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Abstract

TGF-B-induced CD4*Foxp3* T cells (iTregs) have been identified as important prevention and
treatment strategies for cell therapy in autoimmune diseases and other disorders. However, the
potential use of iTregs as a treatment modality for acute graft-verse-host disease (GVHD) has not
been realized because iTregs may be unstable and less suppressive in this disease. Here we
restudied the ability of iTregs to prevent and treat acute GVHD in two different mouse models.
Our results showed that so long as an appropriate iTreg-generation protocol is used, these iTregs
consistently displayed a potent ability to control acute GVHD development and reduce mortality
in the acute GVHD animal models. iTreg infusion markedly suppressed the engraftment of donor
CD8" cells and CD4* cells, the expression of Granzyme A and B, the cytotoxic effect of donor
CD8* cells and the production of T cell cytokines in acute GVHD. We therefore conclude that so
long as the right methods for generating iTreg cells have been employed, iTregs can indeed
prevent and even treat acute GVHD.
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Introduction

CD4*CD25*Foxp3* regulatory T cells (Tregs) are crucial in maintaining immune
homeostasis and prevention of autoimmune diseases. The numbers and functions of Tregs
have been reported to be abnormal in many autoimmune diseases (1, 2). CD4*Foxp3* Tregs
are heterogeneous and can be divided into at least two populations: thymus-derived naturally
occurring Tregs (nTregs) (3), and Treg cell subset induced ex vivo with IL-2 and
transforming growth factor beta (TGF-$)(iTregs) (4). Both Treg subsets may have different
targets or a synergistic role in controlling unnecessary immunological responses (5).
Manipulation of Treg cell therapy is providing a promising approach to the treatment of
many autoimmune diseases (5-7). Unlike autoimmune diseases, recent studies have reported
that use of iTregs was unable to prevent death in murine model acute graft-versus-host
disease (GVHD) (8, 9). GVHD is a major complication of allogeneic hematopoietic stem
cell transplant (AHSCT) and is associated with significant morbidity and mortality. Current
therapies have limited success in controlling acute GVHD, thus, the development of
effective preventions and treatments are critical to the continuing success of AHSCT.

The use of nTregs has led to a limited measure of success in the prevention of acute GVHD
(10). However, initial frequencies of nTregs are low, and repetitive rounds of expansion are
needed for their clinical use. Unfortunately, the phenotype and function of nTregs is usually
compromised following their expansion in vitro (11). Conversely, iTregs are available in
sufficient numbers and can be induced into antigen-specific Treg subsets. Recent studies
have demonstrated iTregs are stable under inflammatory conditions (12, 13), and based on
this finding we re-investigated the suitability of iTregs as a treatment for acute GVHD.

In this study, we used two different animal models to examine the role of iTregs in the
prevention of acute GVHD development. Our results showed that when properly generated,
iTregs have a potent ability to suppress cytokine production, allogeneic cell expansion,
cytotoxic activity and are able to prolong survival. To analyze the discrepancy between this
finding and previous studies, we demonstrated that the methods employed in the generation
of iTregs can lead to different outcomes. Our results strongly suggest that use of iTregs
could be still effective in preventing and treating the complications such as acute GVHD in
AHSCT.

Materials and Methods

Animals

BALB/c (H-2%), C57BL/6 (H-2°), DBA2 (H-29), and B6D2F1 (H-2/d) mice were purchased
from Jackson Laboratory (Bar Harbor, ME). C57BL/6 Foxp3 knock-in mice were
generously provided by Dr. Talil Chatilla (UCLA). We maintained breeding colonies in our
animal facility. Mice were used at age of 8-12 weeks. All experiments using mice were
performed in accordance with protocols approved by the Institutional Animal Care and Use
Committees at University of Southern California and Penn State University.
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Development of mouse acute-GVHD models

Model one—Acute GVHD was induced by the intravenous injection of 50x10°
splenocytes isolated from B6 mice into B6D2F1 mice as previously reported (14). To
maintain as much homogeneity of donor cell populations as possible, acute GVHD was
induced on the same day using cells processed simultaneously under the same conditions.
After 2 weeks, mice were sacrificed and the cells were measured by staining splenocytes
with anti-mouse-H2kP? and anti-mouse-H2kd antibody (recognizing donor cells) and cell
lineage markers, as listed above (14).

Model two—BALB/c hosts were given total body irradiation (TBI; 800 cGy) from a 200-
Kv x-ray source. Within 24 hours, BALB/c mice were intravenously injected with 5x106 T
cell-depleted BM cells and 2x10° T cells from B6 mice. Mice were kept on antibiotic water
(25 pg/ml neomycin/0.3 U/ml polymyxin B; Sigma-Aldrich). The survival of mice was
monitored daily and the body weight was measured weekly (8).

Cell isolation and preparation

CD4* CD62L* CD25~ T cells were isolated from spleen cells of B6 mice or B6 Foxp3
knock-in mice using a naive CD4" T cell isolation kit (Miltenyi Biotec). CD4* CD25™" cells
were sorted from the spleen of B6 mice. T cells depleted bone marrow cells and CD3* T
cells were selected by positive selection and negative selection through AutoMACS
(Miltenyi Biotec) by staining anti-CD3 PE antibody (Biolegend) and anti-PE beads. CD4*
CD62L* CD25 cells and CD4*CD25* nTreg cells were tested with >98% purity before cell
culture.

Generation of CD4 iTreg cells ex vivo

Naive CD4* CD62* CD25~ T cells derived from B6 or B6 Foxp3 GFP knock-in mice were
cultured in 48—well plates and stimulated with anti-mouse-CD3/CD28 beads (1:5) with IL-2
(50 1U/ml), atRA (5 nM) with TGF-f (5 ng/ml) for 3-13 days. In some experiments, naive
CD4* CD62* CD25~ T cells were cultured in the plate that had been coated with anti-CD3
(10 pg/ml) and CD28 (1 ug/ml) antibodies with IL-2 (50 1U/ml), TGF- (5 ng/ml) and atRA
(5 nM) for 3-13 days. RPMI 1640 medium was supplemented with 100 units/ml penicillin,
100 mg/ml streptomycin, 10 mM HEPES (Invitrogen Life Technologies), and 10% heat-
inactivated fetal calf serum (Hyclone) and was used for all cultures. Foxp3 expression was
determined by flow cytometry. The suppressive activity of these cells against T cell
proliferation was examined using a standard in vitro suppressive assay as previously
described (15). Before intravenous injection, the cells were harvested and beads were
removed.

Expansion of nTreg cells ex vivo

The CD4*CD25"* or CD4*GFP*(Foxp3*) cells sorted from B6 or B6 Foxp3 knock-in mice
(donor) were cultured with anti-mouse CD3/CD28 beads (1:2) and IL-2 200 IU/ml for 7
days and then harvested and the beads were removed. Foxp3 expression levels were
examined by flow cytometry before and after expansion. The expanded nTregs were
intravenously transferred to acute GVHD mice.

J Immunol. Author manuscript; available in PMC 2014 November 30.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Guetal.

Page 4

In vivo cytotoxic T cell activity

In vivo cytotoxic activity was determined using CFSE labeled target cells as described
previously (16). Briefly, spleen cells from DBA2 mice were stained with 0.5 uyM CFSE
(CFSE'*W) and spleen cells from B6 mice were stained with 5 uM CFSE (CFSEN). B6D2F1
mice were injected i.v. with a 1:1 mixture (1x107 cells each) of both donor cell populations
as target cells. CFSE staining density will distinguish injected DBA/2 and B6 cells. 5 hours
after cell transfer, the mice were sacrificed and the splenocytes were analyzed by flow
cytometry to determine the percentages of CFSE!®W and CFSEN cell populations. The mice
were tested individually and the absolute number of each target cell population was
calculated in each mouse based on the total spleen cell count multiplied by the percentage of
CFSE positive cells determined by flow cytometry. The percent specific lysis was
determined by the frequency of donor cells. The formula is: % lysis =(%CFSE!®% in normal
F1-% CFSE'®Y in experiments/%CFSE'®Y in normal F1) (17).

Methylation analysis of Foxp3 gene locus

Bead-iTreg and plate-bound-iTreg were induced as described above. Genomic DNA was
isolated from purified T cells using the DNeasy tissue kit (Qiagen, Valencia, California,
United States) and processed using the EZ DNA Methylation-Gold kit (Zymo Research)
according to the manufacturer’s protocol. DNA methylation analysis was performed by
bisulphite sequencing as described previously (18). Purified bisulfite-treated DNA was used
in bisulfite sequencing PCR. The PCR products were purified and cloned into pMD-18T
vector (Takara) and single clones were selected for sequencing. All the sequencing results
were analyzed on BDPC DNA methylation analysis platform. The data showed the
methylation levels of CpG islands within CNS2 region of Foxp3 gene locus.

Statistical analysis

Results

Data are represented as means = SEM. Multiple regression and Student’s t test were used for
statistical analysis. The differences in mouse survival were analyzed by the Kaplan-Meier
log-rank test. P < 0.05 was considered to be significant.

Infusion of iTregs markedly suppressed the engraftment of donor cells and prevented the
reduction of host cells in B6-to-B6D2F1 acute GVHD

To determine whether the iTregs are able to prevent aGVHD development, 50x106 B6
spleen cells were intravenously injected into immunocompetent B6D2F1 mice. In some
groups, 5 x106 naive CD4 cells, iTregs or nTregs were co-transferred. After 14 days, mice
were sacrificed and the spleen cells were examined by flow cytometry. Donor and host cells
can be distinguished by staining H2-K9 and H2-KP since donor cells are H2-KP*/d- and host
cells are H2-KP*/d* Near 50% donor cells can be observed in this aGVHD model 2 weeks
after cell transfer that is consistent with a parent (B6)-to-F1 aGVHD model others have
previously reported (19) (Fig. 1A). Co-transfer of 5 x108 CD4 cells significantly increased
the donor cell engraftment (Fig. 1A, 1B), suggesting that donor cells promote the
development of aGVHD. Interestingly, both iTregs and nTregs markedly prevented the
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donor cell engraftment. A reduction in numbers of host lymphocytes is one of the
characteristics of aGVHD (14). While transfer of B6 spleen cells led to a reduction in
numbers of total spleen cells in B6BD2F1 mice that provide a standard model control, co-
transfer of iTreg or nTregs significantly prevented the reduction of host spleen cells whereas
control CD4" cells did not (Fig. 1C). Thus, both iTregs and nTregs have strongly prevented
B6-to-F1 acute GVHD.

We next examined the cell phenotypes and frequency of donor and host cells in aGVVHD and
Treg-treatment groups. In B6-to-F1 model, both donor CD4* and CD8* cells increased
although CD8* cells increased to a greater degree. It has been known that donor CD8* cells
play a more important role in initiating B6-to-F1 aGVHD (19). Infusion of iTregs or nTregs
markedly suppressed the expansion of both donor CD4* and CD8" cells (Fig. 2A, 2B). Host
B cell killing by activated donor CD8* cells is another characteristic of B6-to-F1 aGVHD,
as shown in Fig. 2A, 2B, the percentages and total numbers of CD19* B cells in aGVHD
were dramatically reduced compared to normal F1 mice. While co-transfer CD4* cells did
not alter host B cell reduction, the co-transfer of iTregs or nTregs almost completely
prevented the host B cell decrease. Thus, our data showed that iTregs and nTregs have a
potential ability to suppress the expansion of donor CD8 and CD4 cells and prevent
cytotoxic effect of donor CD8 cells to host CD19 cells although the cytotoxic effect of CD8
may also need CD4* cell help.

Given that donor CD8* cells play a more important role in the B6-to-F1 aGVHD model, we
next focused on the effect of Treg subsets on donor CD8* cells. Our previous study has
demonstrated that iTregs can suppress CD8* cell proliferation in vitro (20). To validate
whether iTregs also can suppress CD8" immune responses in vivo, we have conducted a
suppressive assay in vivo using the aGVHD model. 50x106 B6 CFSE-labeled spleen cells
were intravenously injected to B6D2F1 mice. In some groups, 5x108 iTregs or nTregs were
co-transferred and total CFSE™ cells are calculated. As shown in Fig. 2C, the total numbers
between three groups on day 3 and day 5 after cell transfer were not different, however,
donor CD4" cells, particularly donor CD8* donor markedly expanded on day 9 after cell
transfer. Interestingly, the infusion of either iTregs or nTregs completely prevented the
expansion of both donor CD4* and CD8™ cells (Fig. 2C), indicating both Tregs subsets can
suppress effector T cell responses in vivo.

iTregs suppressed cytotoxic role of donor CD8 cells in aGVHD

We next sought to determine whether iTregs really suppress the cytotoxic function of CD8*
cells in vivo using aGVVHD maodel. Fas/FasL interaction has been considered to be an
important signal pathway in the induction of cell apoptosis in aGVHD via death-inducing
signaling complex (21). We examined the levels of Fas and FasL expression in either host or
donor cells in aGVHD. We observed that the levels of Fas expression by host B cells was
significantly elevated in aGVHD relative to normal F1 mice. Co-transfer of CD4* cells did
not change the Fas expression in host B cells, however, co-transfer of iTregs or nTregs
markedly prevented the upregulation of Fas expression in host B cells (Fig. 3A and Fig. 1S).
FasL expression on both CD4* and CD8" donor cells was elevated following aGVHD
induction, and injection of iTregs or nTregs significantly suppressed FasL upregulation on
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donor CD8™ cells but not CD4* cells (Fig. 3A and Fig. 1S), suggesting that FasL expression
on CD8* donor cells and Fas expression in host B cells (FasL-Fas signal) are important for
the development of aGVHD.

Granzyme A and granzyme B are serine proteases acting in inducing apoptosis in T cells
(22), we also examined the expression of granzyme A and granzyme B in donor CD8* T
cells. As shown in Fig. 3B and Fig. 2S, the expression of granzyme A and granzyme B on
donor CD8" cells gradually increased (from 1% to 8% for granzyme A and 4% to 10% for
granzyme B from day 0 to day14 after cell transfer). Both Treg subsets treatment can
completely prevent the upregulation of granzyme A but not granzyme B on donor CD8*
cells.

We then developed an in vivo CTL experiment to validate whether Treg subsets can
suppress cytotoxic effects of CD8 cells in the aGVHD model. For these experiments, B6-
to-F1 aGVHD was induced and Treg treatment was employed as described above, followed
7 days later by co-transfer of 10x106 B6 splenocytes labeled with CFSEN9" and 10x106
DBAZ2 splenocytes labeled with CFSE!W to aGVHD mice that had been treated with or
without Treg subsets. Anti-host CTL activity can be analyzed and calculated with the
frequency of CFSE-labeled DBA2 (representing host cells) 5 hours after cell transfer (17,
19). As shown in Fig. 3C, injection of CFSE™ cells to normal F1 mice resulted in 50%
CFSEN to 50% CFSE!OW cell populations, however, when both B6 and DBA2 cells were
transferred to aGVHD mice, only 38% of DBAZ2 cells can be observed, indicating that the
donor CD8" cells have selectively killed DBA2 cells in 5 hours. Treatment with Tregs but
not control CD4™* cells markedly prevented the reduction and killing of CFSE* DBA2 cells
(Fig. 3D). Thus, our data have demonstrated that that iTregs and nTregs inhibit anti-host
CTL activity in vivo.

iTregs are stable in aGVHD in vivo

Stability of Tregs has become a critical concern that not only compromises Treg function
but could even result in the development of severe autoimmune diseases (23-25). While we
and others found that iTreg cells are stable under inflammatory conditions (13, 24), others
have reported that iTregs can exhibit some instability when transferred in aGVHD (8). We
used a head-to-head comparison to determine the stability of both Treg subsets in B6-to F1
aGVHD model. To this purpose, both iTregs and nTregs from B6 donor mice were labeled
with CFSE and transferred to aGVHD mice. Foxp3 expression was fairly stable on both
Treg subsets in the draining lymph nodes on day 7 and 14 after cell transfer. As the recipient
mouse (F1) is immunocompetent, we did not note evident cell cycle of donor cells before
three weeks after cell transfer but some levels of cell cycle can be observed after one month
(Fig. 3S). We previously have reported that donor cells had experienced cell proliferation
after two months of cell transfer in immunocompletent mice in a heart transplantation model
(16). Although Foxp3 expression and total cell numbers of Treg subsets in the spleens were
slightly diminished over time, however, no differences were observed between nTregs and
iTregs (Fig. 4). Thus, we believe that both Treg subsets are stable at least during the early
stages of aGVHD.
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1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Guetal. Page 7

iTregs suppressed cytokine production by donor cells in aGVHD in vivo

Previous study has suggested that cytokine production by donor cells may contribute to the
pathogenesis of aGVHD. To determine whether iTregs suppress aGVHD through
controlling cytokine production by donor CD8* cells, we have investigated the mechanisms
underlying the decrease in severity of aGVHD. Injection of iTregs into mice with aGVHD
significantly reduced the percentages of donor CD8™ cells secreting the pro-inflammatory
cytokines such as IFN-vy, IL-17, IL-4, TNF-a, and 1L-10 (Fig. 5A). Other Th2 cytokines,
such as IL-5 and IL-13 were undetectable in B6-to-F1 aGVHD model and iTreg treatment
did not alter their levels (data not shown).

iTreg and nTreg treatment induces an increased host CD4*Foxp3* cell population and
proper function of these cells may be important for aGVHD protection

Since previous studies have demonstrated that the effect of iTreg treatment is associated
with the induction of new generation of Foxp3™ Tregs in the host in chronic GVHD (26), we
sought to test whether Foxp3* Tregs change in the host is also involved in the protective
effect of Treg treatment in aGVHD. We examined the levels of host cell Foxp3* expression
following treatment with each donor subset. CFSE labeled iTregs or nTregs were co-
transferred to aGVHD and mice were sacrificed 14 days later. Co-transfer of donor CD4* T
cells slightly decreased the percentage of CD4" host cells expressing Foxp3 (Fig. 5B, 5C).
nTreg treatment doubled the frequency of host CD4* cells expressing Foxp3, but
interestingly, iTreg treatment tripled this frequency (Fig. 5B, 5C). It is possible that Treg
treatment can induce or expand host CD4*Foxp3* cells, thus indirectly protecting the
development of aGVHD.

To determine whether Tregs are important for the protection of aGVHD development, we
have administrated monoclonal antibody against CD25 (CD25MoAb or PC61) in
experimental animals. This approach can abolish the function of Tregs (27, 28). Mice were
injected intraperitoneally (IP) with PC61 (anti-CD25 monoclonal antibody; 250 pug/mouse)
or control IgG. On the same day, 50x10% B6 cells were injected intravenously into F1 mice
with 1 x10% CD4 cells, iTregs or nTregs. After 14 days, the mice were sacrificed and the
spleen cells were examined by flow cytometry. The protective effect of both nTregs and
iTregs on aGVHD was substantially abrogated following treatment with PC61. The Treg-
mediated suppression on donor CD8™ cells, protection of host B cells and total host cells
were significantly abolished under these conditions (Fig. 6).

iTregs reduced mortality and prevented weight loss in the B6—~>BALB/c model

We next used a different (B6-to-BALB/c) aGVHD model to further validate whether iTregs
are consistently efficacious in acute GVHD. Mortality and weight loss are two common
parameters in the evaluation of this aGVHD (29). Others have found that iTregs induced
from B6 donor mice were ineffective in protection from mortality using this model of
aGVHD. Lethally irradiated (800 cGy) BALBI/c recipients were transplanted with B6 donor
derived 5x106 T-cell-depleted BM (TCD-BM) plus 2x108 MACS-purified T cells alone, or
together with 1 x108 nTregs or iTregs isolated or induced from B6 mice. Recipients of
nTregs and iTregs showed a significantly improved survival compared with the recipients of
T cells alone (Figure 7A, 7B). The pathological examination showed the significantly lower
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scores for inflammation in different organs such as stomach, cecum, colon and skin in both
iTreg and nTreg treatment compared to disease group (Fig. 7C).

We further evaluated the possibility that the iTregs and nTregs could be effective for
treatment of B6-to-BALB/c aGVHD. iTregs and nTregs were injected 7 days or 10 days
after BM and T cell transplantation (Fig. 7D, 7E). As in the other model, iTregs and nTregs
significantly prolonged mice survival after disease onset. Not surprisingly, the treatment was
more effective when Tregs were given on day 7 rather than on day 10. Taken together, our
results suggest that both iTregs and nTregs possess the capability of inducing peripheral
tolerance in mouse acute GVHD model.

To evaluate the differences observed in iTreg treatment of aGVHD between other groups
and the current study, we analyzed the methods used in the other studies and compared them
to our own. Notably, we found a significant difference in the method used in the generation
of iTregs. Whereas others (9, 18) have used plate-bound anti-CD3 antibody to stimulate
iTreg differentiation, we instead used the beads that had been pre-coated with anti-CD3 and
anti-CD3/CD28 antibodies. First, we examined Foxp3 expression of iTreg subsets generated
using each of the two methods. While iTregs generated using plate-bound antibodies and
coated-beads showed similar expression of Foxp3 at day 3, the expression of Foxp3
differentiated with plate-bound was significantly decreased by day 7 and markedly lost by
day 13. Conversely, iTregs induced with coated-beads showed much greater Foxp3 stability
during day 9 to day 13 (Figure 8A, 8B). It came as no surprise that the frequency of Foxp3~
T cells was much higher in iTreg populations generated on plate-bound antibodies as
compared to those generated with coated-beads (Fig. 8B).

As previous studies have revealed that DNA methylation of CpG islands in Foxp3 gene
locus affects the Foxp3 stability (18), we also detected the DNA methylation level of CpG in
Foxp3 gene locus in iTreg subsets generated with two different protocols. We have studied
methylation of CpG in the conserved non-coding DNA sequence 2 (CNS2) elements at the
Foxp3 locus since maintenance of the active state of the Foxp3 locus depends on recruitment
of Foxp3-Runx1-Cbf-B complexes to CNS2 (30). As shown in Fig. 8C, both iTreg subsets
displayed around 40% methylated CpG in CNS2 of Foxp3 gene locus, and there was no
significant difference between beads-iTregs and plate-bound-iTregs that is similar with
previous reports showing CpG methylation does not compromise iTreg phenotype and
function (31, 32). This result suggests that DNA methylation status cannot explain the
difference of Foxp3 stability on both iTreg subsets.

We then directly compared the effects of each iTreg population in the prevention of B6-to
BALB/c aGVHD. Lethally irradiated (800 cGy) BALB/c recipients were transplanted with
5x106 T-cell-depleted BM (TCD-BM) plus 2x108 MACS-purified T cells alone, or together
with 1 x10° iTregs generated with plate-bound antibodies or beads from B6 mice. BALB/c
recipients receiving bead-iTregs showed greatly improved survival and morbidity compared
with recipients receiving plate-bound iTregs. Thus, methods used in the induction of iTregs
appear critical for the generation of cells that are effective for the prevention of aGVHD.
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Discussion

iTregs induced with 1L-2 and TGF- have proved to have a protective efficacy in many
kinds of disease models, including collagen induced arthritis (33), colitis (34), EAE (35),
allergy (36) and transplantation (16). However it was recently reported that CD4* iTregs are
not stable in vivo and failed in preventing acute GVHD in the B6-to-BALB/c model (8, 9).
To determine why iTregs can suppress autoimmune diseases but not acute GVHD, we re-
investigated the protective effect of iTregs on acute GVHD using two different animal
models.

Unexpectedly, we observed that transfer of iTregs can markedly prevent the development of
acute GVHD in a manner similar to that demonstrated for nTreg cell transfer. Two different
aGVHD models were used to exclude the possibility that our finding was model-specific.
Our results also suggest that the protective effect of iTregs is not dependent on immune
status since the iTregs appear to work under both immune-competent and immune-
compromised conditions.

The protective effects provided by iTregs in aGHVD were readily apparent. Firstly, iTreg
treatment suppressed the production of inflammatory cytokines by donor cells. Because
inflammatory cytokine such as IFN-y and I1L-17 play important pathogenic roles, iTregs may
inhibit aGVHD through the suppression of these highly pro-inflammatory cytokines.
Secondly, iTregs both inhibited the proliferation of donor CD4 and CD8 cells and reduced
the cytotoxicity of donor CD8 cells to host CD19 cells. CD8* cell-mediated anti-host CTL is
a major mechanism by which host B cells are killed in aGVHD. Additionally, iTregs
reduced the expression of Fas on B cells and FasL on CD8 cells, thereby reducing a critical
pro-apoptotic signal pathway (37). Thirdly, iTreg treatment increased the percentage of host
cells expressing Foxp3. That these cells are important in the protection afforded in this
model is highlighted by Treg depletion studies in which the protective effect of transferred
cells abolished when antibodies depleting CD25* cells are used. Our finding is consistent
with previous reports demonstrating Tregs can induce long-term immune tolerance through
“infectious tolerance” (16, 38-40). Recently, we demonstrated that tolerant dendritic cells
are critical to the long-term protective effect of iTregs (26).

The stability of Tregs has become a big issue for their functional activity. nTregs retain a
measure of plasticity, allowing them to be converted to various classes of Th cells when they
encounter inflammatory conditions (23, 24, 41-44), raising the possibility that nTregs are
more useful in preventing rather than curing inflammatory diseases (41, 45). nTregs have
been recognized for their ability to successfully prevent aGVVHD (32), however, lack of
antigen-specificity and low cell frequencies limits their clinical use.

Although sufficient numbers of antigen-specific iTregs can successfully be induced, the
stability of these cells in aGVHD is a concern. To determine the stability and functionality
of iTregs in aGVHD, we have re-examined the possibility that iTregs can be used in the
prevention of aGVHD. Surprisingly, we found that iTregs are indeed stable both in vitro and
in vivo. Importantly, adoptive transfer of iTregs can markedly prevent the development of
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aGVHD in two distinct animal models. We even observed that iTregs we induced can treat
established aGVHD.

We further investigated the differences between iTregs generated in this study and those
used in previous works. We demonstrated that stimulation with beads coated with anti-CD3
and CD28 antibodies in the presence of IL-2, TGF-p and atRA resulted in an optimal TCR
signal that sustains Foxp3 expression on CD4* T cells. Conversely, iTregs stimulated with
plate-blond anti-CD3 had an appropriate level of Foxp3 in early stages of development, but
expression of this key transcription factor was decreased and even lost over time. We also
found that there is no difference of the DNA methylation level of CpG in CNS2 islands of
Foxp3 gene locus between beads-iTregs and plate-bound-iTreg, strongly suggesting that the
different strengths of TCR signals can lead to the different outcomes when iTregs are used
in the treatment of aGVHD. Another potential difference is that while others used total
CD4" cells as precursor cells for iTregs differentiation (9), we used naive CD4* cells. It is
possible that the mixture of memory CD4" cells in precursor cells will interfere with the
iTreg differentiation and adversely affect their stability (46).

Our findings in this study present a new understanding of induced regulatory T cells that can
effectively suppress cytokine production and CTL activity against host B cells, may sustain
their suppression via the induction of host Foxp3* T cells in vivo and prevent the
development of experimental acute GVHD. We have defined the protocols which are useful
for the induction of iTregs in vitro to gain sufficient numbers of iTreg for cellular therapy to
aGVHD and autoimmune diseases. iTregs provide the special advantages on clinical setting,
however, the protocol to develop iTregs is important. Our study has ruled out that coated-
bead pathway is superior to any other methods most currently used for iTreg differentiation
and thus have greatly advanced Treg therapy on autoimmune diseases and the prevention of
organ transplantation rejection. Further investigations are needed to explore underlying TCR
signal mechanisms for the development of iTregs.
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FIGURE 1.

Infusion of iTregs markedly suppressed the engraftment of donor cells in model one of acute
GVHD. Acute (B6-to-F1) GVHD was induced as described in Material and Methods. After
two weeks, mice were sacrificed and donor and host splenic lymphocyte subsets were
analyzed by flow cytometry. Splenocytes were stained with H2-K9 and H2-KP to separate
the donor cells from host cells. (A) Representative plots for donor and host cells after 14
days. Relative engraftment (B) and absolute numbers (C) of donor cells are shown for each
group. Data are shown as mean = SEM from 5 independent experiments. Each group in one
individual experiment includes 3—4 mice (total n=15-20). *** p <0.001.
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FIGURE 2.

Infusion of iTregs prevented the expansion of donor CD4 and CD8 cells and the reduction of
host cells in model one of acute GVHD. iTreg and nTreg from B6 mice were transferred in
acute GVHD phenotype in B6-to-F1. Acute GVHD was induced and mice assessed at 14
days after donor cells transfer as described in Figure 1. (A) Representative plots for donor
and host CD4, CD8 and CD19 cells. (B) The frequency of engrafted donor CD4 and CD8
cells and host B cells is shown as total number. Data are from 5 independent experiments.
***P<(,001. (C) 50x108 B6 spleens cells labeled with CFSE were intravenously injected to
B6D2F1 mice. In some groups, 5x108 iTregs or nTregs were co-transferred. On day 3, 5 and
9 post transfer, mice were sacrificed and CD4*CFSE™* and CD8*CFSE™ cells in each group
were calculated. Data are shown as mean + SEM from 2 independent experiments. Each
group includes 8 mice. *** p <0.001.
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FIGURE 3.

iTregs suppressed cell apoptosis mediated by donor CD8" cells in aGVHD. (A) 14 days
after cell transfer, Fas expression in host B cells and FasL expression in donor T cells from
spleens were examined by flow cytometry. (B) Expression of Granzyme A and Granzyme B
by donor CD8 T cells from spleen were examined by flow cytometry. Data are shown as
mean + SEM from 5 separate experiments. **P<0.01;***P<0.001. (C) aGVHD induction
for each group was described as previously. At day 7 after donor cell transfer, mice were
injected i.v. with a 1:1 ratio of CFSE!®W DBA/2 targets and CFSEN9" B6 targets as
described in Material and Methods. After 5 hours, the percentage of surviving B6 and
DBA/2 targets was determined by flow cytometry. Data are representative histograms from
each group of gated CFSE!'®Wi target cells and their relative percentages (D) The
percentage of anti-host killing relative to parental cells was determined as described in
Materials and Methods, and the actual numbers of surviving targets from DBA/2 mice or B6
mice were calculated by cell count for CFSE!®W and CFSENi cells. Data are representative or
summary of 4 independent experiments. Each group in one experiment includes 3 mice
(total n=12). * p <0.05; ** p <0.01; *** p <0.001.
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FIGURE 4.
iTregs are stable in aGVHD in vivo. CD4*CD25* nTregs were sorted from the thymus of B6

mice and expanded in vitro with coated beads and IL-2 for 5 days. iTregs were induced as
above and CD25+ cells were sorted by FACS. 2x10°% nTregs and iTregs from B6 were
stained with CFSE and then adoptively transferred to B6-to-F1 aGVHD model. Atday 1, 7
and 14, mice were sacrificed and splenocytes were examined by flow cytometry. (A)
Representative contour plots of CFSE*Foxp3* cells in splenocytes at each time point for
iTregs and nTregs after transplantation. (B) Absolute and relative number of CD4*Foxp3* T
cells after transplantation. (C) Representative contour plots of CFSE*Foxp3* cells in LN at
each time point for iTregs and nTregs after cell transfer. (D) Absolute and relative numbers
of CD4*Foxp3™ T cells after cell transfer. Data are shown as mean = SEM from 3
independent experiments. Each group in one experiment includes 4 mice (total n=12).
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FIGURE 5.
Infusion of iTreg from B6 mice inhibited cytokine expression of aGVHD and increased the

expression of Foxp3 in host cells. (A) Expression of cytokines, including IL-17, IL-4, IFN-y,
IL-6, IL-10, TNFa on Donor CD8* cells were determined by flow cytometry. Bars show the
mean +SEM of 5 mice per group from 1 of 2 independent experiments.* <0.05,** <0.01,
***<(0.001, for this figure and all subsequent figures. (B) Induction of aGVHD was as
described previously, iTregs were stained with CFSE before transfer, representative contour
plots gated on CFSE™ cells of CD4*Foxp3* expression were determined by flow cytometry.
(C) CD4*CFSE~ Foxp3™* cells are shown as total number in CD4 T cells. Data are from 3
independent experiments. Each group in one experiment includes 4 mice (total n=12). * p
<0.05; ** p <0.01; *** p <0.001.
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FIGURE 6.

Foxp3* Treg function is important for the protection of aGVHD. Host mice were injected
intraperitoneally (IP) with PC61 (anti-CD25 monoclonal antibody; 250g/mouse) or control
IgG while cells were transferred. The induction of aGVHD and iTreg was as described
previously. After 14 days, mice were sacrificed and donor cells and host cells were
enumerated by flow cytometry. (A) Representative plots for donor and host cells 14 days
after cells transfer. (B) Engraftment of donor CD8 cells and host B cells were shown as total
numbers. (C) Relative and absolute numbers of engraftment for donor cells were shown in
each group. Data are shown as mean + SEM from 2 independent experiments. Each group in
one experiment includes 4 mice (total n=8). ** p <0.01; *** p <0.001.
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FIGURE 7.
iTregs reduced the death and prevented the weight losing in B6- to-BALB/c aGVHD.

Irradiated BALB/c mice were transplanted with T cell-depleted BM cells and CD3™ splenic
T cells alone (BM only) or with/without 1 x108 CD4*Foxp3™ iTregs or nTregs from B6
mice. (A) Mice survival while Treg subsets were transferred on day 0. (B) Mice weight
while Treg subsets were transferred on day 0. (C) Histological examination in indicated
organs at day 21 post cell transfer. Data are the mean £ SEM of three mice in each group. (D
and E) Mice survival and weight while Treg subsets were transferred on day 7 after spleen
cells transfer. (F) Mice survival while Treg subsets were transferred on day 10 after spleen
cells transfer. Data are shown as the mean £ SEM and the cumulative results from four
independent experiments (total n=8 in each group). * p <0.05; ** p <0.01; *** p <0.001.
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FIGURE 8.

iTregs induced with coating-beads showed greater stability in vitro and superior efficacy
effect in vivo than iTregs induced with plate-bound stimulation. iTregs were cultured from
naive CD4* CD62* CD25~ T cells with anti-CD3/CD28 beads (1:5), IL-2 (50 1U/ml), TGF-
B (5 ng/ml) and atRA (5 nM) for 3-13 days. For control iTregs, naive CD4* CD62* CD25~
T cells were cultured in the plate that had been coated with anti-CD3 (10 mg/ml) and anti-
CD28 (1 mg/ml) antibodies with 1L-2 (50 IU/ml), TGF-$ (5 ng/ml) and atRA (5 nM) for 3—
13 days. Induction of aGVHDs was described as previously. iTregs produced by two
methods were derived from B6 mice. Data in vivo were representative and summary of three
independent experiments, each with at least 8 recipients in each group. (A) Representative
plots gated on CD4* cells for CD25+Foxp3+ expression of beads-iTreg and plate-bound-
iTreg on days indicated in vitro. (B) The percentages of CD25+Foxp3+ cells and the
absolute numbers at each time points. Data were mean+ SEM of 5 independent experiments.
** p<0.01; *** p <0.001. (C) TSDR methylations were analyzed by bisulphite sequencing
of genomic DNA isolated from ex vivo—Beads iTreg and plate bound iTreg from Foxp3
GFP mice. Percentages indicate average methylation within the TSDR. Data were mean+
SEM of 5 independent experiments. (D) Both Treg subsets and B6 spleen cells were co-
transferred to BALB/c mice, mice survival and weight were monitored (total n=12 in each
group). ** p <0.01.
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