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ABSTRACT
It is known that ATRA promotes the development of
TGF-�-induced CD4�Foxp3� iTregs, which play a vital
role in the prevention of autoimmune diseases; how-
ever, the role of ATRA in facilitating the differentiation
and function of CD8�Foxp3� iTregs remains elusive.
Using a head-to-head comparison, we found that ATRA
promoted expression of Foxp3 and development of
CD4� iTregs, but it did not promote Foxp3 expression
on CD8� cells. Using a standard in vitro assay, we dem-
onstrated that CD8� iTregs induced by TGF-� and ATRA
were not superior to CD8� iTregs induced by TGF-�

alone. In cGVHD, in a typical lupus syndrome model
where DBA2 spleen cells were transferred to
DBA2xC57BL/6 F1 mice, we observed that both CD8�

iTregs induced by TGF-� and ATRA and those induced
by TGF-� alone had similar therapeutic effects. ATRA
did not boost but, conversely, impaired the differentia-
tion and function of human CD8� iTregs. CD8� cells ex-
pressed the ATRA receptor RAR and responded to
ATRA, similar to CD4� cells. We have identified the dif-
ferential role of ATRA in promoting Foxp3� Tregs in
CD4� and CD8� cell populations. These results will help
to determine a protocol for developing different Treg
cell populations and may provide novel insights into
clinical cell therapy for patients with autoimmune dis-
eases and those needing organ transplantation.
J. Leukoc. Biol. 95: 275–283; 2014.

Introduction
Foxp3� Tregs are crucial in establishing and maintaining self-
tolerance and therefore are considered to be therapeutic for
autoimmune diseases [1]. Foxp3� Tregs consist of nTregs and
iTregs, and both Treg populations may have different develop-
mental mechanisms and functional characteristics [2–4]. Al-
though CD4� cells have been predominately studied, results in
recent studies have demonstrated that CD8� Tregs may play
an important role in the prevention of autoimmunity and reg-
ulation of immune tolerance [5–7].

ATRA, a vitamin A derivative, has evident effects on immune
homeostasis and is particularly crucial in embryonic morpho-
genesis, vision, reproduction, cell differentiation, and growth
[8]. It has been reported to control and modulate autoim-
mune diseases [9]. For example, vitamin A and its derivatives
can markedly alleviate the symptoms of disease syndromes in
several models of autoimmune diseases, including inflamma-
tory bowel disease, rheumatoid arthritis, type 1 diabetes, and
experimental encephalomyelitis [10–13]. Accordingly, a defi-
ciency in vitamin A is associated with the exacerbation of ex-
perimental colitis [14].

It is likely that ATRA suppresses autoimmune diseases
through its inhibitory effect on the differentiation and func-
tion of T effector cells. It has been reported that ATRA down-
regulates Th1 and -17 cell development [15, 16] and that both
Th1 and -17 cells are involved in initiating many autoim-
mune diseases [17]. In addition, ATRA possibly stifles auto-
immunity through up-regulating CD4�Foxp3� Treg devel-
opment first and then indirectly inhibiting the ongoing au-
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toimmune disease [18 –20]. ATRA can be produced from
many sources. DCs—particularly CD103� DCs—may be a
major source of ATRA that can promote the induction of
Foxp3� Tregs [21, 22].

We and others have recently reported that ATRA promotes
murine CD4�Foxp3� Tregs induced by TGF-� from conven-
tional CD4�Foxp3� cells [18, 19]. ATRA also improves the
stability of nTregs in inflammatory conditions [23]. More im-
portant, ATRA is crucial for the successful induction of human
iTregs by TGF-� [24]. However, although most related studies
so far have focused on CD4�Foxp3� Treg subsets, the role of
ATRA in regulating the differentiation of the CD8�Foxp3�

subset is less understood.
In reporting our head-to-head comparison study, we provide

evidence that, although ATRA significantly promotes
CD4�Foxp3� Treg development and function in mice and
humans, it does not similarly boost the differentiation and
function of CD8�Foxp3� iTregs. On the contrary, it interferes
with the development and function of human CD8� iTregs
induced by TGF-� alone. This study indicates the complexity
of immune systems and the immune tolerance induction pro-
cedure. The knowledge gained will help in devising appropri-
ate protocols for the development of Treg populations for the
treatment of patients with autoimmune diseases and those
needing organ transplantation.

MATERIALS AND METHODS

Mice
Male or female DBA/2 (D2, H-2d), C57BL/6 CD45.1 (B6, H-2b), female
NOD/SCID/IL2R common � chain�/� (NOG), and female (DBA/
2xC57BL/6) F1 (B6D2F1) mice were purchased from The Jackson Labora-
tory (Bar Harbor, ME, USA). C57BL/6 Foxp3-GFP knockin mice were gen-
erously provided by Dr. Talil Chatilla (University of California Los Ange-
les). The animals were used for experiments at 8–12 weeks of age. All were
treated according to National Institutes of Health guidelines for the use of
experimental animals with the approval of the University of Southern Cali-
fornia Committee for the Use and Care of Animals.

Flow cytometry
The following FITC-, PE-, Cyc-, or APC-conjugated mouse antibodies were
used for flow cytometry: from Biolegend (San Diego, CA, USA): PerCP/
Cy5.5 or PE-CD103 (2E7), PE or PerCP-CD8 (53-6.7), PE-CD25 (PC61),
PE-PD-1 (RMP1-30), PE-GITR (YGITR 765), PE-TNFRII/p75 (TR75-89),
PE-CD62L (MEL-14), APC-PD-L1 (10F.9G2), PE-CCR-9 (9B1), and Alexa
Fluor 488-Foxp3 (150D); and from eBioscience (San Diego, CA, USA): PE-
CTLA-4 (UC10.4B9), and APC-CD44 (IM7). Each subset was stained with
mAbs to the markers indicated above and analyzed on a flow cytometer
(FACSCalibur, with Cell Quest Software; BD Biosciences, Franklin Lakes,NJ,
USA). For intracellular staining, such as Foxp3 and CTLA-4, the cells were
stained with surface antigen CD4 or CD8 and further fixed and permeabil-
ized for intracellular staining. Histograms were prepared with FlowJo soft-
ware (Treestar, Inc., Ashland, OR, USA).

Cell preparation
Enriched T cells were isolated from spleen cells in C57BL/6 (B6) mice or
B6 Foxp3-GFP knockin mice by collecting nylon–wool column nonadherent
cells [25]. Various T-cell populations were acquired by negative selection
via the auto-MACS method. Briefly, enriched T cells were first stained with
PE-conjugated anti-CD8a, -CD25, -CD11b, and -B220 mAbs and then

washed and combined with anti-PE microbeads (Miltenyi Biotec, Auburn,
CA, USA). After they passed through the MACS separation columns, the
negative exports were collected as CD4�CD25� cells. Subsequently, naive
CD4�CD25�CD62L� T cells were positively selected from the enriched
CD4�CD25� T-cell fraction by the anti-CD62L antibody and microbeads.
Naive CD8�CD25� cells were similarly selected, except that total T cells
were primed with PE-conjugated anti-CD4 antibody instead of anti-CD8a
antibody. Without anti-CD4 and -CD8 antibodies, CD3�CD25� cells were
obtained to serve as responder T cells. Cell purity was more than 96%.

APCs were prepared from non-T cells isolated from splenocytes, by pass-
ing them through a nylon–wool column. The adherent cells (non-T cells)
were harvested and irradiated (30 cGy) to serve as APCs.

The generation of mouse CD4� or CD8� iTregs ex
vivo
For the induction of CD4� and CD8� Tregs, naive CD4�CD25� CD62L�

and naive CD8�CD25� CD62L� T cells were isolated from the spleens of
B6 mice or B6 Foxp3-GFP knockin mice by using a naive CD4� or CD8� T
cell negative isolation kit (Miltenyi Biotec) as described above. Naive
CD4�CD25� cells were cultured in 96-well plates and stimulated with anti-
CD3/28 microbeads (the ratio of beads to cell was 1:5), rhIL-2 (50 U/ml;
R&D Systems, Minneapolis, MN, USA), with (CD4TGF�) or without rhTGF-�
(2 ng/ml; Humanzyme, Chicago, IL) (CD4Med) and with or without ATRA
(0.5 �M; Sigma-Aldrich, St. Louis, MO), for 3 days. RPMI 1640 medium
supplemented with 100 U/ml penicillin, 100 mg/ml streptomycin, 10 mM
HEPES (Invitrogen-Life Technologies, Gaithersburg, MD, USA), and 10%
heat-inactivated FCS (HyClone Laboratories, Logan, UT, USA) was used for
all cultures. When the cultures were terminated, the cells were harvested,
and the beads were removed for secondary culturing. Naive CD8� cells
were stimulated with plate-bound mouse anti-CD3 (2 �g/ml; Biolegend),
soluble mouse anti-CD28 (2 �g/ml; Biolegend), and rhIL-2 (50 U/ml;
R&D Systems, Minneapolis, MN, USA), with (CD8TGF�) or without rhTGF-�
(2–20 ng/ml; Humanzyme) (CD8Med) and with or without ATRA (0.5 �M;
Sigma-Aldrich), for 3 days. The expression of Foxp3 was determined by
flow cytometry.

Generation of human iTregs ex vivo
PBMCs were prepared from the heparinized venous blood of healthy adult
volunteers by Ficoll-Hypaque density gradient centrifugation. All protocols
that involved human blood donors were approved by the Institutional Re-
view Board at the University of Southern California. T cells were prepared
by negative selection to a purity of �95% [24]. CD4�CD45RA� or
CD8�CD45RA� cells were isolated from the CD4� or CD8�CD25� cells by
negative selection, in an approach similar to that used to isolate the mouse
cells, except that the antibodies used (described above) were activated with
anti-human CD3/CD28 beads 1:10 (1 bead:10 cells) for 5 days in AIM-V
serum-free medium (Life Technologies, Carlsbad, CA, USA) containing
HEPES buffer (10 mM), sodium pyruvate (1 mM), glutamine, nonessential
amino acids, and penicillin and streptomycin. This complete medium was sup-
plemented with IL-2 (50–100 U/ml), with or without TGF-�1 (5 ng/ml) and
ATRA (100 nM). Depending on their density, the cells were split, and the cul-
ture medium with the corresponding additives was replaced every 3 days.

In vitro suppressive assay
Freshly isolated T cells (responder cells) labeled with CFSE were stimulated
with anti-CD3 mAb (0.025 �g/mL) and irradiated APCs (30 Gy, 1:1 ratio)
for 3 days, with or without iTregs generated as described above. (The ratio
of Treg:T cell was 1:4, or in graded ratios.) T-cell proliferation was deter-
mined by the CFSE dilution rate after 3 days of culture.

Real-time PCR
Total RNA was extracted with the RNeasy mini kit (Qiagen, Valencia, CA,
USA). cDNA was generated with the Omniscript RT kit (Qiagen). RAR�

mRNA expression was quantified with ABsolute SYBR Green ROX mix
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(Thermo Scientific, Waltham, MA, USA). The samples were run in tripli-
cate, and the relative expression of RAR� mRNA was determined by nor-
malizing the expression of each target to HPRT.

Induction and assessment of cGVHD with a lupus-like
syndrome
cGVHD with a lupus-like syndrome was induced in B6D2F1 mice by inject-
ing 80 � 106 DBA/2 spleen cells through the tail vein, as described previ-
ously [26]. Other groups received this number of DBA/2 cells plus 5 � 106

CD4/CD8med, CD4/CD8TGF�, or CD4/CD8TGF��ATRA. Before transfer and
weekly thereafter, blood was collected, and serum IgG and anti-dsDNA au-
toantibodies were measured by ELISA. All samples tested for anti-dsDNA
antibodies were processed at the same time. Serum was diluted 1:400 or
1:800 for anti-dsDNA and 1:40,000 for IgG measurement. Each mouse was
placed on sterile plastic packaging and massaged in the bladder area until
it started urinating. Proteinuria was assayed by the colorimetric method
with Albustix reagent strips (Bayer, Elkhart, IN, USA). The levels of pro-
teinuria are judged by the color of the sticks when compared to a standard
control provided by the manufacturer (Bayer).

Xeno-GVHD model
Blood samples collected from healthy donors who provided informed writ-
ten consent were used for the isolation of hPBMCs by Ficoll-Hypaque sepa-
ration. The PBMCs were resuspended in 200 �l of PBS. NOD/SCID mice
received total body irradiation with a single dose of 350 cGy from a linear
accelerator and were infused with (20�106) hPBMCs via the tail vein. Sur-
vival and weight loss were monitored at least 3 times per week, as previ-
ously described [26]. When weight loss was �20% and the mice showed
either limited mobility or disruption of general appearance, they were hu-
manely euthanized for ethical reasons. The mice were diagnosed with
GVHD on the basis of a minimum 10% weight loss, appearance of ruffled
fur, and limited mobility [27].

Statistics
Data are expressed as the mean � sem, unless otherwise indicated. The
data were analyzed by using Student’s t test for comparison between 2
groups or ANOVA for comparison among multiple groups, as appropriate.
Differences were considered statistically significant at P � 0.05.

RESULTS

ATRA promoted Foxp3 expression in CD4� but not
CD8� cells treated with TGF-�
Like naive CD4�CD25� cells, naive CD8�CD25� cells isolated
from spleen activated with TCR with TGF-� began to express
Foxp3, although the level of Foxp3 expression in the CD8�

cells was much lower than that of the TGF-�-treated CD4�

cells (Fig. 1A). In line with previous reports [6], the addition
of ATRA to CD4� cell cultures containing TGF-� significantly
increased the proportions of CD4�CD25�Foxp3� cells in-
duced from naive CD4�CD25�Foxp3� cells (or GFP� cells in
Foxp3-GFP knockin mice). However, the addition of ATRA did
not significantly increase Foxp3 expression on the TGF-�-
primed CD8� cells (Fig. 1A). That the starting populations of
isolated naive CD4�CD5� and CD8�CD25� cells hardly ex-
pressed Foxp3 and that TCR stimulation alone or TCR with
ATRA did not result in Foxp3 induction in the CD4� and
CD8� cell populations suggests that TGF-� or the TGF-� sig-
naling pathway is crucial for Foxp3 induction [28]. In addi-
tion, the total Foxp3 protein level and the number of Foxp3�

cells increased significantly in the CD4� cells but not in the

CD8� cells treated with the combination of ATRA and TGF-�.
The increases were more than in those treated with TGF-�
alone (Supplemental Fig. S1), implying that ATRA does not
promote Foxp3 differentiation of CD8� cells. ATRA also sig-
nificantly decreased the number of Foxp3� cells in the CD4�

but not in the CD8� population (Supplemental Fig. S1), indi-
cating that ATRA selectively promotes CD4�Foxp3� cell con-
version. After the CD4�Foxp3� cells had been induced, the
addition of ATRA maintained but did not expand the number
of Foxp3� cells [18]. It is likely that ATRA mostly affects the
differentiation rather than the expansion of Foxp3� cells.
Moreover, ATRA enhanced Foxp3 mRNA expression on the
TGF-�-primed CD4� cells but not on the TGF-�-primed CD8�

cells (Supplemental Fig. S2), providing further evidence that
ATRA promotes Foxp3�CD4� cell differentiation. The inabil-
ity of ATRA to boost Foxp3 expression in the CD8� cells can-
not be corrected by TCR strength (anti-CD3 antibody concen-
trations), the doses of IL-2 or TGF-�, or culture periods (data
not shown).

We also examined other phenotypic features related to Treg
differentiation besides Foxp3. The TGF-�-primed CD4� cells
expressed high levels of CD25, GITR, CTLA-4, and TNFR2,
but the addition of ATRA did not alter their expression. Simi-
larly, the TGF-�-treated CD8� cells expressed these Treg-re-
lated markers in levels similar to those in the TGF-�-treated
CD4� cells. In addition, ATRA did not change the expression
of these Treg-related makers in the TGF-�-treated CD8� cells
(Fig. 1B).

Inability of ATRA to promote Foxp3 induction in
TGF-�-primed CD8� was not due to nonresponse of
CD8� cells to ATRA
To determine whether the differential response of CD8� cells
to ATRA is responsible for the low Foxp3 induction by ATRA
in TGF-�-activated CD8� cells, we first studied the levels of
ATRA receptor expressed on the CD8� cells. A previous study
revealed that ATRA mainly binds RAR�, one of the RARs that
are expressed on T cells [29]. Using RT-PCR, we observed that
the levels of RAR� mRNA in the naive CD8� cells was similar
to that on the naive CD4� cells, and the levels of RAR�

mRNA in the CD8� subsets were slightly but significantly in-
creased after they were stimulated with TCR in the presence of
ATRA, TGF-�, or both, compared with CD4� subsets that had
experienced similar stimulations or unstimulated CD8� cells
(Fig. 2A). In Western blot analysis, we also observed that the
protein levels of RAR� were similar in the unstimulated and
stimulated CD4� and CD8� cells (Supplemental Fig. S3). Fur-
thermore, ATRA decreased CD62L and increased CD44 ex-
pression on both the CD8� and CD4� cells, implying that
ATRA similarly induces the maturation of CD8� and CD4�

cells (Fig. 2B). In addition, the impact of ATRA on the CD8�

cells was further supported by the data showing that ATRA
significantly enhanced the expression of �4�7 and CCR-9 on
both the CD8� and CD4� cells (Fig. 2C). Both �4�7 and
CCR-9 are gut-homing markers, and ATRA enhances gut im-
munity through induction of �4�7� and CCR-9� T cells [30].
These results strongly suggest that CD8� cells respond to
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ATRA the same as CD4� cells. The low ATRA-mediated Foxp3
promotion may be due to an intrinsic defect in CD8� cells.

Combination of ATRA and TGF-� induced CD4� but
not CD8� cells to develop immune suppressive
qualities in vitro and in vivo
Previous reports have revealed that TGF-�-primed CD4� cells
are suppressor cells and that addition of ATRA to TGF-� im-
proves the development and function of these CD4� iTregs
[16, 28, 31]. To determine whether ATRA also enhances the
suppressive activities of TGF-�-primed CD8� cells, we devel-
oped a standard in vitro suppressive assay [32]. CD3� T cells
depleted of CD25� cells were used as responder T cells. These
responder T cells were labeled with CFSE and stimulated with
anti-CD3 in the presence of APCs, with or without various sub-
populations of CD4� and CD8� iTregs.

As shown in Fig. 3A, the addition of TGF-�-primed CD4�

cells to responder T cells at a ratio of 1:4 significantly sup-
pressed the CD8� responder T cell proliferation in vitro. We
gated the CD8� cells in the responder T cells, to exclude the
contamination of TGF-�-primed CD4� cells. Similarly, when
we looked at the suppressive activity of the TGF-�-primed
CD8� cells, gated the CD4� cells from the responder T cells.
As expected, CD4� cells primed with ATRA and TGF-� had a
greater suppressive activity than did those primed with TGF-�
alone (Fig. 3A). This effect was more evident when the ratios
of the Tregs to the responder T cells were reduced (Fig. 3B).
Although Foxp3 expression in the TGF-�-primed CD8� cells
was significantly lower than in their CD4� cell counterparts,
the suppressive activity of these cells was not compromised
(Fig. 3A). Nonetheless, the suppressive activity of the ATRA/
TGF-�-primed CD8� cells was similar to that of the TGF-�-

Figure 1. ATRA increased the percent-
ages of Foxp3 expression on TGF-�-
primed CD4�, but not on CD8� cells.
(A) CD8�CD62L�CD25�Foxp3�(GFP�)
and CD4�CD62L�CD25�Foxp3�(GFP�)
cells isolated from C57BL/6 Foxp3gfp re-
porter mice were stimulated with immobi-
lized anti-CD3 (1 �g/ml), soluble anti-
CD28 (1 �g/ml), IL-2 (100 U/ml), or
TGF-� (2 ng/ml), with (CD4TGF��ATRA or
CD8TGF��ATRA) or without ATRA (50
nM) (CD4TGF� or CD8TGF�) for 3 days.
Foxp3 (GFP) expression was examined by
flow cytometry. Left: typical FACS histo-
grams. Right: summary of data showing
the frequency of Foxp3� cells from TGF-
�-primed CD4� or CD8� cells. *P � 0.05,
NS. (B) The expression levels of regulatory
T-cell associated markers including CD25,
GITR, CTLA-4, and TNFR2 on CD4TGF�,
CD8TGF�, CD4TGF��ATRA, or CD8TGF��ATRA

cells were analyzed by flow cytometry. The
graph data indicate the mean � sem of 3
separate experiments showing the fre-
quency of the indicated markers gated on
the CD4 or CD8 cell populations.
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primed CD8� cells (Fig. 3). In addition, we observed that the
suppressive ability of the CD4� cells primed with TGF-�/
ATRA against IFN-� production by responder T cells was supe-
rior to that of the CD4� cells primed with TGF-� alone. This
effect was not observed in the CD8� cells (Supplemental Fig.
S4). Thus, ATRA promoted the development of function of
CD4�Foxp3� iTregs, but not of CD8�Foxp3� iTregs.

We then used an in vivo animal model to validate whether
the results gained in the in vitro experiments would have an
effect on autoimmune diseases in vivo. To compare the thera-
peutic effects of different CD4� and CD8� iTreg populations,
generated as described above, we used a rapid-read cGVHD in
a lupus-like syndrome [26]. Previous reports have demon-
strated that the transfer of parental DBA/2 splenocytes to
DBA/2xC57BL/6 F1 mice induces polyclonal B cell activation
and anti-dsDNA autoantibodies in 1–2 weeks, proteinuria in
8–12 weeks, and death at approximately 16 weeks after cell
transfer [26, 33]. We demonstrated that the cotransfer of 5 �
106 TGF-�-primed CD4� cells with 80 � 106 pathogenic
spleen cells significantly prolonged survival (Fig. 4A), pre-
vented anti-dsDNA production in the sera (Fig. 4B), and sup-
pressed proteinuria (Fig. 4C) in the mice with cGVHD. As ex-
pected, the levels of IgG, anti-dsDNA, and proteinuria were
markedly lower in the mice with cGVHD treated with ATRA/
TGF-�-primed CD4� cells than in the mice treated with TGF-
�-primed CD4� cells (Fig. 4). Compared to TGF-�-primed
CD4� cells, the effect of ATRA/TGF-�-primed CD4� cells on
the survival of the mice with cGVHD was even better. Al-
though all the cGVHD mice receiving a single co-injection of
TGF-�-primed CD4� cells died within 27 weeks, more than

75% of the mice receiving CD4� cells treated with both ATRA
and TGF-� were alive at that time point.

Similarly, co-injection of TGF-�-primed CD8� cells and
pathogenic splenocytes in the mice with cGVHD significantly
prolonged survival, prevented anti-dsDNA production and IgG
elevation, and suppressed proteinuria production. Although
Foxp3 expression was lower in the TGF-�-primed CD8� cells
than in the TGF-�-primed CD4� cells, the suppressive activity
was not compromised and was even stronger (Fig. 4A). It is
likely that TGF-� induced a novel CD8�Foxp3�CD103� Treg
cell subset [34]. Nonetheless, the addition of ATRA to TGF-�
no longer increased the functional activities of the CD8�

iTregs in vivo (Fig. 4). Taken together, these results indicate
that the addition of ATRA to TGF-� strengthens the differentia-
tion and function of CD4� iTregs and provides a better approach
to the treatment of autoimmune and other diseases. This additive
does not promote the differentiation and development of CD8�

iTregs.

The different roles of ATRA in the induction of
CD4� and CD8� iTregs in humans
We further used human cells to determine whether the differ-
ential effects of ATRA on mouse CD8�Foxp3� and
CD4�Foxp3� iTregs are generally shared in different species.
The addition of ATRA to human cells enhanced Foxp3 expres-
sion on the TGF-�-primed CD4� but not on the TGF-�-primed
CD8� cells (Fig. 5A). The addition of ATRA to the human
cells increased the maturation of both the CD4� and CD8�

cells (Fig. 5B), indicating that human CD8� cells respond to
ATRA in a manner similar to CD4� cells.

Figure 2. CD8� cells had the same
response to ATRA as did CD4�

cells. (A) The expression of ATRA
RAR� mRNA was determined by
quantitative RT-PCR on naive or
activated CD4� and CD8� cells.
These cells were activated with
TCR and IL-2, with or without
TGF-� and with or without ATRA.
Data are the mean � se of 3 sepa-
rate experiments. (B) CD4TGF�,
CD8TGF�, CD4TGF��ATRA, or
CD8TGF��ATRA cells were induced
as in Fig. 1A, and the expression
of CD44 and CD62L gated on CD4
or CD8 was analyzed by flow cy-
tometry. Dot plots are representa-
tive of 3 independent experiments.
(C) The expression of �4�7 and
CCR-9 on CD4med, CD8med,
CD4TGF�, CD8TGF�, CD4TGF��ATRA,
or CD8TGF��ATRA cells was ana-
lyzed by flow cytometry. Data are
representative of 3 independent
experiments showing staining
(black) plus isotype control (gray).
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As has been reported, human polyclonally stimulated CD4�

cells primed with TGF-� do not acquire marked suppressive
activity [35, 36]. By contrast, the addition of ATRA to CD4�

cells primed with TGF-� induces potent suppressive activity
[24]. We therefore used a previously established mouse model

to examine in vivo effects of human iTregs [27]. Lightly irradi-
ated NOD SCID common � chain�/� (NOG) mice injected
with 20 � 106 CD25-depleted hPBMCs rapidly lost weight and
survived for approximately 3 weeks. The addition of 5 � 106

TGF-�-primed CD4� cells slightly but nonsignificantly pro-

Figure 3. ATRA enhanced the sup-
pressive activity of CD4� iTregs,
but not of CD8� iTregs, in vitro.
(A) CD4TGF�, CD8TGF�,
CD4TGF��ATRA, or CD8TGF��ATRA

cells generated as in Fig. 1A were
added to cultures of soluble anti-
CD3 (0.025 �g/ml), irradiated
APCs (1:1), and CFSE-labeled re-
sponder T cells for 3 days. Sup-
pressive activity by each cell popu-
lation was demonstrated and com-
pared by percentages of CFSE-
diluted cells. A histogram
representative of 3 separate experi-
ments in 1:2 ratios of Treg-to-re-
sponder T cells is shown. (B) The
same culture as in (A), but the
graded ratio of Tregs was added to
the culture. The graph shows the
mean � sem of results in 3 inde-
pendent experiments. *P � 0.05.
**P � 0.01.

Figure 4. ATRA promoted the de-
velopment of function of TGF-�-
induced CD4� iTregs, but not of
CD8[supb]� iTregs, in vivo.
CD4TGF�, CD8TGF�, CD4TGF��ATRA,
or CD8TGF��ATRA cells were in-
duced as in Fig. 1A. Freshly isolated
splenocytes (80 � 106) from DBA/2
mice or together with 5 � 106 of
various CD4� or CD8� cell popula-
tions, as indicated, were intrave-
nously transferred into C57BL/
6xDBA/2 F1 mice. PBS was used for
the negative control and marked as
the model group. Each group had 6
mice, and the experiment was re-
peated twice. (A) Survival was moni-
tored weekly. A Kaplan-Meier survival
curve is shown. (B) The levels of anti-
dsDNA IgG antibody in sera were
measured by ELISA 4 weeks after cell
transfer. (C) The proteinuria levels
were examined 8 weeks after cell
transfer. Data are combined from 2
independent experiments. *P � 0.05,
**P � 0.01, ***P � 0.001.
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longed survival or alleviated weight loss (Fig. 5C). However,
co-injection of 5 � 106 of ATRA/TGF-� primed CD4� cells
significantly prolonged the survival and maintained the weight
of the mice with xeno-GVHD. Of note, the adoptive transfer of
the CD8� cells primed with TGF-� resulted in an ideal protec-
tive effect against the demise of the mice with xeno-GVHD.
The addition of ATRA unexpectedly did not enhance the
functionality of the TGF-� primed CD8� iTregs; in fact, it de-
creased their functionality (Fig. 5C).

DISCUSSION

We and others have previously demonstrated that ATRA pro-
motes the differentiation and function of TGF-�-induced
CD4�Foxp3� cells [16, 18]. It seems that ATRA mainly affects
CD4� but not CD8� cells. It promotes Foxp3 expression on
CD4� cells and enhances the suppressive activities of TGF-�-
primed CD4� cells in vitro and in vivo, but in our study, the

combination of ATRA and TGF-� neither improved Foxp3 ex-
pression nor boosted the suppressive activity of CD8� cells.

We conducted various experiments to exclude the possibility
that CD8� cells respond less to TGF-� and ATRA. In using
various strengths of TCR stimulation and various concentra-
tions of IL-2 and TGF-�, as well as a time dynamic, we ob-
served that the maximum levels of Foxp3 expressed in TGF-�-
primed CD8� cells were about 35%, which is significantly
lower than in TGF-�-primed CD4� cells. Naive CD8� cells ex-
pressed T�RI and -II and phosphorylated Smad3 after the
stimulation of TGF-�, which is similar to naive CD4� cells
[34]. Thus, the intrinsic difference between CD8� and CD4�

cells may be responsible for the TGF-�-mediated differential
Foxp3 induction in the two T-cell populations.

Although ATRA did not enhance Foxp3 expression on
CD8� cells, these cells expressed the ATRA receptor RAR�.
We now provide evidence that CD8� cells, regardless of rest-
ing or activated status, express levels of RAR� mRNA and pro-

Figure 5. ATRA promoted the function of TGF-�-induced human CD4� iTregs, but not CD8� iTregs, in a humanized xeno-GVHD model. (A) Hu-
man CD4�CD45RA� or CD8�CD45RA� cells isolated from peripheral PBMCs were stimulated with anti-human CD3/CD28 beads 1:10 (1 bead:10
cells) with IL-2 (50–100 U/ml), with or without TGF-�1 (5 ng/ml) and with or without ATRA (100 nM) for 5 days. Foxp3 expression was deter-
mined by flow cytometry. Histogram data are representative of 3 independent experiments. (B) Kaplan-Meier survival estimates of NOD/SCID
mice that received 20 � 106 CD25� hPBMCs or plus 5 � 106 CD4TGF�, CD8TGF�, CD4TGF��ATRA, or CD8TGF��ATRA cells. (D) Body weight of xeno-
GVHD model mice treated with or without conditioning cells, as described in (A). Data were collected from 3 independent experiments. *P �
0.05, **P � 0.01.
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tein that are at least similar to those of their CD4� counter-
parts. Thus, it is unlikely that the lack of RAR� in CD8� cells
limited their response to ATRA. Naive CD8� cells gradually
lost the naive phenotypic feature and assumed a memory phe-
notype after the stimulation. TGF-� treatment helped to main-
tain the naive phenotype on both CD4� and CD8� cells, pro-
viding additional evidence that CD8� cells do respond to
TGF-� [37, 38]. However, with the addition of ATRA to the
cultures, most CD8� cells assumed a memory phenotype, even
though these cells were stimulated with TGF-�, implying that
CD8� and CD4� cells respond similarly to ATRA. Studies have
demonstrated that ATRA accelerates the maturation of naive
CD4� and CD8� cells to become effector/memory T cells [24,
37]. It has been reported that �4�7 and CCR-9, 2 gut-homing
molecules, are markedly upregulated in T cells after treatment
with ATRA [30], and our findings showed that ATRA en-
hanced the expression of �4�7 and CCR-9 in both TGF-�-
primed CD4� and CD8� cells. Moreover, we extended this
observation from mouse cells to human cells, and the results
strongly suggest that CD8� cells normally recognize and re-
spond to ATRA, although it does not promote Foxp3 induc-
tion in these cells.

It is notable that Foxp3 expression was much lower in the
CD8� iTregs than in the CD4� iTregs; however, the lower
level of Foxp3 expression did not compromise the suppressive
activity of the CD8� iTregs. In fact, the CD8� iTregs induced
by TGF-� were even more suppressive than the CD4� iTregs,
particularly in human cells. It is likely that Foxp3 is not crucial
for CD8� iTreg induction, although this transcription factor is
crucial for CD4� Treg development and function [39]. We
recently identified that CD8�CD103�Foxp3� cells represent
newly identified CD8� iTregs [34].

It is very interesting that CD8� iTregs displayed a potent
therapeutic effect on xeno-GVHD in a humanized animal
model. Conversely, the effect of CD4� cells treated with TGF-�
was mild, consistent with a previous report claiming that TGF-
�-primed CD4� cells are not suppressor cells [35]. However,
the addition of ATRA to TGF-�-primed CD4� cells induced
human CD4� cells to become iTregs, further confirming re-
ports that the combination of ATRA and TGF-� induces CD4�

cells to become Tregs in humans [24, 40]. We did not antici-
pate that the addition of ATRA would fail to enhance the sup-
pressive activity of CD8� cells. It decreased the suppressive
ability of TGF-�-primed CD8� cells in xeno-GVHD, raising a
caution regarding the development of CD8� iTregs using
ATRA.

Tregs are crucial for the prevention of autoimmune diseases
and the maintenance of immune tolerance. These cells consist
of thymus-derived nTregs and those that can be induced in
vitro and in vivo. Among induced Treg populations, although
most studies have focused on CD4� Tregs, the CD4� Treg
counterpart, CD8� Tregs have gained attention as an interest-
ing regulator [41–43].

It is possible that CD8� and CD4� Tregs play different
roles. Although both types of Treg suppress immune responses
and could be therapeutic for many autoimmune diseases, the
studies have found that CD8� Tregs exist predominately in
immune-privileged sites or organs, particularly in the eye [6].

In addition, the treatment related to the induction of immune
tolerance in transplantation and autoimmune diseases is usu-
ally accompanied by the increased CD8� rather than CD4�

Treg cell frequency [44–47].
In summary, we found that ATRA displays a completely dif-

ferential role in promoting the phenotypic and functional de-
velopment of TGF-�-induced CD4� and CD8� Foxp3� iTregs.
Although ATRA promotes Foxp3 expression and boosts the
functional capacity of CD4� iTregs, it does not similarly pro-
mote the development of CD8� iTregs, particularly in human
cells. In fact, the addition of ATRA to TGF-� interferes with
the development of human CD8� iTregs induced with TGF-�.
This study demonstrates the complexity of the immune system
and its regulation and raises an important caution regarding
developing a protocol to induce Treg subsets and their clinical
therapy in autoimmune diseases and the prevention of rejec-
tion in organ transplantation.
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