Cell-permeable Foxp3 protein alleviates autoimmune
disease associated with inflammatory bowel
disease and allergic airway inflammation
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Foxp3 is a key transcription factor for differentiation and function of
regulatory T (Treg) cells that is critical for maintaining immunolog-
ical self-tolerance. Therefore, increasing Treg function by Foxp3
transduction to regulate an inflammatory immune response is an
important goal for the treatment of autoimmune and allergic
diseases. Here we have generated a cell-permeable Foxp3 protein
by fusion with the unique human HHph-1-PTD (protein transduction
domain), examined its regulatory function in T cells, and character-
ized its therapeutic effect in autoimmune and allergic disease mod-
els. HHph-1-Foxp3 was rapidly and effectively transduced into cells
within 30 min and conferred suppressor function to CD4*CD25~
T cells as well as directly inhibiting T-cell activation and proliferation.
Systemic delivery of HHph-1 Foxp3 remarkably inhibited the auto-
immune symptoms of scurfy mice and the development of colitis
induced by scurfy or wild-type CD4 T cells. Moreover, intranasal
delivery of HHph-1-Foxp3 strongly suppressed ovalbumin-induced
allergic airway inflammation. These results demonstrate the clinical
potential of the cell-permeable recombinant HHph-1-Foxp3 protein
in autoimmune and hypersensitive allergic diseases.
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Autoimmune disease is a consequence of insufficient control
of autoreactive cells and regulatory T (Treg) cells that have
a central role in maintaining immune tolerance. They are char-
acterized by the expression of CD25 and Foxp3 and have the ca-
pacity to suppress activation of effector T cells (1, 2). The
importance of regulatory T cells and the role of Foxp3 in their
development and function is highlighted by mutations in Foxp3
that result in fatal autoimmune lymphoproliferative disease (3, 4).
The spontaneous scurfy mutation in mice has been shown to be
a loss-of-function mutation in the Foxp3 gene, which results in
complete loss of Treg cells and death of mice at 3-5 wk of age
(5, 6). Similarly, humans with IPEX (immunodysregulation, pol-
yendocrinopathy and enteropathy, X-linked syndrome) also have
mutations in Foxp3 and have a range of symptoms that is consis-
tent with a lack of functional Treg cells (7, 8). The fact that the loss
of a single gene can have such a profound consequence is a clear
indication of the central importance of Foxp3. Foxp3 is also
a crucial molecule for regulating the anergic state of Treg with
weak proliferation and cytokine production following stimulation
in vitro (9, 10). Foxp3 has been shown to act as a transcriptional
repressor of inflammatory cytokines including IL-2 and interacts
with transcription factors such as NFAT (11) and NF-xB (11, 12).

The role of Treg or Foxp3 has been studied in various auto-
immune disease models such as inflammatory bowel disease
(IBD) (13, 14), experimental allergic encephalomyelitis (15, 16),
and arthritis (17). Transfer of CD4*CD25" Tregs completely

www.pnas.org/cgi/doi/10.1073/pnas.1000400107

inhibits development of these autoimmune diseases, and in vitro
expansion methods of Tregs have been developed for use in
clinical trials (18-20). Many recent studies have also examined
the role of Foxp3 and CD4"CD25" Treg cells in allergic asthma
and atopic patients (21). Peripheral blood mononuclear cells
from allergic rhinitis and asthma patients have significantly fewer
Foxp3* Ilymphocytes and decreased Foxp3 mRNA expression
(22, 23). Tregs from atopic patients have less suppressive activity
compared with the ones from nonatopic groups (24), suggesting
that Foxp3 and Treg have an important role in regulating hy-
persensitive immune responses in human patients. Therefore,
Foxp3 is a very important target for development of an immu-
nosuppressive agent for both autoimmune and allergic diseases.
Although the importance of Foxp3 in immune tolerance has
been extensively studied, the clinical use of Treg or Foxp3 gene
transfer for these diseases still has been limited due to the dif-
ficulty of isolating human Treg, low transfection efficiency, and
high risk of virus-mediated gene delivery.

“Protein transduction domain” (PTD) refers to a class of
peptides that can cross biological membranes and deliver various
cargo molecules, including protein, RNA, and DNA, into all
cells. Several PTDs, such as TAT, VP22, Antp, R7, or R9, have
been developed as potential drug delivery systems to be used for
clinical applications (25-29). In this study, a cell-permeable for-
m of Foxp3 protein was generated using a unique peptide of hu-
man origin, HHph-1-PTD, to examine its potential to induce
immune tolerance by regulation of T-cell function in vitro and
in vivo. HHph-1-Foxp3, the recombinant fusion protein between
Foxp3 and two tandem sequences of Hph-1-PTD, was rapidly
delivered into CD4* T cells and inhibited cytokine production
and proliferation. Moreover, it converted CD4"CD25~ T cells
to Treg-like CD25 and CTLA-4 high suppressor cells in vitro.
The life span of scurfy mice was substantially increased, and tissue
infiltration of inflammatory cells and T-cell activation was remark-
ably reduced by injection of HHph-1-Foxp3. It also strongly in-
hibited IBD caused by transfer of scurfy CD4 T cells or wild-type
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CD4*CD25"CD45RB"e" T cells. More interestingly, intranasal
delivery of HHph-1-Foxp3 prevented ovalbumin (OVA)-induced
allergic airway inflammation by regulation of T-cell function. These
results demonstrate a unique approach to regulating immune
responses by Foxp3 and providing preclinical support for the
therapeutic use of HHph-1-Foxp3 as an immunosuppressive agent
for autoimmune and allergic diseases.

Results

Generation of Cell-Permeable Foxp3 Proteins. To investigate the
anti-inflammatory effect of Foxp3 in autoimmune or allergic
diseases, we generated a cell-permeable form of Foxp3 recom-
binant protein. Mouse Foxp3 DNA was inserted into the pRSET
plasmid vector with or without the HHph-1-PTD (Fig. 14). The
proteins were expressed in Escherichia coli, purified under de-
naturing conditions, separated by SDS gel electrophoresis, and
characterized by Western blot with anti-HA or anti-Foxp3
monoclonal antibody (Fig. 1B). Next, the transduction efficiency
of HHph-1-Foxp3 was tested in CD4"CD25~ T cells by intra-
cellular staining. After 1 h of incubation, HHph-1-Foxp3 was
detected in the cells (Fig. 1C), and the intracellular level of
HHph-1-Foxp3 reached a maximal level by 1 h and then started
to decrease (Fig. 1D). The transduction efficiency of mutant
Foxp3 containing HHph-1 and Foxp3 lacking HHph-1 was com-
pared as a control (Fig. 1E). Within 30 min, HHph-1-Foxp3 was
detected in the nucleus as well as in the cytoplasm (Fig. 1F),
suggesting that this cell-permeable Foxp3 protein is efficiently
delivered to cells and is localized in the nucleus and cytoplasm
within a short time.

HHph-1-Foxp3 Directly Inhibits T-Cell Activation and Converts
CD4*CD25~ T Cells to Suppressor T Cells. To examine the function
of cell-permeable Foxp3 in CD4" T cells, CD4"CD25~ T cells
were isolated from mouse splenocytes by flow cytometry and
were incubated with HHph-1-Foxp3 or Foxp3 for 1 h. Then
they were stimulated with plate-bound anti-CD3 and soluble
anti-CD28 antibody for 24 h. Intracellular delivery of Foxp3
into CD4"CD25™ T cells strongly inhibited their IL-2 production
compared with non-PTD Foxp3 treatment and secretion of Th1
(IFN-y) or Th2 (IL-4) cytokines was also suppressed by Foxp3
transduction (Fig. 2 A-C). When the cells were stimulated for
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3 d to assess their proliferation, HHph-1-Foxp3-treated cells
were less proliferative than Foxp3-treated cells, and the inhi-
bitory effect on T-cell proliferation was concentration dependent
(Fig. 2D). CD4*CD25" natural Treg cells were used as a posi-
tive control. These results indicate that intracellular delivery of
Foxp3 directly inhibits T-cell activation and results in hypores-
ponsiveness following T-cell receptor (TcR) stimulation in CD4*
T cells similar to natural Treg cells. Because Foxp3 gene transfer
induces regulatory T cells in vitro, we determined whether
HHph-1-Foxp3 protein transfer converts conventional CD4*
CD25™ T cells to suppressor T cells. The expression of Treg
markers CD25 and CTLA-4 on CD4*CD25” T cells after
HHph-1-Foxp3 transduction in the presence of TcR stimulation
was increased compared with treatment with a non-cell-perme-
able Foxp3 (Fig. 2E). The surface expression of CD25 was sig-
nificantly increased, and a trend toward increased CTLA-4 was
also observed (Fig. S1). To assay the suppressive function of
HHph-1-Foxp3-transduced T cells, responder CD4*CD25~ T
cells were cultured with HHph-1-Foxp3-treated CD4*CD25~ T
cells for 3 d, and proliferation of cells was analyzed by thymidine
incorporation (Fig. 2F). HHph-1-Foxp3 treated CD4*CD25~ T
cells could inhibit the proliferation of conventional CD4 T cells
strongly at a 2:1 ratio (suppressor:responder). However, the
mutant form of Foxp3 lacking the forkhead (FKH) domain
(HHph-1-Foxp3A) could not convert conventional CD4*CD25~
T cells to suppressor cells or inhibit their proliferation. This ac-
tivity of suppression depends on the ratio between suppressor cells
and responder cells (Fig. S24). Adding IL-2 restored the pro-
liferation of activated T cells with HHph-1-Foxp3, suggesting that
the effect of HHph-1-Foxp3 on proliferation is not simply due to
toxicity (Fig. S2B). The control protein of HHph-1-EGFP did not
affect the proliferation of T cells (Fig. S2C). These results dem-
onstrate that cell-permeable Foxp3 protein can induce the sup-
pressive function of CD4 T cells as well as directly inhibit T-
cell activation.

Inhibition of Systemic Autoimmune Disease in Scurfy Mice by HHph-1-
Foxp3. The scurfy (sf) mutation results in severe autoimmune
consequences, including a complete loss of Foxp3* Treg cells,
systemic inflammation in many organs, and death of the mice at
3—4 wk of age (6). We examined the in vivo reconstitution effect

erge

10 min

Fig. 1. Generation of cell-permeable Foxp3 protein. (A)
Mouse Foxp3 and the mutant that lacks the C-terminal FKH
domain (Foxp3A) was combined with HA, His tags, and HHph-1
sequences as diagrammed. (B) Proteins were purified in bac-
terial cultures under denaturing conditions. Purified proteins
were characterized by Western blot with anti-HA and anti-
Foxp3 antibody. (C) Transduction efficiency of HHph-1-Foxp3
was confirmed in mouse CD4*CD25 T cells showing concen-
tration-dependent expression. Thirty minutes after HHph-
1-Foxp3 was incubated with the cells, intracellular levels of
Foxp3 were measured by intracellular staining with anti-HA
antibody. (D) Transduction kinetics was characterized using 1
uM of HHph-1-Foxp3. (E) Transduction efficiency of mutant
Foxp3 with HHph-1 and Foxp3 without HHph-1 was compared
as a control. (F) HHph-1-Foxp3 is expressed in the nucleus as
well as in the cytoplasm. HeLa cells were incubated with HHph-
1-Foxp3 or Foxp3 for 10-30 min, intracellular levels of Foxp3
were detected with FITC-labeled anti-HA antibody, and the
images were captured by confocal microscopy.
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Fig. 2. HHph-1-Foxp3 inhibits T-cell activation and converts conventional T cells to suppressor cells. (A-C) HHph-1-Foxp3 suppresses cytokine secretion from
activated T cells. After CD4*CD25™ T cells were treated with 1 M HHph-1-Foxp3 or Foxp3 for 30 min, cells were stimulated with plate-bound anti-CD3 and
soluble anti-CD28 antibody for 24 h. (A) IL-2, (B) IL-4, and (C) IFN-y expression level in the same culture media was analyzed by ELISA. (D) HHph-1-Foxp3-treated
CD4*CD25~ T cells are hypo-proliferative. CD4*CD25™ T cells treated with HHph-1-Foxp3, Foxp3, or HHph-1-Foxp3A were stimulated for 3 d as described above,
and proliferation of the cells was analyzed by thymidine incorporation. (E) HHph-1-Foxp3 treatment enhances CD25 and CTLA-4 expression on CD4*CD25~
T cells. After CD4*CD25~ T cells with HHph-1-Foxp3 or Foxp3 were stimulated for 24 h as described above, CD25 and CTLA-4 expression levels were analyzed
by flow cytometry. (F) HHph-1-Foxp3 converts CD4*CD25 T cells to suppressor cells. A total of 5 x 10% responder cells (CD4*CD25™ T cells) were stimulated with
plate-bound anti-CD3 and soluble anti-CD28 antibody for 3 d with 10° suppressor cells (HHph-1-Foxp3-, Foxp3-, or HHph-1-Foxp3A-treated CD4*CD25 T cells).
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Proliferation of all cells was analyzed by thymidine incorporation. In these experiments, nTreg (CD4*CD25* natural Treg) was used as a positive control.

of HHph-1-Foxp3 in the autoimmune scurfy mouse that lacks
Foxp3 to study its clinical potential to treat autoimmune disease.
Beginning at day 3 after birth, mice were injected with HHph-1-
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Fig. 3. Reduction of scurfy mouse disease by HHph-1-Foxp3. Scurfy mice were injected i.p. with HHph-1-Foxp3 every other day beginning 3 d after birth. (4) Ad-

Foxp3 every other day, which resulted in a prolonged life span of
scurfy mice (Fig. 34) and reduced splenomegaly and lymph-
adenopathy (Fig. 3B). On day 21 after birth, scurfy mice treated
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ministration of HHph-1-Foxp3 prolongs the life span of scurfy mice. (B) HHph-1-Foxp3 treatment reduces the size of the spleen and lymph nodes in mice treated

for 21 d. (C) Reduced infiltration of inflammatory cells in tissues including ear, liver, and lung by HHph-1-Foxp3. The H&E stained each tissue, which is shown at

20x magpnification. (D) Inhibition of differentiation of CD4 or CD8 single positive cells by HHph-1-Foxp3 in the thymus. Cells isolated from the thymus were stained

with APC-anti-CD4 and PerCP-anti-CD8 antibody and analyzed by flow cytometry. (E) Inhibition of T-cell activation by HHph-1-Foxp3 in the lymph node. FITC-anti-

CD62L and PE-anti-CD44 antibody were used to detect activated cells with flow cytometry. In these experiments, HHph-1-EGFP was used as a negative control.
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with HHph-1-Foxp3 or HHph-1-EGFP (a control protein) were
killed, and ear, liver, and lung tissues were stained with H&E to
examine tissue inflammation (Fig. 3C). In scurfy mice treated
with HHph-1-EGFP, ears were swollen and contained severe
cellular infiltrates within the dermis. Moderate levels of cellular
infiltrate were observed in the portal triad regions in the livers of
HHph-1-EGFP-treated scurfy mice. By contrast, the cellular
infiltrate was minimal in the livers of scurfy mice that received
HHph-1-Foxp3. Marked levels of perivascular cellular infiltrate
were observed in the lungs of scurfy mice treated with HHph-1-
EGFP. Importantly, this inflammation was inhibited in scurfy
mice treated with HHph-1-Foxp3, suggesting the potential use of
this protein in airway inflammatory disease. Scurfy mice have
increased percentages of mature CD4 and CDS single positive
thymocytes compared with normal C57BL/6 mice. Treatment
with HHph-1-Foxp3 significantly reduced the percentages of
single positive cells compared with HHph-1-EGFP treatment
(Fig. 3D). There was also a partial reduction of activated T cells
with high expression of CD44 and low expression of CD62L (Fig.
3E). No significant effect on normal mice with HHph-1-Foxp3
injection was observed, suggesting that the inhibitory effect on
systemic inflammation is not due to toxic effects on the cells (Fig.
S3). These results are consistent with others showing inhibition
of disease in scurfy mice by injection of natural Treg (nTreg) (4)
or induced Treg (iTreg) (30). These results indicate that systemic
administration of HHph-1-Foxp3 protein inhibits systemic in-
flammation of scurfy mice and suggest that it may have thera-
peutic potential for the treatment of autoimmune disease.

Prevention of Autoimmune Colitis by HHph-1-Foxp3. To demonstrate
a therapeutic effect of HHph-1-Foxp3 on autoimmune disease,
we used two colitis models by transfer of scurfy CD4 T cells or
wild-type CD4*CD25-CD45RB"2" T cells into immunodeficient
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mice. Scurfy mice were injected with HHph-1-Foxp3 or HHph-1-
EGFP every other day beginning 3 d after birth. Then 1 million
CD4 T cells were transferred into RAG-2 KO mice followed by
HHph-1-Foxp3, HHph-1-EGFP, or PBS treatment. Transfer of
scurfy CD4 T cells into RAG-2 KO mice results in development
of severe autoimmune inflammation in the intestine. The mu-
tation in the Foxp3 gene in scurfy mice removes Treg from this
strain. Injection of HHph-1-Foxp3 inhibited weight loss of RAG-
2 KO mice after scurfy CD4 T-cell transfer (Fig. 44), and the size
of the spleen and mesenteric lymph nodes was much smaller than
the in the positive control group (Fig. 4B). Infiltration of cells into
the colon and tissue destruction, including the crypt cells, also was
reduced by HHph-1-Foxp3 (Fig. 4C). By contrast, similar injection
of HHph-1-EGFP or PBS did not inhibit the inflammation.

Transfer of wild-type CD4*CD25"CD45RB™" T cells into
RAG-2 KO mice followed by injection of HHph-1-Foxp3 every
other day blocked autoimmune disease and prevented weight
loss (Fig. 4D). The treatment suppressed enlargement of the
intestine and the size of the spleen and lymph nodes (Fig. 4E),
and the infiltration of inflammatory cells and destruction of crypt
structure was dramatically inhibited by HHph-1-Foxp3 but not by
HHph-1-EGFP (Fig. 4F). These preventive effects of HHph-1-
Foxp3 in this experimental colitis model support the in vitro
results of HHph-1-Foxp3’s regulatory effect on T-cell function
and its therapeutic potential in the treatment of autoimmune
diseases such as IBD.

Prevention of Allergic Airway Inflammation by Intranasal Delivery of
HHph-1-Foxp3. In the previous experiments characterizing the
effects of HHph-1-Foxp3 in scurfy mice, the lung inflammation
was substantially reduced compared with effects in the skin.
Therefore, we determined whether intranasal administration of
HHph-1-Foxp3 could prevent airway inflammation. BALB/c mice
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Fig. 4. Prevention of autoimmune colitis by HHph-1-Foxp3. (A-C) HHph-1-Foxp3 injection inhibits colitis induced by scurfy CD4 T cells. Scurfy mice were
injected with HHph-1-Foxp3 or HHph-1-EGFP every other day beginning 3 d after birth until day 21, and 10° CD4 T cells from scurfy mouse were transferred into
RAG-2 KO mice following HHph-1-Foxp3 or HHph-1-EGFP injection or without treatment. (A) Weight was monitored every week for 5 wk after the cell transfer
and labeled as percentage of weight change. (B) The size of lymph node, spleen, and the shape of large intestine. (C) Reduction of infiltration of inflammatory
cells in intestine by HHph-1-Foxp3. Colon tissue of each mouse was stained by H&E, and the image is magnified 10x. (D-F) HHph-1-Foxp3 administration inhibits
colitis induced by CD4*CD25~CD45RB™9" T cells. A total of 5 x 10° wild-type (WT) CD4*CD25-CD45RBM9" T cells were transferred into RAG-2 KO mice, and HHph-
1-Foxp3 or HHph-1-EGFP was injected with 50 pg every other day until the day of sacrifice. (D) Weight was monitored every week for 5 wk after the cell transfer.
(E) The size of lymph node, spleen, and the shape of large intestine. (F) Infiltration of inflammatory cells in intestine is reduced by HHph-1-Foxp3 treatment.
Colon tissue of each mouse shown was stained by H&E and is shown at 10x magnification. Four to nine mice from each group were used for the analysis.
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were sensitized with OVA and alum on day 0 and day 14 and then
challenged with OVA on days 25, 26, and 27. HHph-1-Foxp3 was
delivered by intranasally 2 h before challenge, and on day 28 mice
were killed and all of the tissue samples and bronchoalveolar
lavage (BAL) samples were prepared for further analysis. Eosi-
nophils, lymphocytes, and total cell numbers in the BAL were
counted, and HHph-1-Foxp3-treated mice showed a dramatic
reduction of cell numbers compared with HHph-1-EGFP-treated
mice (Fig. 5 A-C). Intranasal administration of HHph-1-Foxp3
reduced Th2 cytokine expression, including that of IL-4 and IL-
13. By contrast, HHph-1-EGFP-treated mice have significant
levels of these cytokines in BAL fluid (Fig. 5 D and E). The IFN-y
(Th1 cytokine) levels were not different among all samples (Fig.
5F), and the serum IgE level was strongly repressed by HHph-1-
Foxp3 treatment but not by HHph-1-EGFP treatment (Fig. 5G).
Treatment with HHph-1-Foxp3 prevented the infiltration of in-
flammatory cells into the peribronchial and perivascular areas, and
very few goblet cells were detected around the bronchial airway
(Fig. 5H). However, a high level of inflammatory cell infiltration
and many periodic acid-Schiff (PAS)-positive and mucus-
containing goblet cells around the bronchial airways were detected
in the PBS- or HHph-1-EGFP-treated mice. These results clearly
demonstrate the potential of HHph-1-Foxp3 to inhibit allergic
airway inflammatory disease by intranasal administration.

Discussion

For development of an immunosuppressive agent to treat auto-
immune or allergic diseases, regulation of T-cell activation and
Treg function is an important target. Foxp3 has important roles
not only as a key molecule in the development of regulatory T
cells, but also as an inhibitor of T-cell activation and a repressor of
transcription factors (31-33). Regulatory T cells have been widely
used in experimental models for treating autoimmune diseases
including IBD (13), arthritis (17), diabetes (18, 34), and athero-
sclerosis (35), allergic diseases including asthma (36) and der-
matitis (37), and in preventing transplantation rejection (38, 39).

The most widely investigated methods to transfer the Foxp3
gene for generation of regulatory T cells involve retroviral (39,
40) and lentiviral (34, 41) vectors. However, they have a limited
transfection efficiency, require extensive cell culture to derive,
and are of questionable safety for human trials. We have gen-
erated Hph-1-EGFP fusion proteins with multiple copies of
Hph-1-PTD at the N-terminal position of EGFP and compared
their transduction efficiency in mouse splenocytes. Two repeats
of Hph-1-PTD (HHph-1) resulted in optimal intracellular trans-
duction (Fig. S44). As with other PTD-containing proteins,
HHph-1-Foxp3 can be rapidly delivered into most of the cells,
and their retention time in the cells is less than 12 h both in vitro
and in vivo (Fig. S4 B-D).

In this study, intracellular delivery of Foxp3 protein inhibits
T-cell activation following TcR stimulation and confers sup-
pressive function to CD4*CD25™ T cells. HHph-1-Foxp3 treat-
ment also inhibits FKH promoter activity when the FKH-Luc
plasmid DNA is transfected into 293T cells containing HHph-1-
Foxp3, suggesting that HHph-1-Foxp3 binds directly to DNA
to regulate transcriptional activity (Fig. S5). The mutant form
of HHph-1-Foxp3AC that lacks the C-terminal DNA-binding
region did not generate suppressive T cells, suggesting that the
C-terminal FKH domain is critical for Foxp3 to regulate tran-
scription, which is consistent with previous work (33).

In our in vivo results, the functional activity of HHph-1-Foxp3
has been demonstrated in scurfy mice, which have no Foxp3-
positive Treg cells. The autoimmune phenotype of scurfy mice is
partially reversed by administration of HHph-1-Foxp3. The mice
treated with HHph-1-Foxp3 live longer and have less tissue in-
flammation with fewer activated T cells compared with control
groups. Consistent with our results, transfer of nTreg into scurfy
mice prevented the development of disease (42), and transfer of
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Fig. 5. Prevention of allergic airway inflammation by HHph-1-Foxp3. Mice
were sensitized with alum and OVA for 3 wk and challenged with nebulized
OVA. HHph-1-Foxp3 or HHph-1-EGFP was administered intranasally 2 h be-
fore the OVA challenge. Recruitment of (A) eosinophils, (B) lymphocytes,
and (C) total cell number in BAL fluid was reduced by HHph-1-Foxp3. Th2
inflammatory cytokines, including (D) IL-4 and (E) IL-13 in BAL fluid, was
reduced by HHph-1-Foxp3, and (F) the Th1 cytokine level of IFN-y was
measured as a control. (G) The level of serum IgE in the blood of the mice
was reduced by HHph-1-Foxp3. (H) Reduction of infiltration of inflammatory
cells in peri-bronchial and peri-vascular regions in the lung by HHph-1-Foxp3.
Lung tissue of each mouse was stained by PAS and shown at 20x magnifi-
cation. Five to nine mice from each group were used for the analysis.

antigen-specific Foxp3-transduced Treg effectively prevented au-
toimmune disease in animal models (43). More recently, scurfy
mice treated with TGF-f to generate iTreg also did not show any
signs of disease because the CD4 T cells retained the expression of
Foxp3 for long periods (30). Migration of iTreg to all of the tissues
suggests that regulatory T-cell transfer or Foxp3 transfer could be
a potential therapy to inhibit inflammation in autoimmune or al-
lergic diseases.

The HHph-1-Foxp3 protein studied here showed remarkable
therapeutic effects on autoimmune colitis and an allergic ex-
perimental asthma model by systemic and local treatment, re-
spectively. Treatment with HHph-1-Foxp3 did not affect the
function of macrophages, dendritic cells, and B cells (Fig. S6),
suggesting that the therapeutic effect of Foxp3 transfer might be
specific for T-cell functions. The mechanism results in an in-
hibition of T-cell activation as judged by reduced inflammatory
cytokine secretion and numbers of activated T cells and a trend
toward induction of CD25 high T cells in both disease models
(Fig. S7 A and B). Splenocytes from the mice treated with
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HHph-1-Foxp3 in the OVA-induced asthma model do not re-
spond to OVA as much as control mice, but they are still re-
sponsive to polyclonal activation, implying in vivo generation of
Treg (Fig. S7 C and D). The response against keyhole limpet
hemocyanin in this model is still normal, suggesting that the re-
sponse is antigen specific and that the effect is not due to a sys-
temic toxic effect (Fig. S7E). Interestingly, the mice treated with
HHph-1-Foxp3 still show reduced immunopathology 4 d follow-
ing termination of treatment in the scurfy CD4 T-cell-mediated
colitis model (Fig. S84). However, when cells are transferred
directly from scurfy mice treated with HHph-1-Foxp3 but the
recipient mice are no longer treated, there is no apparent pro-
tection (Fig S8B). Treatment of these recipients with HHph-1-
Foxp3 does inhibit development of colitis. These results suggest
that the duration of the functional effects are somewhat transient.

From our results, the HHph-1-Foxp3-mediated approach
might have the combined advantage of generating suppressor cells
and inhibiting T-cell activation. As previously reported, a possible
mechanism of HHph-1-Foxp3-mediated immunosuppression of
induced anergic T cells might be related to the inhibition of
a transcriptional factor such as NFAT and NF-xB (11, 12). This
report demonstrates that both systemic and local administration of
a cell-permeable Foxp3 protein can be used for the treatment of
autoimmune and allergic diseases.

Materials and Methods

Construction and Purification of HHph-1-Foxp3 Protein. Mouse Foxp3, EGFP,
and PTD (HHph-1) were combined and cloned as outlined in Fig. 1 into
a pRSET-B (Invitrogen) or pET28a (Novagen) plasmid, and each DNA was

. Maloy KJ, Powrie F (2001) Regulatory T cells in the control of immune pathology. Nat
Immunol 2:816-822.

. Sakaguchi S (2000) Regulatory T cells: Key controllers of immunologic self-tolerance.
Cell 101:455-458.

. Brunkow ME, et al. (2001) Disruption of a new forkhead/winged-helix protein, scurfin,
results in the fatal lymphoproliferative disorder of the scurfy mouse. Nat Genet 27:
68-73.

4. Fontenot JD, Gavin MA, Rudensky AY (2003) Foxp3 programs the development and
function of CD4+CD25+ regulatory T cells. Nat Immunol 4:330-336.

. Clark LB, et al. (1999) Cellular and molecular characterization of the scurfy mouse
mutant. J Immunol 162:2546-2554.

. Chang X, Zheng P, Liu Y (2008) Homeostatic proliferation in the mice with germline
FoxP3 mutation and its contribution to fatal autoimmunity. J Immunol 181:2399-2406.

. Bennett CL, etal. (2001) The immune dysregulation, polyendocrinopathy, enteropathy,
X-linked syndrome (IPEX) is caused by mutations of FOXP3. Nat Genet 27:20-21.

. Wildin RS, et al. (2001) X-linked neonatal diabetes mellitus, enteropathy and
endocrinopathy syndrome is the human equivalent of mouse scurfy. Nat Genet 27:
18-20.

9. Kasprowicz DJ, Smallwood PS, Tyznik AJ, Ziegler SF (2003) Scurfin (FoxP3) controls
T-dependent immune responses in vivo through regulation of CD4+ T cell effector
function. J Immunol 171:1216-1223.

10. Carson BD, Ziegler SF (2007) Impaired T cell receptor signaling in Foxp3+ CD4 T cells.
Ann N Y Acad Sci 1103:167-178.

11. Wu Y, et al. (2006) FOXP3 controls regulatory T cell function through cooperation
with NFAT. Cell 126:375-387.

12. Bettelli E, Dastrange M, Oukka M (2005) Foxp3 interacts with nuclear factor of
activated T cells and NF-kappa B to repress cytokine gene expression and effector
functions of T helper cells. Proc Nat! Acad Sci USA 102:5138-5143.

13. Mottet C, Uhlig HH, Powrie F (2003) Cutting edge: Cure of colitis by CD4+CD25+
regulatory T cells. J Immunol 170:3939-3943.

14. Maul J, et al. (2005) Peripheral and intestinal regulatory CD4+ CD25(high) T cells in
inflammatory bowel disease. Gastroenterology 128:1868-1878.

15. Selvaraj RK, Geiger TL (2008) Mitigation of experimental allergic encephalomyelitis by
TGF-beta induced Foxp3+ regulatory T lymphocytes through the induction of anergy
and infectious tolerance. J Immunol 180:2830-2838.

16. Liu Y, Teige |, Birnir B, Issazadeh-Navikas S (2006) Neuron-mediated generation of
regulatory T cells from encephalitogenic T cells suppresses EAE. Nat Med 12:518-525.

17. Morgan ME, et al. (2005) Effective treatment of collagen-induced arthritis by
adoptive transfer of CD25+ regulatory T cells. Arthritis Rheum 52:2212-2221.

18. Tang Q, et al. (2004) In vitro-expanded antigen-specific regulatory T cells suppress
autoimmune diabetes. J Exp Med 199:1455-1465.

19. Strauss L, et al. (2007) Selective survival of naturally occurring human CD4+CD25+Foxp3+
regulatory T cells cultured with rapamycin. J Immunol 178:320-329.

20. Bluestone JA (2005) Regulatory T-cell therapy: Is it ready for the clinic? Nat Rev

Immunol 5:343-349.

. Stock P, DeKruyff RH, Umetsu DT (2006) Inhibition of the allergic response by
regulatory T cells. Curr Opin Allergy Clin Immunol 6:12-16.

N

w

G

o

~

0o

2

=

60of 6 | www.pnas.org/cgi/doi/10.1073/pnas.1000400107

transformed into BL-21 (DE3) star E. coli (Novagen). The protein was expressed
following induction of protein expression using 1 mM isopropyl thiogalacto-
side. After 5 h of induction at 37 °C and an additional overnight culture at
25 °C, cells were harvested and sonicated in 6 M guanidine buffer containing
10 mM Tris-HCl and 100 mM NaH,PO, (pH 6.3). Lysates were clarified by
centrifugation and loaded (10 mL/500 mL culture) on HisTrap chelating col-
umns (Qiagen). Bound proteins were washed with 6 M urea buffer (pH 6.0),
and the target proteins were eluted with 6 M urea buffer (pH 4.5). The eluted
proteins were desalted using PD-10 Sephadex G-25 columns (GE Healthcare)
with PBS (10% glycerol), and aliquots were stored at —80 °C. The purity of
proteins was characterized by limulus amoebocyte lysate (LAL) (Lonza) and
Picogreen assays (Invitrogen). The endotoxin level was 27.0 EU/mg, and the
bacterial DNA level was 8.6 ng/mg of protein in four independent prepa-
rations (Table S1).

Statistics. Statistical analysis of group differences was examined using the
nonparametric Mann-Whitney U test or unpaired two-tailed Student's t
tests. *P < 0.05 and **P < 0.01 were considered to be significant.
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S| Materials and Methods

Construction and Purification of HHph-1-Foxp3 Protein. Mouse
Foxp3, EGFP, and protein transduction domain (PTD) (HHph-
1) were combined and cloned as outlined in Fig. 1 into a pRSET-B
(Invitrogen) or pET28a (Novagen) plasmid, and each DNA was
transformed into BL-21 (DE3) star Escherichia coli (Novagen).
The protein was expressed following induction of protein ex-
pression using 1 mM isopropyl thiogalactoside. After 5 h of in-
duction at 37 °C and an additional overnight culture at 25 °C,
cells were harvested and sonicated in 6 M guanidine buffer
containing 10 mM Tris-HCI and 100 mM NaH,PO, (pH 6.3).
Lysates were clarified by centrifugation and loaded (10 mL/500
mL culture) on HisTrap chelating columns (Qiagen). Bound
proteins were washed with 6 M urea buffer (pH 6.0), and
the target proteins were eluted with 6 M urea buffer (pH 4.5).
The eluted proteins were desalted using PD-10 Sephadex G-25
columns (GE Healthcare) with PBS (10% glycerol), and aliquots
were stored at —80 °C. The purity of the proteins was character-
ized by limulus amoebocyte lysate (LAL; Lonza) and Picogreen
assays (Invitrogen). The endotoxin level was 27.0 endotoxin unit
(Eu)/mg, and the bacterial DNA level was 8.6 ng/mg of protein in
four independent preparations (Table S1).

Mice. C57BL/6, BALB/c, RAG-2 KO, and scurfy heterozygous
mice were obtained from Jackson Laboratories. We crossed
heterozygous scurfy female mice with wild-type C57BL/6 male
mice to generate scurfy male mice. All animals were maintained
in specific pathogen-free conditions. All animal experiments were
performed under approved Institutional Animal Care and Use
Committee protocols (Yale University).

In Vitro Transduction of HHph-1-Foxp3. CD4"CD25~ T cells were
isolated by flow cytometry, and HHph-1-Foxp3, HHph-1-
Foxp3A, or Foxp3 without HHph-1 was added to the cells for the
specified time in culture media containing 5% FBS. The cells
were then washed twice with RPMI for stimulation of the cells or
washed twice with PBS for intracellular staining. The intracellular
level of Foxp3 was measured using the anti-HA antibody (Cell
Signaling Technology) and anti-Foxp3 antibody (eBioscience).

In Vitro Functional Analysis of HHph-1-Foxp3 on T Cells. A total of 1 x
10° CD4¥CD25 T cells were incubated with HHph-1-Foxp3 or
Foxp3 for 30 min and then stimulated with 2.5 pg/mL plate-
bound anti-CD3 antibody and 2 pg/mL soluble anti-CD28 anti-
body for 24-72 h. IL-2, IL-4, and IFN-y secretions were analyzed
by ELISA (eBioscience). To quantitate cellular proliferation,
1 pCi of thymidine was added to the culture media after 48 h and
incubated with the cells for an additional 24 h. Cells were then
harvested, and incorporated radioactivity was measured by liquid
scintillation counting (Perkin-Elmer). To test the suppressive
function of HHph-1-Foxp3-treated CD4*CD25~ T cells on
conventional CD4 T cells, 5 x 10* CD4*CD25~ T cells (re-
sponder cells) were stimulated for 3 d as described above with
10° (2:1), 5 x 10* (1:1) or 2.5 x 10* (0.5:1) CD4*CD25™ T cells
(suppressor cells) pretreated with HHph-1-Foxp3 or Foxp3.

In Vivo Transduction and Stability of HHph-1-PTD Protein. Three
hundred micrograms of HHph-1-EGFP or 150 pg of HHph-1-
Foxp3 protein was injected i.p. into C57BL/6 mice. One to 12 h
after the injection, lung, liver, kidney, or intestine tissue was
isolated and fixed with 10% formalin. EGFP fluorescence in
each paraffin-embedded section was analyzed by fluorescence

Choi et al. www.pnas.org/cgi/content/short/1000400107

microscopy. Foxp3 in frozen sections of intestine was stained
with anti-HA primary antibody and TRITC-labeled anti-rabbit
secondary antibody. The nuclei were stained with DAPI, and the
fluorescence was analyzed by fluorescence microscopy.

Scurfy Mice. Heterozygous scurfy female mice were crossed with
wild-type male mice to generate Foxp3-deficient male mice. One
day after birth, the mouse genotype was confirmed by tail blot.
From day 3, 25 pg of HHph-1-Foxp3, Foxp3, or HHph-1-EGFP
was injected intrahepatically, and from day 10, 50 pg of protein
was injected i.p. every other day. On day 21, the tissues that
included ear, liver, or lung were fixed with formalin and stained
with H&E. Cells from the thymus and spleen were analyzed by
FACS with antibodies against CD25, CD62L, CD44, CD4, and
CD8 (eBioscience).

Colitis Model. To induce autoimmune inflammation in the intestine,
scurfy CD4 T cells were sorted from lymph nodes and spleen. A
total of 10° total CD4 T cells in sterile PBS were injected i.p. into
8- to 10-wk-old RAG-2 KO mice (1). CD4*CD25 CD45RB"¢"
T cells from wild-type C57BL/6 mice were isolated by flow cy-
tometry, and 5 x 10° of CD4*CD25 CD45RB"" T cells were
injected i.p. into 8- to 10-wk-old RAG-2 KO mice. From the day of
cell transfer, 50 pg of HHph-1-Foxp3 or HHph-1-EGFP was in-
jected i.p. every other day. Mice were weighed weekly, and 4-7 wk
following the cell transfer, mice were killed. The large intestine
was fixed with formalin, and the tissue sections were stained with
H&E. Antibodies against mouse CD25, CD62L, CD44, CD4, and
CDS8 were used for FACS staining (eBioscience).

Asthma Model. To induce the experimental asthma model in mice,
on day 0, 50 pg of ovalbumin (OVA) (Sigma) and 2 mg of
emulsified alum (Thermo Scientific) was injected i.p. into BALB/c
mice for sensitization, and on day 14, OVA + alum solution was
injected i.p. as a second sensitization. On days 25, 26, and 27, 1%
OVA in PBS solution was administered to all of the mice with
a nebulizer in a chamber. Twenty-five micrograms of HHph-1-
Foxp3 or HHph-1-EGFP was administered intranasally 2 h before
the OVA challenge. On day 28, mice were killed, and BAL cells
were isolated from BAL fluid collected from the lung tissue by
suspension with PBS. BAL cells were stained with a Diff-Quick
staining kit (Baxter) to count cell numbers of eosinophils, lym-
phocytes, and total cells. Lung tissue was fixed with formalin, and
the tissue was stained by H&E. Levels of IL-4, IL-13, and IFN-y in
BAL fluid and total IgE in serum were measured by ELISA with
paired antibodies according to the manufacturer’s instructions
(eBioscience).

Luciferase Assay. HHph-1-Foxp3 or HHph-1-EGFP was used to
pretreat 293T cells for 1 h, and cells were transfected with a FKH-
Luc plasmid in pcDNA 3.1, which has a forkhead-binding domain
combined with luciferase, by lipofectamine-mediated transfection
for 24 h. Assays for luciferase activity were performed according
to the manufacturer’s instructions, and the value was normalized
by Renilla activity (Promega).

Purity of HHph-1-Foxp3. Endotoxin levels and bacterial DNA
contamination of four different batches of purified recombinant
protein were analyzed by LAL (Lonza) and Picogreen (Invi-
trogen) assay, respectively. A QCL-1000 assay with a sensitivity of
0.1-1.0 Eu/mL and a Quant-iT Picogreen double-stranded DNA
assay with a sensitivity of 25-1,000 pg/mL were performed ac-
cording to the manufacturer’s instructions.
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Activation of Macrophages, Dendritic Cells, and B Cells. RAW264.7
macrophage cells (5 x 10° cells) were incubated with 100 ng/mL
of LPS for 18 h. TNF-a and IL-6 in the supernatant were mea-
sured by ELISA. CD11c™ splenic dendritic cells (1 x 10° cells),
which were isolated by flow cytometry, were incubated with 5 pg/
mL of 2’-deoxyribo(cytidine-phosphate-guanosine) dinucleotide

1. Fontenot JD, Gavin MA, Rudensky AY (2003) Foxp3 programs the development and
function of CD4+CD25+ regulatory T cells. Nat Immunol 4:330-336.

PNAS

- )

(CpG) for 18 h. IL-12p40 and IL-6 in the supernatant were
measured by ELISA. CD19* splenic B cells (2 x 10° cells), which
were isolated by flow cytometry, were incubated with 40 pg/mL
of LPS for 72 h. Thymidine (1 pCi) was added to the culture
media after 48 h and incubated with the cells for 24 h. Pro-
liferation of B cells was analyzed by thymidine incorporation.
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Fig. S1.

HHph-1-Foxp3 treatment modulates CD25 and CTLA-4 expression on CD4*CD25™ T cells. After CD4*CD25™ T cells were treated with HHph-1-Foxp3 or

Foxp3 for 30 min, cells were stimulated with plate-bound anti-CD3 and soluble anti-CD28 antibody for 24 h. (A) surface expression level of CD25 (n = 5) and

(B) CTLA-4 (n = 3) was analyzed by flow cytometry.
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Fig. S2. Regulation of CD4 T cells by HHph-1-Foxp3. Each protein was incubated with CD4*CD25~ T cells for 1 h and (A) the cells were cultured with responder
CD4*CD25™ T cells for 3 d with anti-CD3 and anti-CD28 antibody. The suppressive function was analyzed by thymidine incorporation assay. (B) Either
CD4*CD25~ T cells and CD4*CD25* Treg cells were treated with or without IL-2 (100 U/mL) and the proliferation was analyzed by thymidine incorporation assay.
(C) The proliferation was measured by thymidine incorporation which included the use of HHph-1-EGFP as a control protein.
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Fig. S3. HHph-1-Foxp3 has no effect on WT mice. WT and Scurfy mice (scf) were injected i.p. with PBS or HHph-1-Foxp3 every other day beginning 3 d after
birth. (A) The weight of mice was measured every 5 d (B) Lung, skin and intestine from WT mice with HHph-1-Foxp3 were harvested and stained with H&E.
(C) Populations of CD4 and CD8 T cells were stained with thymocytes and splenocytes by fluorescence labeled antibodies and analyzed by flow cytometry.

HHph-1-EGFP 1 h  HHph-1-EGFP 12 h

1 —®Hph-EGFP
®—HHph-1-EGFP
250 1 -m-ecrp

200 1
150 -
100 A
50 1

BN AS  PNAS P
(vs)
Mean fluorescence > P
rESA
) !
. NS
f .. &
CD4-APC

0 10 30 60

HHph-1-Foxp3 1 h  HHph-1-Foxp3 12 h
Incubation time (min) D a— .

- - - -

Fig. S4. Evaluation of transduction efficiency and stability of HHph-1-conjugated proteins. (A) Each protein was purified by the same method and Hph-1-
EGFP, HHph-1-EGFP, and EGFP proteins (1 pM) were added to splenocytes for the different time points and intracellular levels of EGFP analyzed by flow
cytometry. (B) HHph-1-Foxp3 (1 uM) was incubated with splenocytes for 1 h, then the cells were washed with PBS twice and cultured for an additional 12 h. The
intracellular level of Foxp3 at each time point was quantitated by staining with Alexa488 labeled anti-HA antibody to distinguish from endogenous Foxp3.
(C) HHph-1-EGFP or (D) HHph-1-Foxp3 was i.p. injected into mice and after 1 h or 12 h, the organs were harvested, sectioned and the intracelluar protein was
determined as EGFP fluorescence or TRITC fluorescence for HA antibody by fluorescence microscopy.
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Fig. S5. Inhibition of transcription by HHph-1-Foxp3. 293T cells were transfected with FKH-Luc plasmid DNA by treatment with HHph-1-Foxp3, HHph-1-EGFP,
or PBS. After 24 h of culture, luciferase activity was analyzed and the value was normalized by Renilla activity.
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Fig. S6. Function of HHph-1-Foxp3 in other cells. HHph-1-Foxp3 was incubated with (A and B) CD11c+ Dendritic cells, (C and D) Raw264.7 macrophages, and
(E) CD19* B cells for 1 h, then the cells were activated with TLR ligand (LPS or CpG) for 18 h for the cytokine analysis or 3 d for proliferation. The cytokines in the
supernatant were analyzed by ELISA and the proliferation of B cells were determined by thymidine incorporation assay.
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Fig. S7. Modulation of T cells by HHph-1-Foxp3 in vivo. CD25 expression levels on CD4 T cells in splenocytes from both (A) scurfy mice pools of two mice from
three independent experiments and (B) the mice with OVA-induced airway inflammation were analyzed by flow cytometry. The data are derived from a pool
of spleens from five mice. Splenocytes of a pool of five mice from OVA induced asthma model were stimulated with (C) plate bounded anti-CD3 and soluble
CD28 antibody or (D) 100 ug/mL of OVA for 3 d and the proliferation was analyzed by thymidine assay. (E) One hundred micrograms of keyhole limpet
hemocyanin (KLH) was immunized subcutaneously and 7 d later, inguinal lymphocytes were stimulated with 100 ug/mL of KLH for 3 d in vitro and the pro-
liferation was analyzed by thymidine assay.
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Fig. S8. Duration of the functional effect of HHph-1-Foxp3. (A) CD4 T cells from 21-d-old scurfy mice were transferred to RAG KO mice, and the mice were
injected with HHph-1-Foxp3 every other day until 4 d before death (5 wk). (B) Scurfy mice were injected with HHph-1-Foxp3 every other day until 4 d before
death (7 wk) and CD4 T cells were isolated and transferred to RAG KO mice. One group of RAG KO mice was injected with HHph-1-Foxp3 and the H&E-stained
tissue shown was at 10x magnification.

Table S1. Purity of HHph-1-Foxp3 protein
Batch 1 Batch 2 Batch 3 Batch 4 Average

Endotoxin (Eu/mg) 32.7 271 25.3 22.9 27.0
Bacterial DNA (ng/mg) 10.0 9.5 7.8 7 8.6

Endotoxin level was measured by LAL assay, and bacterial DNA level was
analyzed by Picogreen assay.
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Corrections

IMMUNOLOGY

Correction for “Cell-permeable Foxp3 protein alleviates auto-
immune disease associated with inflammatory bowel disease and
allergic airway inflammation,” by Je-Min Choi, Jae-Hun Shin,
Myung-Hyun Sohn, Martha J. Harding, Jong-Hyun Park, Zuzana
Tobiasova, Da-Young Kim, Stephen E. Maher, Wook-Jin Chae,
Sung-Ho Park, Chun-Geun Lee, Sang-Kyou Lee, and Alfred L. M.
Bothwell, which appeared in issue 43, October 26, 2010, of Proc
Natl Acad Sci USA (107:18575-18580; first published October 11,
2010; 10.1073/pnas.1000400107).

The authors note that, due to a printer’s error, the phrase
within the Author Contributions section that reads “J.-M.C,
A.L.M.B., and S.-K.L. designed research” should instead read as
“J.-M.C, S.-K.L., and A.L.M.B. designed research.”

Additionally, the Acknowledgments section should instead read
as “We thank Dr. Shimon Sakaguchi (Kyoto University) for kindly
providing the mouse Foxp3 ¢cDNA. This work was supported by
National Institutes of Health PO1 Grant AI036529 (to A.L.M.B.)
and Grant RO1-HL.084225 (to C.-G.L.); National Research Foun-
dation of Korea Grant NRF-2010-0000733, NRF-R11-2007-
040-02004-0, and by Seoul Development Institute Grant 11112
(to S.-K.L.); Basic Science Research Program through National
Research Foundation of Korea Grant 2010-0025389, and Hanyang
University Grant HY-2010-00000000219 (to J.-M.C); and Czech
Ministry of Education Grant MSM 00211620812 (to Z.T.).”

Wwww.pnas.org/cgi/doi/10.1073/pnas. 1016618107
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MICROBIOLOGY
Correction for “Bifidobacterium animalis subsp. lactis fermented
milk product reduces inflammation by altering a niche for col-
itogenic microbes,” by Patrick Veiga, Carey Ann Gallini, Chloé
Beal, Monia Michaud, Mary L. Delaney, Andrea DuBois, Artem
Khlebnikov, Johan E. T. van Hylckama Vlieg, Shivesh Punit,
Jonathan N. Glickman, Andrew Onderdonk, Laurie H. Glimcher,
and Wendy S. Garrett, which appeared in issue 42, October 19,
2010, of Proc Natl Acad Sci USA (107:18132-18137; first pub-
lished October 4, 2010; 10.1073/pnas.1011737107).

The authors note that the affiliation for Laurie H. Glimcher
appeared incorrectly. The corrected affiliation appears below.

Patrick Veiga®®, Carey Ann Gallini?, Chloé Beal®, Monia
Michaud?, Mary L. Delaney, Andrea DuBois®, Artem
Khlebnikov®d, Johan E.T. van Hylckama Vlieg®, Shivesh
Punit®", Jonathan N. Glickman®®?, Andrew Onderdonk®<,
Laurie H. Glimcher>“®f, and Wendy S. Garrett**93

2Harvard School of Public Health, Boston, MA 02115; ®Danone Research,
91767 Palaiseau, France; ‘Brigham and Women'’s Hospital, Boston, MA
02115; “Dannon Company Inc., White Plains, NY 10603; *Harvard Medical
School, Boston, MA 02115; fRagon Institute of MGH, MIT and Harvard,
Charlestown, MA 02129; and °Dana Farber Cancer Institute, Boston,

MA 02115
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