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Little is known about the molecules that control the development and function of CD4*CD25* Tregs. Recently,
it was shown that the transcription factor FOXP3 is necessary and sufficient for the generation of CD4*CD25*
Tregs in mice. We investigated the capacity of FOXP3 to drive the generation of suppressive CD4*CD25* Tregs
in humans. Surprisingly, although ectopic expression of FOXP3 in human CD4" T cells resulted in induction
of hyporesponsiveness and suppression of IL-2 production, it did not lead to acquisition of significant sup-
pressor activity in vitro. Similarly, ectopic expression of FOXP3A2, an isoform found in human CD4*CD25*
Tregs that lacks exon 2, also failed to induce the development of suppressor T cells. Moreover, when FOXP3
and FOXP3A2 were simultaneously overexpressed, although the expression of several Treg-associated cell sur-
face markers was significantly increased, only a modest suppressive activity was induced. These data indicate
that in humans, overexpression of FOXP3 alone or together with FOXP3A2 is not an effective method to gen-
erate potent suppressor T cells in vitro and suggest that factors in addition to FOXP3 are required during the

process of activation and/or differentiation for the development of bona fide Tregs.

Introduction

Immunological homeostasis is maintained by specialized subsets of
T cells known as Tregs. Evidence points to the existence of 2 types
of CD4" Tregs, those induced by antigen in the periphery (i.e., Tregl
and Th3 cells) and those that arise in the thymus (i.e.,, CD4*CD25*
Tregs) (1-3). Antigen-induced CD4* Tregs typically regulate immune
homeostasis via production of cytokines, whereas CD4*CD25" Tregs
operate via a cytokine-independent mechanism.

CD4*CD25" Tregs isolated from human peripheral blood are
hyporesponsive and strongly suppress the proliferation of, and
cytokine production from, both naive and memory T cells in vitro
(4-8). Their suppressive activity is related to their ability to inhibit
IL-2 production and promote cell-cycle arrest in both CD4" and
CD8* T cells, via a mechanism that requires direct cell-to-cell con-
tact and remains to be elucidated. Despite their low proliferative
capacity, CD4*CD25" Tregs can be expanded in vitro and retain
their potent suppressive effects (4, 9, 10). CD4*CD25" Tregs con-
stitutively express high levels of CD25, CTLA4, and glucocorti-
coid-induced TNF receptor (GITR) and a number of other activa-
tion markers (4-8, 11, 12).

Several groups have suggested that there may be a correlation
between CD4"CD25* Tregs and a fatal X-linked autoimmune dis-
order known as scurfy in mice and immune dysregulation, polyen-
docrinopathy, enteropathy, X-linked syndrome (IPEX) in humans
(13-16). Analysis of the transcription factor FOXP3, which is
mutated in these diseases, demonstrated that murine CD4*CD25*
Tregs express high levels of Foxp3 mRNA. Importantly, Foxp3 is not

Nonstandard abbreviations used: GITR, glucocorticoid-induced TNF receptor;
hFOXP3, human FOXP3; IPEX, immune dysregulation, polyendocrinopathy, entero-
pathy, X-linked syndrome; MFI, mean fluorescence intensity; NFAT, nuclear factor of
activated T cells; NGFR, nerve growth factor receptor.
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induced upon activation of nonsuppressive murine CD4*CD25- T
cells (14-16). Thus, Foxp3 represents the first truly specific marker
for murine CD4*CD25" Tregs. Moreover, analysis of genetically
deficient mice shows that Foxp3 appears to be necessary for the
generation of suppressive CD4*CD25* Tregs (16). Remarkably,
murine CD4* T cells that overexpress Foxp3 following retrovirus-
mediated gene transfer acquire both the phenotypic and functional
characteristics of CD4*CD25* Tregs (14-16).

The urgent need for homogenous and antigen-specific popula-
tions of human CD4*CD25" Tregs for further biological study,
and possibly also clinical applications, prompted us to investigate
whether ectopic expression of FOXP3 in human CD4" T cells acts
as a molecular switch to induce Tregs in vitro.

Results
Expression of FOXP3 in human CD4* T cell subsets. Recent studies indi-
cating that in the mouse, expression of Foxp3 is restricted to the
suppressive CD4*CD25* Treg subset (15, 16) led us to investigate
whether this was also true in human CD4*CD25* Tregs. As expect-
ed, resting human CD4*CD25" Tregs express significantly higher
levels of both FOXP3 mRNA and protein than do CD4'CD25-
T cells (Figure 1A) (17, 18).

We also investigated whether expression of FOXP3 could be
induced following activation of nonregulatory CD4* T cells.
CD4'CD25- T cells, which had been highly purified to ensure that
no CD25* cells contaminated the cultures, were activated with anti-
CD3 mAbs, with or without anti-CD28 mAbs. After the indicated
times, cells were collected and processed for analysis of FOXP3
mRNA and/or protein levels. FOXP3 mRNA was consistently
induced after 24 hours of activation with anti-CD3 and anti-CD28
mADs, and protein was clearly detectable after 3 days (Figure 1B).
However, the levels of mRNA or protein expression never reached
those observed in CD4*CD25* Tregs. Since CD4"'CD25* Tregs
express FOXP3 constitutively at high levels (Figure 1A), it seemed
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unlikely that this induced expression was due to the presence of a
preexisting subset of Tregs within the CD4*CD25" T cell popula-
tion. Further, expression of FOXP3 in CD4'CD25" Tregs was found
to either remain constant or decrease following activation (data
not shown). Therefore, induction of FOXP3 in CD4*CD25 T cells
could be due to the de novo differentiation of Tregs, as previously
described (17), and/or FOXP3 behaving as an activation marker in
human CD4* T cells, as shown by Morgan et al. (19).

Ectopic expression of FOXP3 in human CD4* T cells results in T cell hypo-
responsiveness and suppression of cytokines. Given the difficulty of gener-
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Figure 1

Endogenous expression of FOXP3 (FP3) in human CD4+ T cells. CD4+*
T cells were purified and separated into CD25- and CD25+ cells. (A)
Expression of FOXP3 was determined by quantitative RT-PCR, with
each point representing an individual donor, and Western blotting. (B)
Highly purified CD4+*CD25- T cells were activated with immobilized
anti-CD3 (1 ug/ml) and/or anti-CD28 (1 ug/ml) for the indicated times
and assayed for mRNA expression. Levels of FOXP3 protein were
determined after 3 days in cells left unstimulated (-) or stimulated (+)
with anti-CD3 and anti-CD28. Protein levels were compared with those
in ex vivo CD4+CD25+* Tregs. Results are representative of 5 experi-
ments. Con, control.

ating homogenous populations of human CD4*CD25* Tregs (11),
ectopic expression of FOXP3 potentially offered a rapid and con-
venient way to generate functional suppressor cells in vitro. Highly
purified naive CD4*CD25-CD45RA" T cells were transduced with
a control retrovirus (LX) expressing truncated low-affinity nerve
growth factor receptor (ANGFR) or a FOXP3-encoding retrovirus,
coexpressing ANGFR as a marker gene (Figure 2A). Populations of
transduced cells with a purity greater than 95% were obtained by
sorting for the ANGFR marker with magnetic beads (Figure 2B).
Note that insertion of a gene of interest in this vector routinely
results in lower expression of the marker gene, and the lower mean
fluorescence intensity (MFI) of ANGFR in the FOXP3-transduced
cells does not reflect lower purity or toxic effects. Since existing
antibodies did not allow us to reliably detect expression of FOXP3
by flow cytometry in human T cells, we also constructed a retro-
viral expression vector encoding N-terminally HA-tagged FOXP3.
Following infection of CD4°CD25-CD45RA" T cells with the HA-
FOXP3-encoding virus, flow cytometric analysis demonstrated
that 90-95% of ANGFR" cells coexpressed FOXP3 (Figure 2C).
Quantitative RT-PCR revealed that the FOXP3-transduced T cells
expressed approximately 25-fold more FOXP3 mRNA than control
(LX-transduced) cells (Figure 2D). This amount of FOXP3 mRNA
is within the lower range of that found in ex vivo CD4*CD25" Tregs
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monitored by analysis of HA expression in
ANGFR* T cells. (D) Quantitative RT-PCR
and (E) Western blotting were performed to
determine expression levels of FOXP3. Ex
vivo CD4+CD25- and CD4+*CD25+ T cells
were included to compare relative levels of
expression. Results are representative of at
least 8 tests with T cells derived from 3 dif-
ferent donors.
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(Figure 1A) and compared with the CD4*CD25* Tregs from the
donor used in Figure 2D is approximately 50% lower. It should be
noted that the primers used to quantitate levels of FOXP3 mRNA
detect both full-length FOXP3 and a naturally occurring second
splice isoform (discussed below).

Western blotting confirmed that FOXP3-transduced T cells
also overexpressed the protein (Figure 2E) at levels comparable
to that of CD4*CD25" Tregs. Full-length FOXP3 corresponds
to the upper band indicated in Figure 2E, while the identity of
a second, lower band, which is also found in lysates of naturally
occurring CD4*CD25* Tregs, is discussed below. The third band
is nonspecific and not present in nuclear fractions. Control LX-
transduced T cells also expressed detectable levels of FOXP3,
reflecting the capacity of CD4'CD25- T cell populations to
upregulate FOXP3 expression following activation and expan-
sion, as described in Figure 1B.

Human CD4*CD25" Tregs are hyporesponsive and do not pro-
duce detectable amounts of most cytokines, including IL-2 and
IFN-y (11). We therefore investigated whether ectopic expression
of FOXP3 resulted in a similar phenotype. FOXP3-transduced T

Figure 4

Ectopic expression of FOXP3 is not sufficient for suppressive function.
(A) Autologous CD4+ T cells were stimulated with soluble anti-CD3
mAbs (1 ug/ml) and APCs, in the presence or absence of control- (LX-)
or FOXP3-transduced T cells, which were generated in the absence or
presence of APCs, at a 1:1 or 2:1 (transduced cells/target cells) ratio.
Ex vivo—isolated CD4+CD25* Tregs were added as a positive control.
(B) In parallel experiments, proliferation of CFSE-labeled autologous
CD4+ T cells, alone or in the presence of a 1:1 ratio of control- (LX-)
or FOXP3-transduced T cells, or ex vivo CD4+CD25+* (CD25+) Tregs
was analyzed by flow cytometry after 96 hours. Numbers represent the
percentage of undivided cells in the cultures. (C) Culture supernatants
were collected and analyzed by cytometric bead assay to determine
amounts of IL-2 (after 36 hours) or IFN-y (after 72 hours). Results are
representative of 4 independent experiments for A and 3 for B and C.
The asterisks indicate less than 9 pg/ml.
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Figure 3

Proliferative capacity and cytokine production profile of FOXP3-trans-
duced T cells. (A) Transduced T cells were tested for their ability to
proliferate in response to increasing concentrations of immobilized anti-
CD3 mAbs, based on incorporation of tritiated thymidine ([*H]TdR). (B)
T cells were stimulated with anti-CD3 mAbs (1 ug/ml), with or without
anti-CD28 mAbs (1 ug/ml), for 24 hours (IL-2) and 48 hours (IFN-y).
The asterisk indicates less than 9 pg/ml. Culture supernatants were
analyzed by ELISA. Data are representative of 5 independent experi-
ments for A and 3 for B.

cells were hyporesponsive upon TCR-mediated activation (Figure
3A). This hyporesponsiveness of FOXP3-transduced T cells, like
that of CD4*CD25* Tregs (4), was reversed by addition of exog-
enous IL-2 (data not shown).

In addition to being hyporesponsive, FOXP3-transduced T
cells had a significantly reduced capacity to produce IL-2 upon
activation in comparison with controls (P < 0.006; » = 9; Fig-
ure 3B). Moreover, similar to CD4*CD25* Tregs, they were also
impaired in their capacity to produce IFN-y, although this sup-
pression bordered on significance since it was found to be vari-
able among donors and less potent than that of IL-2 (P < 0.06;
n=9; Figure 3B).
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Two isoforms of FOXP3 in human CD4+CD25+ Tregs with repres-
sor activity. (A) RNA was extracted from purified CD4+CD25+ cells of
normal donors and analyzed by RT-PCR using primers specific for
a region of FOXP3 spanning exons 1 and 3. (B) Jurkat T cells were
cotransfected with an hlL-2—luciferase reporter, p-galactosidase,
and either control- (LX-), FOXP3-, or FOXP3A2- (FP3A2-) encoding
plasmids. Following stimulation with PMA and Ca?+ ionophore, lucifer-
ase activity was determined and normalized to amounts of 3-galacto-
sidase activity. The graph depicts the percent activity of the reporter in
comparison to the LX-transfected control. Data represent the average
of 5 independent experiments.

Ectopic expression of FOXP3 in human CD4" T cells does not result in
acquisition of suppressive activity. We next investigated whether ecto-
pic expression of FOXP3 was sufficient to generate a population
of cells with suppressive activity in vitro. Autologous CD4* T cells
were activated with anti-CD3 mAbs and APCs in the absence or
presence of control-transduced or FOXP3-transduced CD4* T
cells. FOXP3-transduced CD4" T cells did not suppress the pro-
liferation of autologous CD4" T cells when added ata 1:1 or 2:1
ratio (Figure 4A, left panel). Similar results were obtained in cul-
tures activated with phytohemagluttinin or alloantigens (data not
shown). In contrast, ex vivo-isolated CD4*CD25" Tregs potently
suppressed proliferation. We also investigated whether the activa-
tion conditions used prior to transduction
may be important for the development

research article

Interestingly, the net proliferation in cocultures of CD4* T cells
and FOXP3-transduced T cells was on average approximately
37% lower (P <0.013; n=7) than that in cocultures with control-
transduced T cells. To exclude the possibility that this was due to
a combination of suppressed proliferation of the CD4* T cells and
enhanced proliferation of the FOXP3-expressing T cells, we labeled
the CD4" T cells with CFSE and independently assessed their pro-
liferation. Coculture with control- or FOXP3-transduced T cells
did not significantly alter the capacity of the CFSE-labeled CD4" T
cells to divide (Figure 4B). In contrast, freshly isolated CD4*CD25*
Tregs potently suppressed their division.

In some cases CD4"CD25" Tregs may suppress effector func-
tions but not proliferation (20). We therefore tested whether
FOXP3-transduced T cells could alter cytokine production by the
targets of suppression. As shown in Figure 4C, neither control- nor
FOXP3-transduced T cells suppressed secretion of IL-2 by CD4* T
cells upon activation with anti-CD3 and APCs. In contrast, freshly
isolated CD4*CD25* Tregs potently suppressed production of
IL-2. Similar results were obtained upon analysis of IFN-y produc-
tion upon activation with anti-CD3 and APCs (Figure 4C). Thus,
although FOXP3-transduced CD4" T cells are hyporesponsive, they
do not possess a suppressive activity that is detectable in vitro.

Human CD4*CD25* Tregs coexpress 2 isoforms of FOXP3. During
the isolation of the human FOXP3 (hFOXP3) cDNA by RT-PCR
from mRNA from CD4*CD25" Tregs, we noted that several clones
encoded a version that completely lacked the second coding
exon (FOXP3A2) (18, 21). We therefore investigated whether the
mRNA for this second, presumably alternatively spliced, isoform
was consistently expressed in all donors. As shown in Figure 5A,
RT-PCR revealed that both isoforms were uniformly expressed
in CD4*CD25" Tregs from all donors tested. Deletion of exon 2
is predicted to result in an approximately 4-kDa decrease in the
molecular weight of FOXP3, offering an explanation for the iden-
tity of the second (lower) band detected in lysates from human
CD4'CD25" Tregs (Figure 1).

Exon 2 is in a region of FOXP3 that is relatively uncharacterized
and does not contain any known protein domains. We were there-
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fore interested to know whether FOXP3A2 acts as a transcriptional
repressor protein. Transient transfection assays in Jurkat T cells were
performed to assess the relative capacity of FOXP3 and FOXP3A2 to
suppress activation of the hIL-2 promoter. As expected, coexpression
of FOXP3 resulted in a significant decrease in IL-2 promoter activity
following activation with PMA and Ca?* ionophore (Figure 5B). The
fold decrease in promoter activity, although highly significant, was
somewhat less than previously reported (22), possibly because the
native human IL-2 promoter was used in the current study rather
than a multimer of a nuclear factor of activated T cells (NFAT) regu-
latory site from the mouse IL-2 promoter. Importantly, coexpres-
sion of FOXP3A2 with the IL-2 reporter gene resulted in identical
suppression of promoter activity. Thus, the FOXP3A2 isoform also
appears to be a transcriptional repressor protein.

Biological effects of ectopic expression of FOXP3A2 in the absence or
presence of FOXP3. Given our unexpected finding that ectopic
expression of FOXP3 in human CD4*CD25-CD45RA* T cells was
not sufficient to induce a potent suppressor cell phenotype, we
investigated whether coexpression of the FOXP3A2 isoform may
be required. A new series of retrovirus-based vectors was gener-
ated that encoded FOXP3A2, and GFP as a marker gene in place
of ANGFR (Figure 6A). CD4*CD25 CD45RA" T cells were then
simultaneously transduced with: LX-GFP and LX-ANGFR alone
(LX*LX); LX-GFP and FOXP3-ANGFR (LX*FP3); FOXP3A2-GFP
and LX-ANGFR (FP3A2°LX); or FOXP3A2-GFP and FOXP3-
ANGEFR (FP3A2°FP3). Five to 6 days after transduction, double
ANGFR'GFP" cells were sorted by flow cytometry to purities great-
er than 90% (Figure 6B). As discussed above, the lower MFIs of
ANGFR and GFP in the FOXP3 and/or FOXP3A2 cells reflect the
presence of a second cDNA upstream of the marker genes.
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We confirmed that the various populations of transduced cells
expressed high levels of FOXP3 mRNA and protein. Figure 6C shows
that the FP3A2°FP3 T cells expressed levels of mRNA that were
approximately 140-fold higher than those of controls. These levels
are within the higher range of the amounts of FOXP3 mRNA detect-
ed in freshly isolated CD4*CD25" Tregs (Figure 1A). Western blotting
revealed overexpression of FOXP3 and/or FOXP3A2 protein to levels
that appear higher than those in CD4*CD25* Tregs (Figure 6D). Fur-
ther, the molecular weight of the FP3A2 isoform appears identical
to that of the second band in CD4*CD25* Tregs, further support-
ing our hypothesis regarding its identity. As in Figure 2E, the LX*LX
control T cell line also expressed detectable levels of both isoforms of
FOXP3 due to activation-induced expression (Figure 6D).

The transduced T cell lines were next tested to determine their
biological phenotype. Although ectopic expression of FOXP3A2
also resulted in induction of hyporesponsiveness, the antiprolifer-
ative effect was significantly lower than thatin cells overexpressing
FOXP3 (Figure 7A). Whereas FOXP3-transduced cells proliferated
at a rate of 30% + 11% compared with controls, FOXP3A2-trans-
duced cells proliferated at 64% + 41% (n = 5; 1 ug/ml anti-CD3). In
contrast, FP3A2°FP3 T cells were found to be profoundly hypo-
responsive and failed to proliferate over the entire range of doses
of anti-CD3 mADs tested. A similar pattern was observed upon
analysis of IL-2 production. Overexpression of FOXP3A2 only
moderately reduced IL-2 production in comparison to FOXP3
T cells, whereas FP3A2°FP3 T cells displayed a complete block
(P <0.004 in comparison to LX*LX control; n = 7; Figure 7B).
Further, only when both FOXP3 and FOXP3A2 were coexpressed
was there consistent and strong suppression of IFN-y production
(P <0.009 compared with control; n = 6).

Volume 115

Number 11~ November 2005



>

@®CD4*alone B
With addition of: 1.2+
OLX-LX |
* O LX-FP3
& FP3A2:LX 08
A FP3A2-FP3
x CD25*

N
(2]
o

-
N
o

14%

26% 24%

[BH]-TdR (cpm x 10-8)
3
IFN-y (ng/ml)

N
o

65%

80% 85%
T T

research article

function of naive human CD4" T cells.
Although overexpression of FOXP3 alone
induced hyporesponsiveness and sup-
pression of cytokine production, it did
not resultin detectable suppressive capac-
ity in vitro. Overexpression of FOXP3A2
resulted in a similar phenotype, but with
less potent suppression of IL-2 and induc-
tion of anergy. Importantly, coexpression
of both isoforms of FOXP3, at levels equal
to, or greater than, those in CD4*CD25*
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Figure 8

Coexpression of FOXP3 and FOXP3A2 is not sufficient for acquisition of suppressor activity at
levels equivalent to CD4+CD25+ Tregs. (A) Autologous CD4+ T cells were stimulated with soluble
anti-CD3 mAbs (1 ug/ml) and APCs, in the presence or absence of double-transduced T cells at
increasing transduced cell/target cell ratios. Ex vivo—isolated CD4+CD25* Tregs were added as a
positive control. (B) Culture supernatants were collected and analyzed by cytometric bead assay to
determine amounts of IFN-y after 72 hours. Numbers represent the percent suppression compared
with CD4+ T cells alone. For A, data are representative of 3 experiments where suppression at a
1:1 ratio was observed (out of a total of 7). B is representative of 4 independent experiments.

Finally, we investigated the cell-surface phenotype of double-
transduced T cells in the resting state to determine whether any
Treg-associated cell-surface markers were elevated upon overex-
pression of FOXP3. Although expression of FOXP3 or FOXP3A2
alone caused a minor upregulation of some markers, coexpres-
sion of both isoforms resulted in a significant elevation of CD25,
CD45RO, CCR4, CTLA4, GITR, and HLA-DR (Figure 7C). We
also investigated CD122 (IL-2Rf) but found the increase in
expression of this protein to be highly variable between experi-
ments (data not shown). Thus, upon coexpression of FOXP3 and
FOXP3A2, T cells acquire the bona fide cell-surface phenotype of
CD4*CD25" Tregs.

Coexpression of FOXP3 and FOXP3A2 in human CD4* T cells results in
acquisition of modest suppressive activity. We then tested the transduced
T cells for their capacity to suppress T cell responses. Surprisingly,
even the FP3A2¢FP3 T cells failed to consistently and significantly
suppress proliferation of CD4* T cells (Figure 8A). We observed
suppression ata 1:1 ratio in only 3 of 7 experiments, and of these 3,
the average reduction in proliferation was only 36% + 10%. In con-
trast, in all experiments, ex vivo CD4*CD25* Tregs potently sup-
pressed proliferation, on average by 86% + 7% (n = 6).

Finally, we determined whether FP3A2¢FP3 T cells were capable
of suppressing IFN-y production. Addition of cells overexpressing
FOXP3 or FOXP3A2 alone did not significantly affect production of
IFN-y by CD4" T cells. In contrast, a consistent and significant effect
was observed in the presence of FP3A2¢FP3 T cells, and IFN-y was
suppressed in all experiments by an average of 49.5% + 19%. However,
this average suppression of approximately 50% was less profound
than that mediated by highly purified CD4*CD25* Tregs, which sup-
pressed IFN-y production by an average of 82% + 7% (Figure 8B).

Discussion
We used a retrovirus-based overexpression strategy to investigate

the capacity of FOXP3 and FOXP3A2 to alter the phenotype and
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upregulation of several Treg-associated
markers. However, the suppressive capac-
ity of FOXP3*FOXP3A2* T cells was vari-
able and modest in comparison to that
of ex vivo CD4*CD25" Tregs. These
data, together with the finding that
CD4'CD25- T cells upregulate FOXP3
following activation, suggest that expres-
sion of FOXP3 may be necessary but not
sufficient for the generation of bona fide
human CD4*CD25* Tregs from naive
CD4* T cells in vitro.

Unlike murine Tregs, we found that human CD4*CD25* Tregs
coexpress equal amounts of 2 isoforms of FOXP3: one correspond-
ing to the canonical full-length sequence; and the other lacking the
sequence encoded by exon 2 (18, 21). The function of the FOXP3A2
isoform remains to be fully defined, but our data indicate that it
also possesses transcriptional repressor activity toward the IL-2 pro-
moter (Figure SB). However, the finding that FOXP3A2" T cells were
less hyporesponsive (Figure 7A) and produced more IL-2 (Figure 7B)
than FOXP3" T cells suggests that the 2 isoforms may have distinct
functions in vivo.

Ectopic expression of FOXP3 and/or FOXP3A2 results in T cell
hyporesponsiveness and reduced IL-2 production (Figures 3 and 7).
The ability of exogenous IL-2 to reverse hyporesponsiveness (data
not shown) suggests that defective autocrine production of this
cytokine limits proliferative capacity of FOXP3-transduced cells.
These findings are consistent with the hypothesis that FOXP3 can
directly suppress IL-2 transcription (Figure 5B) by interfering with
NFAT activity (22) and support recent findings by Yagi et al. (18).

Importantly, coexpression of both isoforms of FOXP3 resulted
in significantly increased suppression of cytokines and prolifera-
tion as well as upregulation of several Treg-associated markers to
levels comparable to those found on ex vivo CD4"CD25" Tregs
(Figure 7C) (4, 11, 12). However, since a functional role has not
been defined for any of these cell-surface molecules, their increased
expression is not necessarily indicative of suppressive capacity. For
example, although high CD25 expression is correlated with sup-
pressor activity, it is not sufficient (11). Nevertheless, the fact that
coexpression of FOXP3 and FOXP3A2 results in the most signifi-
cant changes in T cell phenotype suggests that the 2 isoforms may
work in concert at the molecular level to influence transcription of
these Treg-associated genes.

We were able to detect regulatory activity in the FOXP3"FOXP3A2*
transduced T cells, but their suppressive capacity, as measured by
reduction in proliferation, was variable and when present was on

+ CD4+
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average 36% ata 1:1 ratio (Figure 8A). When measured by reduction
of IFN-y production, addition of a 1:1 ratio of FOXP3*FOXP3A2*-
transduced T cells resulted in an average of 50% suppression (Fig-
ure 8B). Although Yagi et al. did not report statistical analyses for
their suppression assays, they found that addition of a 1:1 ratio
of single-transduced FOXP3* T cells reduced proliferation by
approximately 60% (18). In our study, only when both isoforms
of FOXP3 were overexpressed was a similar suppressive capacity
induced. However, this 50-60% suppression is less profound than
that mediated by pure populations of ex vivo CD4*CD25" Tregs,
which consistently suppress proliferation by an average of 86%
and production of IFN-y by an average of 82% at a 1:1 ratio. Such
moderately potent Treg populations would likely not be suitable
for cellular therapy. Thus, although it seems likely that FOXP3 is
involved in the development of human CD4'CD25" Tregs, it does
not appear to be the sole master switch that can transform human
CD4" T cells in vitro into suppressor cells that are functionally
equivalent to CD4*CD25" Tregs.

The fact that overexpression of FOXP3 alone was not sufficient
to induce significant upregulation of Treg-associated cell-surface
markers or detectable suppressive activity was surprising in view
of several reports from mouse models (14-16) and 2 studies car-
ried out with human cells (18, 23). We considered the possibility
that we simply failed to express sufficient FOXP3 to achieve the
predicted biological effects. However, Yagi et al. reported that
overexpression of FOXP3 mRNA at levels 70% lower than those
found in CD4*CD25" Tregs (protein levels were not directly com-
pared) was sufficient to induce a suppressive phenotype (18). In
our system, quantitative RT-PCR and Western blotting revealed
that FOXP3-transduced T cells expressed full-length FOXP3 at
levels in the range of those detected in CD4*CD25"* Tregs (Fig-
ure 2, D and E, and Figure 6, C and D) and that appear to be
higher than those reported in the study by Yagi et al. Moreover,
expression levels of ANGFR and cell purities seem to be compa-
rable in the 2 studies. These data, along with our demonstration
that 90-95% of ANGFR" T cells coexpress FOXP3 (Figure 2C),
lead us to conclude that the discrepancy between our findings
and those of Yagi et al. (18) and Oswald-Richter et al. (23) are
not the result of insufficient cell purity or expression of FOXP3.
Rather, we believe that the overall conclusion from these 3 stud-
ies is that although ectopic expression of FOXP3, with or with-
out FOXP3A2, results in acquisition of a certain degree of sup-
pressor activity, these cells do not fully recapitulate the function
of CD4*CD25" Tregs, at least in vitro. Nevertheless, it remains
possible that in vivo these cells may be potently suppressive. Evi-
dence that the in vitro and in vivo phenotype and/or function
of CD4'CD25" Tregs may not be strictly correlated includes the
finding that despite their hyporesponsive state in vitro, they do
proliferate in vivo, and a number of discrepancies may relate to
mechanistic dependence on cytokines (24). In addition, in the
context of transplantation, Tregs do not detectably alter prolif-
eration or cytokine production ex vivo but clearly induce func-
tional tolerance in vivo (25, 26).

In view of recent reports highlighting the importance of costim-
ulatory molecules in Treg development (27), we also investigated
whether APCs may be required during the Treg development pro-
cess. We therefore performed parallel retroviral transductions
in the presence of autologous APCs (18) but found that despite
induction of hyporesponsiveness and suppression of cytokine
production (data not shown), the resulting FOXP3* T cells did
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not acquire significant suppressive activity (Figure 4A). In addi-
tion, the transduction method described by Oswald-Richter et al.
involved prestimulation in the absence of APCs, and regulatory
activity in the resulting population was reported (23). However,
the function of the transduced cells in the latter study may have
been influenced by expansion with Staphylococcus enterotoxin B,
an agent that is known to promote the development of suppressive
T cells (28, 29). Thus, the presence of APCs during ectopic FOXP3
expression in CD4*CD25-CD45RA" T cells does not appear to be
critical for induction of Tregs.

It is possible that peripheral blood CD4* T cells that are suscep-
tible to retroviral infection are refractory to the full Treg-inducing
effects of FOXP3. It is also possible that naive CD4* T cells from
adult peripheral blood are in a state of differentiation that pre-
vents them from becoming fully functional upon overexpression
of FOXP3 and/or FOXP3A2. Alternatively, we favor the hypoth-
esis that activation of human CD4" T cells prior to transduction,
which results in upregulation of both isoforms of endogenous
FOXP3 (Figure 1) (17), may lead to changes in gene expression
that modulate the function of FOXP3 to ensure that the majority
of cells retain their effector function. Indeed, data suggesting that,
in contrast to murine cells (14-16), FOXP3 is an activation marker
in human CD4* T cells and T cell clones (Figure 1) (19, 30), imply
that this transcription factor may be subjected to differential regu-
lation in the 2 species.

Notably, CD4*CD25- T cells isolated from Foxp3-transgenic
mice show significantly increased expression of GITR yet display
minimal regulatory activity compared with wild-type CD4*CD25*
Tregs (14). Moreover, CD4*CD25* Tregs from Foxp3-transgenic
mice are actually less suppressive than their wild-type counter-
parts on a per cell basis (14). In addition, normal expression of
FOXP3 was found in functionally defective CD4*CD25* Tregs
from patients with autoimmune polyglandular syndrome type II
(31). We and others have also found that activated nonsuppressive
T cell clones express significant amounts of FOXP3 (our unpub-
lished data and ref. 30). Finally, HIV-infected patients who have
been treated with IL-2 develop a population of cells that express
high levels of FOXP3 but exert a weak suppressive function (32).
These findings strongly support our interpretation that factors in
addition to FOXP3 are required during the process of activation
and/or differentiation for the development of bona fide Tregs, as
also suggested by Fontenot and Rudensky (33).

In conclusion, evidence that human CD4*CD25" Tregs express
high levels of FOXP3 (Figure 1) (17, 18), and that mutation of
FOXP3 results in the development of severe autoimmunity (13),
clearly indicates that this transcription factor has a key role in
immune homeostasis. Analysis of CD4'CD25" T cells from
patients with IPEX will be important to define the role of FOXP3
in human Treg development and function. Our parallel study
of 2 IPEX patients revealed that functional CD4*CD25* Tregs
are present in these children (R. Bacchetta et al., manuscript
submitted for publication), further supporting the conclusion
that the role of FOXP3 in mice and humans may not be identi-
cal. Characterization of other proteins that interact with FOXP3
and the genes it regulates will be necessary to understand its true
biological function. While ectopic expression of FOXP3 alone,
or together with FOXP3A2, may not be an effective means of
generating large numbers of human Tregs for cellular therapy,
this protein is clearly a link in the regulatory circuit that controls
immunological tolerance.

Volume 115

Number 11~ November 2005



Methods

Cell purification. Peripheral blood was obtained from healthy volunteers
following approval of the protocol by the University of British Columbia
Clinical Research Ethics Board and after obtaining written informed con-
sent from individual donors. CD4" T cells were purified by negative selec-
tion from PBMCs with magnetic beads (Miltenyi Biotec). CD25* cells were
purified by positive selection over 2 columns (Miltenyi Biotec) to ensure
85-90% purity. To obtain pure (>95%) CD4*CD25" T cells, the CD25" frac-
tion was either passed over an LD depletion column (Miltenyi Biotec) or
FACS sorted. For isolation of CD4*CD25 CD45RA* T cells, CD4*CD25- T
cells were incubated with CD45RO beads (Miltenyi Biotech) and passed
over an LD depletion column. Purity of CD4*CD25-CD45RA" cells was
greater than 95%.

Isolation of hFOXP3 and RT-PCR. hFOXP3 and hFOXP3A2 were amplified
from cDNA using 5'-GCCCTTGGACAAGGACCCGATG-3' as the sense
and 5-TCAGGGGCCAGGTGTAGGGTTG-3' as the antisense primers.
The integrity of the cloned cDNAs was verified by DNA sequencing. For
non-quantitative RT-PCR to asses expression of FOXP3 and FOXP3A2,
the above-mentioned sense oligonucleotide was used together with the
5'-CATTTGCCAGCAGTGGGTAGGA-3' antisense oligonucleotide. For
quantitative RT-PCR, amounts of FOXP3 and GAPDH mRNA were deter-
mined using Assay on Demand real-time PCR kits (Applied Biosystems)
with TagMan Master Mix (QIAGEN). Samples were run in triplicate, and
relative expression of FOXP3 was determined by normalizing to GAPDH
expression in order to calculate a fold change in value.

Western blotting. Whole cell lysates were prepared by sonication in lysis
buffer containing 1% SDS, 10 mM HEPES, and 2 mM EDTA (pH 7.4).
Alternatively, nuclear lysates were prepared using an NE-PER Nuclear and
Cytoplasmic Extraction Kit (Pierce Biotechnology Inc.). Ten micrograms of
protein was loaded per lane, and membranes were probed with polyclonal
rabbit anti-FOXP3 antiserum (22), followed by goat anti-rabbit-HRP
(DakoCytomation). Membranes were stripped and reprobed with anti-p38
(Santa Cruz Biotechnology Inc.) or anti-ERK antibodies (Cell Signaling
Technology) to assess loading equivalency.

Retroviral constructs and transduction of CD4* T cells. The Moloney murine
leukemia virus-based vector encoding hFOXP3, hFOXP3A2, or HA-tagged
hFOXP3 amino terminus under control of the long terminal repeat, and
ANGEFR or GFP under control of the SV40 promoter was generated from
the LXSAN (11) or LXSG vector (a kind gift of C. Traversari, Molmed,
Milan, Italy). For production of retrovirus, stable AM12 cell lines express-
ing retroviral vectors were established and cloned on the basis of high viral
titer and expression of both transgenes. Viral supernatants were collected
and concentrated using Amicon centrifugation filters (Millipore), and
titers of 2 x 10%/ml were routinely confirmed by infection of 3T3 cells.
CD4*CD25 CD45RA* T cells were activated for 48 hours with immobi-
lized anti-CD3 mAbs (1 ug/ml OKT3; Orthoclone; Ortho Biotech Prod-
ucts), soluble anti-CD28 mAbs (1 ug/ml; BD Biosciences — Pharmingen),
and recombinant human IL-2 (100 U/ml; Chiron) in complete medium
(X-VIVO 15 [Cambrex Corp.], supplemented with 5% pooled human serum
[Cambrex Corp.], and penicillin/streptomycin [Invitrogen Corp.]). Alter-
natively, T cells were prestimulated for 48 hours with a 1:1 ratio of autolo-
gous APCs (CD3-depleted PBMCs, irradiated at S0 Gy), soluble anti-CD3
(1 ug/ml), and IL-2. Two successive rounds of infection were performed on
retronectin-coated plates using 20 virus particles per cell and 8 pg/ml Poly-
brene (Sigma-Aldrich) (11). ANGFR*-transduced T cells (routinely 20-40%)
were purified with anti-NGFR magnetic beads following the manufactur-
er’s instructions (Miltenyi Biotec).

For double-transduction experiments, an MOI of 10 for each virus was
used for simultaneous infection of activated CD4*CD25-CD45RA" T

cells. The efficiency of double transduction was approximately 5%, and
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the ANGFR'/GFP* T cells were sorted on a BD FACS Aria 6 days following
transduction. Cells sorted by magnetic beads (Miltenyi Biotec) or FACS
were either used for biological experiments 10-14 days after activation
or restimulated and expanded under conditions that preserve Treg cell
activity (4, 11). Untransduced T cells were tested in parallel to ensure
the transduction and purification process itself did not alter the pheno-
type or function (data not shown). Results from untransduced or trans-
duced T cells tested upon entry into the resting phase immediately after
transduction or following reactivation and expansion were identical.

Transient transfection reporter assays. Jurkat cells were cotransfected
using Lipofectamine 2000 (Invitrogen Corp.) with an hIL-2 promoter
(=305 to +39) luciferase reporter plasmid (a kind gift of Dan Mueller,
Department of Medicine and Center for Immunology, University of
Minnesota Medical School) and control- (LX-), FOXP3-, or FOXP3A2-
encoding plasmids. A plasmid encoding B-galactosidase under control
of an elongation factor-1o promoter was also included to normalize for
transfection efficiency. After overnight culture, cells were left unstimu-
lated or stimulated with PMA (50 ng/ml) and Ca?* ionophore (1 ug/ml)
for 6 hours. Cells were harvested and lysates prepared in x1 reporter lysis
buffer (Promega). Luciferase activity was measured using the luciferase
assay system (Promega) and the EG&G Berthold Lumat luminometer.
The B-galactosidase activity of each sample was determined using the
B-Galactosidase Enzyme Assay System (Promega) and was used to nor-
malize the measured luciferase activity.

Flow cytometric analysis. Analysis of CD25 (Miltenyi Biotec), HLA-DR,
CD122,CTLA4, CCR4 (BD Biosciences — Pharmingen), GITR (R&D Sys-
tems), and CD45RO (CALTAG Laboratories) expression was performed
on resting (at least 12 days after activation) T cell lines. Intracellular
CLTA4 staining was performed as previously described (11). For detec-
tion of intranuclear expression of HA-FOXP3, cells were stained with
biotinylated anti-NGFR mAbs (ATCC), fixed with 2% formaldehyde at
-20°C, permeabilized with 90% MeOH on ice for 30 minutes, and sub-
sequently incubated with streptavidin-coupled PCS (Beckman Coulter)
and FITC-coupled anti-HA (3F10; Roche Applied Science). Samples were
either read on a BD FACSCanto or FACSCalibur and analyzed with FCS
Express Pro Software version 2 (De Novo Software).

Determination of cytokine concentration. To determine amounts of IL-2 and
IFN-y, capture ELISAs (BD Biosciences — Pharmingen) were performed on
supernatants after activation with immobilized anti-CD3 mAbs (1 ug/ml),
with or without anti-CD28 mAbs (1 ug/ml), for 24 hours (for IL-2) or 48
hours (for IFN-y). To determine cytokine concentrations in suppression
assays, Th1/Th2 cytometric bead assays (BD Biosciences — Pharmin-
gen) were used to assay culture supernatants after 36 hours (for IL-2) or
72 hours (for IFN-y).

Proliferation and suppression of T cells. Transduced T cells were plated at
50,000 cells/well in 96-well plates coated with anti-CD3 mAbs, in the pres-
ence or absence of IL-2 (100 U/ml). Proliferation was assessed after 72
hours, after addition of [*H|thymidine (1 uCi per well; Amersham Biosci-
ences). To test for suppressive capacity, autologous CD4" T cells (50,000
cells/well) were stimulated with either soluble anti-CD3 mAbs (1 ug/ml)
in the presence of APCs (CD3-depleted PBMCs, irradiated at 50 Gy, 50,000
cells/well). Transduced T cells were added, and suppression was assessed by
determining [*H]thymidine incorporation and measuring the amounts of
IL-2 and/or IFN-y present in supernatants. Ex vivo CD4'CD25" Tregs were
included as a positive control in all experiments. In some cases, autologous
CD4* T cells were labeled with CFSE (2.5 uM; Invitrogen Corp.) and cul-
tured in the absence or presence of the transduced T cells at a 1:1 ratio or
freshly isolated CD4*CD25" Tregs. After 96 hours, the amount of CFSE dye
dilution was analyzed by gating on CD4", 7-amino-actinomycin D-negative,
and ANGFR" T cells.
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Statistics. All analysis for statistically significant differences was per-
formed with 1-tailed paired Student’s ¢ test. P values less than 0.05 were
considered significant. All cultures were performed in triplicate, and error
bars represent the SD.
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