to look
closely at the possibility of GP96 in directly regulating TGF-f. As
a master regulatory cytokine for multiple aspects of Tregs, TGF-
exists in at least 3 forms: the soluble and active TGF-B, latent
TGF-p associated with latent TGF-p-binding protein (LTBP),
and mLTGF-B, through its interaction with GARP (also known as
LRRC32) (41, 42). Like members of the TLR family, GARPis also a
member of the leucine-rich repeat-containing protein family (23,
25, 43, 44). We hypothesized that GARP may also be a client pro-
tein of GP96. If so, in the absence of ER chaperone GP96, GARP
would not be folded correctly, preventing its exit from the ER and
expression at the cell surface. One would then expect to see a con-
current reduction of GARP and mLTGF-f on KO Tregs.

WT FOXP3*CD4* cells from the thymus and spleen indeed
express both GARP and mLTGF-f, which is upregulated after 1-day
stimulation with antibodies against CD3 and CD28 (Figure 7A). In
striking contrast, KO Tregs express substantially less GARP and
mLTGF-B on the cell surface, which is especially apparent with
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Figure 4. Increased turnover of Tregs and their compromised in
vitro suppressive function in the absence of GP96. (A) IC Ki-67
stain of CD4*FOXP3GFP* Tregs and quantification of the ratio of
Ki-67-positive cells in total Tregs. Data are representative of 2
independent experiments. Two-tailed Student’s t test was used for
comparisons of different experimental groups. (B) Treg apoptosis
was assayed by active caspase-3 staining. Numbers represent
percentages of active caspase-3* cells among total Tregs. Data are
representative of 2 independent experiments. Two-tailed Student’s
t test was used for comparisons between Het and KO mice. (C)
Suppression of proliferation of CFSE-labeled CD4*CD25" T cells by
splenic CD4*CD25* T cells from KO mice and control littermates. Per-
centages of CFSE" in the population of all CD4- cells are indicated.
Five individual experiments were performed with similar findings.

the fact that GP96 also chaperones multiple integrins (Sup-
plemental Figure 3C), which are important for TGF-p acti-
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splenic Tregs (Figure 7A). The total level of GARP and mLTGF-f
without GP96 was not compromised, as indicated by IC stain-
ing. Besides activated Tregs, platelets also highly express GARP
and mLTGF-B (23). We thus probed the expression of GARP and
mLTGF-B in platelets using a platelet-specific mouse (Pf4-Cre
Hsp90b1¥%). Consistently, we observed disrupted surface expres-
sion of both GARP and mLTGF-$ on CD41* KO platelets (Figure
7B). These observations suggest that GP96 is required for the
expression or maturation of the mLTGF-B-docking receptor GARP.

To prove that GARP-chaperoning activity is GP96 intrinsic
and is not unique to Tregs or platelets, we stably expressed GARP
in a pair of GP96-deficient and competent pre-B cell lines (Figure
7C). We confirmed that the surface expression of GARP is indeed
dependent on GP96 (Figure 7C). Moreover, a pull-down experi-
mentrevealed that GP96 interacts with GARP (Figure 7D). Without
GP96, GARP was unable to exit the ER, as demonstrated by its lack
of acquisition of Endo H resistance (Figure 7E). The mechanism of
GARP folding by GP96 appears to be similar to that of TLRs and
integrins in that the C-terminal client-binding (CBD) domain of
GP96 is required (ref. 45 and Figure 7F). We also compared the fate
of GARP in cells with and without GP96. We found that the 7, , of
GARP in WT cells is around 6 hours. In contrast, GARP is quickly
degraded in less than 2 hours in the absence of GP96, strongly sup-
porting the role of GP96 in folding GARP to a thermodynamically
stable conformation (Figure 7G). Taken together, we conclude that
GARP is a bona fide client protein of GP96.

GP96 controls TGF-f bioactivity. Hitherto, we demonstrated
that GP96 is critically required for Treg functions and is essential
for cell-surface expression of both GARP and mLTGF-f. Based on

promised. Using MACS beads, we isolated CD4*CD25* T
cells from WT and KO mice and stimulated them with plate-
bound antibody against CD3 and CD28. The active TGF-p
level in the culture supernatant was reduced significantly
compared with KO Tregs (Figure 8A). We also examined
SMAD2/3 phosphorylation status, which reflects the canon-
ical TGF-p-signaling pathway. We found that SMAD2/3
were inefficiently phosphorylated in KO Tregs when cells
were stimulated with antibodies against CD3 and CD28 for 24
hours, although both WT and KO Tregs responded equally well to
exogenous TGF-B (Figure 8B). Furthermore, a Th17 cell conver-
sion assay was used to determine the level of active TGF- pro-
duction by Tregs. Tregs were first stimulated with plate-bound
anti-CD3 antibody, followed by irradiation and coculturing
with CD4*CD25" naive T cells, along with IL-6 for 3 days, with
or without integrin inhibitor. In this system, the only source of
active TGF-B was from Tregs, which were reflected indirectly by
the conversion of naive T cells to IL-17A-producing T cells. Once
again, the KO Tregs demonstrated a lower ability in driving Th17
cell differentiation (Supplemental Figure 5A) and IL-17 produc-
tion (Figure 8C). The dependence on integrin in this assay was
clearly demonstrated by blocking of IL-17 production with an
integrin inhibitor, Arg-Gly-Asp (RGD) peptides.

Given that the generation of inducible Tregs (iTregs) is depen-
dent on TGF-B activity, we further examined the efficiency of
iTreg induction in the absence of GP96. We found that iTregs
could not be induced efficiently in vitro without GP96 (Supple-
mental Figure 5B). Moreover, an in vivo iTreg conversion assay
was performed by transferring WT or GP96 KO naive CD25"
CD4" T cells into NOD Rag”" mice, followed by an enumeration
of donor FOXP3* Tregs in the recipient mice over time. We found
that unlike WT naive T cells, KO naive T cells failed to convert to
CD25'FOXP3*iTregs (Figure 8, D and E). Finally, we demonstrat-
ed that exogenous TGF-f given systemically was able to partially
rescue the lethal phenotype of BM recipient mice whose donors
were Treg-specific GP96 KO mice (Figure 8F).
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Figure 5. Failure of GP96 KO Tregs to suppress T cell-mediated autoimmune diseases. (A) 6 x 10° CD25* T cell-depleted splenocytes from diabetogenic
NOD mice were adoptively transferred into NOD Rag”- mice, along with purified WT or KO Tregs. After transfer, blood glucose was monitored kinetically.
(B and C) Analysis of CD4*CD44"CD62L" cells in the pancreatic draining LNs of the recipient mice. Two-tailed Student’s t test was used for statistic analy-
sis. One of the 3 representative experiments is shown. (D) H&E staining of pancreatic sections from the recipient mice 2 weeks after the adoptive transfer.
(E-H) Suppression of colitis. (E) CD4*CD25-CD45Rb" T cells isolated from pooled spleen and LNs of NOD mice were transferred i.v. into NOD Rag™”- mice
along with either WT or KO Tregs. After transfer, the body weight of the recipient mice was examined weekly. Data represent 2 independent experiments.
(F) H&E staining of colon section from the mice 6 weeks after T cell transfer. (G and H) Rescue of autoimmune colitis by WT BM cells. BM cells from WT or
KO mice or mixture of the 2 (WT/KO = 1:1) were transfused into lethally irradiated recipients (NOD Rag~- mice) followed by weekly examination. (G) Body
weight. (H) Survival. Data represent results from 3 independent experiments. In experiments depicted in E-H, 2-way ANOVA was used for determining
statistical significance on the body weight change; a log-rank (Mantel-Cox) test was used for statistical analysis of mouse survival.

Discussion

Protein chaperones, known traditionally as hsps, constitute the
protein-folding machinery in the cell that plays critical roles in
many aspects of cellular function (48, 49). Unfolded protein pre-
cursors were once thought to harbor common structural patterns
for recognition by hsp, which then carries out the redundant
polypeptide-folding reaction to facilitate protein maturation.
However, emerging genetic and biochemical studies have dem-
onstrated that there exists exquisite substrate specificity for the
action of chaperones. For example, the cytosolic HSP9O is pref-
erentially involved in folding proteins implicated in cellular fate/
organization, cellular transport, metabolism, and transcription,
which cannot be compensated by other hsps (50, 51). Moreover,
through its ability to buffer mutations, HSP90 appears to be an
important capacitor for morphogenic evolution and oncogen-
esis (52, 53). Understanding the substrate specificity of hsps thus
becomes an important task for uncovering the underlying biolo-
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gy of chaperones in order to target them for therapeutic purposes
of human diseases.

Our study focuses on the roles of GP96, the ER paralog of
the cytosolic HSP90, in immune tolerance. We demonstrate that
Treg-intrinsic GP96 plays a vital role in maintaining peripheral
tolerance. Without it, Tregs appear to develop normally, but their
suppressive function is severely compromised. Since GP96 is a
protein chaperone, our mechanistic focus naturally was to deter-
mine whether the defect of GP96 clienteles could be responsible
for the observed phenotype. A large number of GP96 clients are
type I transmembrane proteins with leucine-rich repeats such as
TLRs (18, 19, 45, 54, 55) and the GP-IX molecule (20). In addi-
tion, GP96 is also an obligate chaperone for multiple integrins
(22). TLRs can modulate responding cells to Treg-mediated sup-
pression (56), but they are not required for steady-state immune
tolerance (57), as demonstrated by lack of autoinflammatory dis-
ease in Myd88 and Trif double-KO mice, which have abolished all
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Figure 6. GP96-null Tregs lose FOXP3 expression and convert to IFN-y-producing ex-FOXP3 T cells. (A) FOXP3 and GP96 expression in Tregs from WT and
KO mice was determined by Western blot. Data represent 2 independent experiments. (B) Mean fluorescence intensity (MFI) of FOXP3 stain of Tregs from
Het and KO mice. Data are represented as mean + SEM. (C) Surface expression of B, integrin (CD18) on Tregs and Teff cells from WT and KO mice was deter-
mined by flow cytometry. Numbers represent percentages of CD18" cells in the gated populations. (D) CD4*CD25* Tregs from WT and KO mice were stimu-
lated with plate-bound antibodies against CD3 and CD28 plus IL-12 for 3 days, followed by IC staining for FOXP3 and IFN-y. Numbers indicate percentages
of indicated cells in the entire population. Two independent experiments were performed with similar findings. (E and F) FACS-sorted CD4*FOXP3GFP*
Tregs (2 x 10°) from 3-week-old WT or KO mice were transferred to NOD Rag™~ mice. IC FOXP3 levels in CD4 T cells from the peripheral blood were then
analyzed 4 and 6 weeks after the adoptive transfer. The percentage of FOXP3- cells within CD4* cells (mean + SEM) was plotted in F. (G and H) IFN-y levels
(percentages) in CD4 T cells from splenocytes of the mice in E and F above were analyzed. Data in C-F represent 4 independent experiments. Two-tailed

Student’s t test was used for statistical analysis between groups.

TLR signaling (58). a, integrin is a client of GP96, but pan-deletion
of integrins in the hematopoietic system in mice does not induce
fatal immunopathology (59). In addition, we also found GP96 KO
T cells had no perturbation of mTORC1 signaling (Supplemental
Figure 6), arguing against a defect in the basic cell metabolism as
being responsible for the functional loss of Tregs.

Importantly, we found that GP96 is an obligate molecu-
lar chaperone for GARP — a cell-surface-docking receptor for
mLTGF-B (41, 42). The expression of mLTGF-B is the function
of 2 major cell types in the hematopoietic system, platelets and
FOXP3* Tregs, due to the restricted expression pattern of GARP.
However, the functional significance of surface TGF-f in Tregs
in vivo remains unclear. The question cannot be addressed by
genetic deletion of TGF-B from Tregs, since this strategy would
abolish the function of all 3 forms of TGF-f. Given the fact that
o, integrin has been implicated in TGF-p activation, we hypoth-
esized that GP96-null Tregs had significant reduction of the
production of active TGF-B due to the abrogation of both GARP
and o, integrin. Three pieces of evidence support this hypoth-
esis, including the following: (a) active TGF-B was significantly
reduced from KO GP96-null Tregs (Figure 8, A and B); (b) unlike
WT Tregs, KO Tregs failed to induce Th17 cell differentiation in
a coculture experiment that depended on TGF-p (Figure 8C); and
(c) GP96 KO naive T cells failed to convert to Tregs in vivo (Fig-
ure 8, D and E). We thus propose that GP96 play essential roles in
maintaining TGF-p bioavailability and Treg function by chaper-
oning both GARP and integrin.

Our study strongly suggests that the fundamental role of
mLTGF-B in Tregs is to confer immune tolerance in vivo. Sev-
eral questions remain unanswered. First, it is unclear why TGF-
on the surface of Tregs is so important in the biology of this cell
type. Although speculative, this question may have to do with the
high local concentration of TGF-B required for Treg function in
vivo. The Treg-specific GARP may serve as a “sponge” not only to
concentrate autocrine TGF-p, but also to absorb soluble LTGF-$
from the local milieu to execute the immunosuppressive function.
This argument is consistent with the fact that there is no apparent
pathology associated with TGF-B deletion from Tregs (40). It can
be argued that GARP on the surface of TGF-p KO Tregs remains
capable of acquiring TGF-f from other non-Tregs. It is also inter-
esting to note that such a mechanism may not be restricted to Tregs
(42). Second, defect in mLTGF-f generation is most likely not the
only underlying mechanism for the functional defect of GP96 KO
Tregs. For example, we did observe a reduction of both FOXP3
and CD25 from KO Tregs, which may indicate that KO Tregs are
not as competitively fit as WT Tregs (14), thus contributing to the
decreased suppressive function. More importantly, GARP-asso-
ciated mLTGF-p still requires activation to be biologically active.
mLTGF-p can be activated by a, B, and o, f, integrins either in trans
or cis (25), suggesting that Treg-derived a, integrins also participate
in controlling TGF-B bioavailability. In addition, B, integrin, anoth-
er client of GP96, has been shown to augment Treg function via
TGF-B (60). Since GP96 controls the expression of GARP as well as
o, and B, integrins, this explains why its absence from Tregs results
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Figure 7. GP96 is a critical chaperone for cell-surface expression of GARP and mLTGF-g. (A) Flow cytometry analysis of GARP and mLTGF-f expression

on CD4*FOXP3* Tregs from the thymus and spleen either immediately after isolation or after anti-CD3 and anti-CD28 antibody treatment for 24 hours. (B)
Flow cytometry analysis of GARP and mLTGF-p expression on CD41* platelets. Two experiments were performed with similar findings. (C) Surface expres-
sion of GARP or IC GARP (solid line, open histogram) was analyzed in WT and GP36-deficient cells transduced with GARP-FLAG. Gray histograms represent
isotype controls. Data from A and C represent 4 independent experiments. (D) Immunoblot of GP96 and GARP-FLAG following immunoprecipitation with
GP96 antibody (left) or FLAG antibody (right) from GARP-FLAG-overexpressed cell lysates. Data represent 4 independent experiments. (E) The sensitivity
of GARP to N-glycase Endo H and PNGase F in WT and GP96 mutant cells. Data are representative of 2 independent experiments. (F) GP96 mutant cells
were transduced with full-length GP96 or CBD-deleted GP96 (ACBD), followed by examination of cell-surface and IC GARP. Data represent 3 independent
experiments. (G) Half-life analysis of GARP-FLAG by immunoblot in WT and GP96-deficient cells following cycloheximide (CHX) treatment. Graph repre-
sents densitometric value of the full-length GARP, with time O set at 100%. Data represent 2 independent experiments.

in reduced bioavailability of TGF-p and the ensuing fatal immuno-
pathology. Our study can also explain why deletion of GARP alone
from T cells is not expected to have an apparent pathological con-
sequence (61). In that scenario, some level of surface LTGF-B still
exists due toits possible association with LTBP, integrins, and other
extracellular matrix proteins, allowing integrin-dependent TGF-$
activation to continue. The dual roles of GP96 in controlling both
surface availability of LTGF- and its activation may have impor-
tant therapeutic implications against a variety of diseases whose
underlying pathogenesis is TGF- dysregulation (62).

Finally, the significance of our finding that GP96 controls
expression of surface TGF-p via folding GARP likely goes beyond
immune tolerance. For example, the surface expression of TGF-p
in cancer has long been recognized (63, 64), but its biological
significance is elusive. GP96 overexpression has already been
reported to confer poor prognosis for a variety of cancer types (65,
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66). Future studies into the functional link between GP96 upregu-
lation and TGF- signaling may prove fruitful in uncovering new
mechanisms of immune tolerance as well as cancer biology.

Methods

Mice. Hsp90b1"" mice were backcrossed to the NOD background for
7-10 generations and were further crossed with NOD/ShiLt-Tg(Foxp3-
EGFP°)IcJbs/] mice (The Jackson Laboratory) to generate either
Hsp90b1"Foxp3-EGFP°* KO mice or Hsp90b1"V"Foxp3-EGFPC" lit-
termates (designated as Het). Platelet-specific Hsp90bl KO (GP96
KO) mice were generated by crossing with C57BL/6-Tg(Pf4-Cre)
Q3Rsko/] mice (The Jackson Laboratory). T cell-specific deletion
of GP96 on a C57BL/6 and NOD background was accomplished by
crossing Hsp90b1"/ mice with Cd4-Cre transgenic mice (The Jackson
Laboratory). All mice were maintained by the Division of Laboratory
Animal Resources of the Medical University of South Carolina.
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Figure 8. GP96 controls mTGF-p bioactivity. (A) MACS-purified CD4*CD25* Tregs were stimulated with plate-bound antibody against CD3 (1 ug/ml) and
CD28 (0.5 pg/ml) for indicated times. TGF- levels in the culture supernatant were quantitated by ELISA. Data represent 3 independent experiments. (B)
CD4+CD25* Tregs were stimulated with TGF-B1 (1 ng/ml) for 45 minutes or antibodies against CD3 and CD28 for 24 hours. Cells were then fixed and stained
intracellularly for p-Smad2/3. Numbers indicate percentages of indicated cells in the entire population. Data represent 3 independent experiments. (C)
CD4+CD25* Tregs were activated with plate-bound anti-CD3 antibody (2 pg/ml) for 2 to 3 days, followed by irradiation (2000 cGy) and coculturing with
CD4+CD25 naive T cells for 3 days, with or without RGD peptide. The level of IL-17A in the culture supernatant was determined by ELISA. Data represent

4 independent experiments. (D and E) 1 x 10° CD4*CD25- naive T cells from 3-week-old WT NOD or Hsp90b1"7CD4-Cre mice were transferred into NOD
Rag~~ mice. Four weeks later, induced Tregs (CD4*CD25*FOXP3*) were examined by flow cytometry (D) and quantified (E) (each dot represents 1individual
mouse). Data represent 3 independent experiments. (F) Irradiated NOD Rag~- recipient mice were transplanted with KO BM. Seven days later, mice were
injected i.p. with recombinant TGF-B2 (0.2 pg/100 pl) daily for 5 days, followed by once every 3 days. Survival of the mice was monitored. Data represent 2
independent experiments. Statistical analyses were performed with 2-tailed Student’s t test for (A, C, and E) and log-rank test (F).

Antibody, BrdU, and flow cytometry. Spleen, LN, and thymus were
minced, and a single-cell suspension was made. After Fc-receptor
blocking, cells were stained for surface markers and IC molecules.
Antibodies against CD4 (RM4-5), FOXP3 (FJK-16), CD69d (R1-2),
CD134 (OX-86), CTLA-4 (UC10-4B9), IL-4 (11B11), IL-2 (JES6-5H4),
IFN-y (XMGL1.2), IL-6 (MP5-20F3), IL-10 (JES5-16E3), and TNF-o
(Mp6-XT22) were purchased from eBioscience; antibodies against
CD25 (PC61), CD62L (ME-14), CD44 (1M7), and IL-17A(TC11-18H10)
as well as the Caspase-3, Active Form, Apoptosis Kit (cat. no. 550914)
were obtained from BD Biosciences — Pharmingen; anti-LAP-TGF-$
(Tw7-16B4) and anti-CD103 (2E7) antibodies were ordered from Bio-
Legend. Smad2 (pS465/pS467)/Smad3 (pS423/pS425) (072-670)
antibodies were obtained from BD Biosciences.

BrdU was administered to mice in 150 pl PBS (10 mg/ml) by intra-
peritoneal injection. Two days later, lymphocytes from various organs
were prepared and surface stained with indicated markers on ice for
30 minutes. BrdU incorporation was then assessed per the manufac-
turer’s protocol (BrdU flow kit, BD Biosciences — Pharmingen). After
staining, cells were washed with BD Perm/Wash Buffer and run on
FACSverse within 12 hours.

To stain cytokines intracellularly, cells were fixed with 4% PFA
and permeabilized with 0.25% saponin before incubation with appro-
priate antibodies. FOXP3 IC staining was done using a commercial
FOXP3/Transcription Factor Staining Buffer Set (eBioscience). For IC
detection of GP96, cells were stained first for surface markers, then
fixed in 4% formalin/PBS, followed by permeabilization using ice-cold

MeOH. Nonspecific binding was blocked with 10% goat serum, and IC
GP96 was stained with a rat monoclonal antibody (9G10, Stressgen),
followed by fluorochrome-labeled anti-rat secondary antibody.

For detection of phosphorylated signaling molecules, lympho-
cytes were rested in complete medium for 1 hour. They were either
stimulated with plate-bound anti-CD3 antibody (5 pug/ml) plus anti-
CD28 antibody (5 g/ml) for 24 hours or directly fixed without stimula-
tion. The fixation was done with Phosflow Lyse/Fix buffer, followed
by permeabilization with Phosflow Perm Buffer III (BD Biosciences)
and staining with antibodies against p-Smad2/3, phosphorylated S6
at Ser235 and Ser236 (D57.2.2E; Cell Signaling Technology), or phos-
phorylated 4E-BP1 at Thr37 and Thr46 (236B4; Cell Signaling Tech-
nology). Cells were acquired using BD FACSVerse (BD), and results
were analyzed with FlowJo software (Tree Star).

Histology and multiplex cytokine assay. Organs from KO and Het
mice were fixed with 3.7% formalin. After dehydration with 30%
sucrose, tissues were then embedded in OCT, sectioned, and pro-
cessed for H&E staining according to standard protocols. Mouse
serum was collected by tail-vein bleeding and frozen at -80°C before
experimentation. Serum levels of TNF-q, IL-6, IFN-y, IL-4, IL-17, IL-2,
IL-10, and IL-13 were determined using the Multiplexing LASER Bead
Assay (Eve Technologies). Serum levels of TGF-$ were measured with
the mouse TGF-B1 Quantikine ELISA Kit (R&D Systems).

In vitro suppression assay. A total of 5 x 10* CFSE-V450-labeled
naive T (CD4*CD25") cells were stimulated with 2 pg/ml anti-CD3¢
antibody in the presence of 5 x 10* irradiated NOD Rag”~ spleno-
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cytes. Tregs from WT and Hsp90b1"!-Foxp3-EGFP¢* KO mice were
isolated with MACS Treg isolation kit and added to the culture to
achieve Treg/Teff cell ratios of 1:1 to 1:8. Teff cells only, without
Tregs, were used as a positive control for T cell proliferation. Three
days after stimulation, CFSE dilutions of T cells were analyzed and
quantified by flow cytometry.

Diabetes model. Splenocytes from NOD mice were incubated with
anti-CD25 MACS beads and depleted of CD25* cells with the MACS
LD column. 6 x 106 CD25" T cells per mouse were adoptively trans-
ferred, with or without 2 x 10° CD4*CD25* Tregs (WT or GP96 KO),
iv. into NOD Rag”" mice. Blood glucose concentrations were then
monitored kinetically. A glucose value of 200 mg/dl or more was
defined as diabetic. Autoimmune destructions of pancreatic islet cells
were verified by histology.

T cell transfer model of colitis. A total of 5 x 10° CD4°CD25"
CD45Rb" Teff cells per mouse, with or without 2 x 10° CD4*CD25*
Tregs, were i.v. transferred into NOD Rag”~ mice. Following the trans-
fer, the body weight of mice was measured weekly. At the conclusion
of the experiments, mice were sacrificed and organs including colons
were examined histologically for evidence of colitis.

In vivo Treg stability assay. Pooled splenocytes from WT or KO
mice were stained with CD4, followed by 2 rounds of sorting of
CD4'FOXP3EGFP*PI Tregs, with MoFlo Astrios (Beckman Coulter).
A level of 99% purity of Tregs was achieved. A total of 2 x 10° viable
Tregs were then adoptively transferred via i.v. route to NOD Rag”~
mice. Tregs in the recipient mice were kinetically analyzed by flow
cytometry based on Foxp3-EGFP intensity or IC staining of FOXP3.

Treg and Thi17 cell conversion assay. This was performed based
on the published protocol (61) without substantial modifications. In
brief, to determine the level of active TGF-B production by Tregs,
WT or GP96 KO CD4*CD25" Tregs were activated with plate-bound
anti-CD3 antibody (2 pg/ml) for 2 to 3 days, followed by irradiation
(2,000 cGy) and coculturing with WT CD4*CD25 naive T cellsata 1:1
ratio for 3 days. To induce Tregs, the cultures were supplemented with
recombinant human IL-2 (100 U/ml) and soluble anti-CD3 antibody
(1 pg/ml). For Th17 cell induction, the cells were stimulated addition-
ally with IL-6 (10 ng/ml). The level of IL-17A in the culture superna-
tant was determined by ELISA.

Generation of BM chimeras. BM from WT or KO mice was harvest-
ed, followed by red blood cell lysis and T cell depletion with CD90.2

The Journal of Clinical Investigation

MACS beads. T cell-depleted BM cells were then infused into 600
cGy-irradiated NOD Rag”" recipient mice by tail-vein injection.

TSDR methylation assay. A quantitative real-time PCR method
was used to analyze the methylation status of the key CpG dinucleo-
tide in the TSDR of the FOXP3 gene promoter, where demethylation
has been shown to correlate with stable Tregs. CD4*CD25* Tregs and
CD4*CD25 naive T cells were MACS purified and treated with bisul-
fite using the EZ DNA Methylation-Direct Kit (Zymo Research) accord-
ing to the manufacturer’s protocol. Purified bisulfite-treated DNA was
used in a quantitative PCR reaction. Primers and probes were synthe-
sized by Integrated DNA Technologies, which revealed the following
sequences: forward primer, 5-GGTTTATATTTGGGTTTTGTTGT-
TATAATTT-3’; reverse primer, 5-CCCCTTCTCTTCCTCCTTAT-
TACC-3'; methylated (CG) probe, 5-TGACGTTATGGCGGTCG-3';
and unmethylated (TG) probe, 5-ATTGATGTTATGGTGGTTGGA-3'.

Statistics. Statistical analysis was done using Prism software
(GraphPad Software). Two-tailed Student’s ¢ test was performed for
comparisons of experimental groups, whereas 2-way ANOVA was
applied for determining statistical significance across multiple points,
such as in a time-course study. A log-rank (Mantel-Cox) test was used
to compare survival between different groups of mice. A Pvalue of less
than 0.05 was considered statistically significant.

Study approval. Animal studies were approved by the Institutional
Animal Care and Use Committee of the Medical University of South
Carolina per established guidelines.
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