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CTLA-4 (CD152) negatively regulates T cell activation signaling, and
the cytoplasmic domain of CTLA-4 (ctCTLA-4) itself has the capacity to
inhibit T cell activation in vitro and in vivo. In this study, the inhibitory
mechanisms of the cell-permeable recombinant protein Hph-1-
ctCTLA-4 on T cell activation and its ability to prevent collagen-
induced arthritis were analyzed. Hph-1-ctCTLA-4 prevented human
and mouse T cell activation and proliferation by inhibition of T cell
receptor-proximal signaling and the arrest of the cell cycle. Further-
more, Hph-1-ctCTLA-4 protected human umbilical vein endothelial
cells (HUVEC) from the human CTL allo-response. The incidence and
severity of collagen-induced arthritis were significantly reduced and
the erosion of cartilage and bone was effectively prevented by i.v.
injection and transdermal administration of Hph-1-ctCTLA-4. Inflam-
matory cytokine production (IL-1�, IL-6, TNF-�, IL-17A) and collagen-
specific antibody levels were significantly reduced, and the numbers
of activated T cells and infiltrating granulocytes were substantially
decreased. These results demonstrate that systemic or transdermal
application of a cell-permeable form of the cytoplasmic domain of
CTLA-4 offers an effective therapeutic approach for autoimmune
diseases such as rheumatoid arthritis.

autoimmune disease � costimulatory molecule

Rheumatoid arthritis (RA) is a chronic, systemic inflammatory
disorder that leads to progressive joint destruction (1). Hall-

marks of RA are joint inflammation, proliferation of synovial cells,
and attachment and invasion of synovial fibroblasts into adjacent
cartilage and bone (2, 3). Cumulative evidence has indicated that
CD4� T cell-mediated autoimmune responses play a critical role in
the pathogenesis of RA, in conjunction with activation of B cells
and macrophages that infiltrate the synovium (4, 5). Recent bio-
logical therapies against IL-1�, IL-6, or TNF-� have demonstrated
promising effects against progressive joint destruction (6–8). How-
ever, the clinical use of these therapies has been limited because of
several issues, including side effects and the increase of therapy-
insensitive patients.

Recently, several reports demonstrated that regulation of co-
stimulatory signaling in the T cell is an important target for
treatment of autoimmune diseases such as arthritis (9, 10). CTLA-4
is an activation-induced surface molecule on T cells and is essential
for the negative regulation of T cell activation; its inhibitory effects
can be accomplished either by competition with CD28 for their
ligands B7–1 and -2 or by transmission of negative signals through
its intracellular domain (11, 12). The cytoplasmic domain of
CTLA-4 (ctCTLA-4), which contains a tyrosine phosphorylation
motif, has been found to be 100% conserved among different
species, suggesting that this domain is critical for CTLA-4 functions
(13, 14). In addition, there are several splicing variants of CTLA-4,
including full-length CTLA-4, soluble CTLA-4 that lacks the trans-
membrane domain, ligand-independent CTLA-4 (liCTLA-4) that
lacks the extracellular domain, and only the cytoplasmic domain of

CTLA-4 (15). However, the function of these spicing variants in
various T cell subsets is not fully understood.

Intracellular delivery of many therapeutic and diagnostic agents
can be challenging because the plasma membrane forms a formi-
dable barrier against entry of biomolecules. The discovery of the
protein transduction domain (PTD) has made it possible to trans-
duce therapeutically active agents into living cells (16–18). PTDs
such as Tat, Antp, Vp22, MTS, Pep-1, and R7 have protein
transduction efficiency good enough to be used in protein drug
development; however, these PTDs are either of virus or of
Drosophila origin, or are generated by assembling different peptide
sequences (19–24). In our previous report, we identified a novel
human PTD, Hph-1, and Hph-1-PTD has efficient protein trans-
duction efficiency and can deliver therapeutic protein to prevent
airway inflammation via an intranasal route (25).

In this study, we describe possible mechanisms for the inhibitory
function of the cell-permeable cytoplasmic domain of CTLA-4
(Hph-1-ctCTLA-4) in T cell activation and the therapeutic effects
via systemic or transdermal application in the collagen type II
(CII)-induced arthritis (CIA) model in vivo. These results demon-
strate that blockade of the T cell costimulation pathway by Hph-
1-ctCTLA-4 prevents arthritic symptoms effectively and provides
preclinical support for the potential therapeutic efficacy of Hph-
1-ctCTLA-4 against autoimmune diseases like human RA via
systemic or transdermal administration.

Results
Regulation of T Cell Function by Hph-ctCTLA-4. To evaluate how
ctCTLA-4 regulates T cell activation, a cell-permeable form of
ctCTLA-4 (Hph-1-ctCTLA-4), the tyrosine mutant form
of ctCTLA-4 (Hph-1-ctCTLA-4YF), and ctCTLA-4 without the
Hph-1-PTD were designed as previously described (25). We puri-
fied these proteins under denaturing conditions and the purified
proteins were characterized by Western blot analysis with anti-HA
antibody [supporting information (SI) Fig. S1]. In mouse spleno-
cytes, Hph-1-ctCTLA-4 strongly inhibited secretion of inflamma-
tory cytokines, including IFN-�, IL-4, and IL-17 (Fig. 1 A–C).
ctCTLA-4 that lacks Hph-1-PTD did not have an inhibitory effect
on cytokine secretion. Moreover, to examine whether Hph-1-
ctCTLA-4 also can inhibit the CD8 T cell response, a human
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allo-CTL line against primary human umbilical vein endothelial
cells (HUVEC) was generated, and the inhibitory effect of Hph-
1-ctCTLA-4 on its CTL activity was tested (Fig. 1D). Hph-1-
ctCTLA-4 suppressed CTL activity against target cells (HUVEC)
in a concentration-dependent manner. However, ctCTLA-4 and
cyclosporine A (CsA), a calcineurin inhibitor, had no effect. These
results suggest the intracellular cytoplasmic domain of CTLA-4
strongly inhibits cytotoxic CD8 T cell activation as well as helper T
cell activation.

Inhibition of T Cell Activation by Hph-1-ctCTLA-4 via TcR-Proximal
Signaling Events. The inhibitory mechanism of Hph-1-ctCTLA-4 in
T cell signaling pathway was examined with human Jurkat T cells
and mouse splenocytes activated by T cell Receptor (TcR)-
mediated or TcR-bypassed stimulation. We found that 10 pM of
Hph-1-ctCTLA-4 or 10 nM of CsA could effectively inhibit IL-2
secretion from Jurkat T cells and mouse splenocytes activated by
anti-CD3 and anti-CD28 antibodies. However, in contrast to CsA,
Hph-1-ctCTLA-4 could not suppress Phorbol 12-Myristate 13-
Acetate (PMA)/ionomycin-induced T cell activation, confirming
that Hph-1-ctCTLA-4 specifically acts on TcR-proximal signaling
events (Fig. 2 A and B). Because the inhibitory function of
Hph-1-ctCTLA-4 seems to be dependent on TcR stimulation, the
effect of Hph-1-ctCTLA-4 on phosphorylation of intracellular
signaling proteins including the �-chain of the TcR complex,
ZAP70, p38, ERK, and JNK was analyzed by Western blot. (Fig.
2C). Phosphorylation of all these signaling molecules was signifi-
cantly inhibited by 10 pM of Hph-1-ctCTLA-4 although there was
no meaningful difference in total lysate control and also in total
amount of nonphosphoproteins (data not shown).

Next, we examined whether Hph-1-ctCTLA-4 can inhibit the
transcriptional promoter activities of Nuclear Factor of Activated
T-cells (NFAT) and AP-1 (Fig. 2 D and E). We used stably
transfected Jurkat cell lines with an NFAT- or an AP-1-Secreted

form of Embryonic Alkaline Phosphatase (SEAP) reporter gene,
in which SEAP expression is driven by the NFAT or the AP-1
binding site, respectively. CsA, a calcineurin inhibitor, showed an
inhibitory effect on NFAT promoter activity but not on the AP-1
promoter. However, Hph-1-ctCTLA-4 could suppress both NFAT
and AP-1 promoter activity as well, suggesting that Hph-1-
ctCTLA-4 seems to target the signaling events of T cell activation
upstream of NFAT and AP-1 activation.

Inhibition of Proliferation and Cell Cycle of Activated T Cells by
Hph-1-ctCTLA-4. Next, we examined the effect of Hph-1-ctCTLA-4
on T cell proliferation and cell cycle progression. After Jurkat T
cells were activated with soluble anti-CD28 antibody and plate-
bound anti-CD3 antibody for 24–72 h, total live cells were stained
with the WST-8 dye and data were presented as fold increase
compared to the value of initial cells (Fig. 3A). Hph-1-ctCTLA-4 or
CsA significantly inhibited T cell proliferation; however, ctCTLA-4
without Hph-1-PTD had no effect. Additionally, an inhibitory

Fig. 1. Inhibition of T cell activation by Hph-1-ctCTLA-4. After Hph-1-ctCTLA-4
or ctCTLA-4 was incubated with mouse splenocytes for 1 h, cells were stimulated
with plate-bound anti-CD3 and soluble anti-CD28 antibodies for 24 h. (A) IFN-�,
(B) IL-4, and (C) IL-17A levels in the culture media were analyzed by ELISA. (D)
HUVEC-specific human primary CTL was generated, and Hph-1-ctCTLA-4-
transduced CTL was cocultured with calcein-treated HUVEC cells for 4 h. CTL
killing activity was calculated as killing percentage. Bars represent mean � SD of
three independent experiments. *P � 0.05, **P � 0.01 compared with the
activated T cell group.

Fig. 2. Hph-1-ctCTLA-4suppressesTcellactivationby inhibitionofTcR-proximal
signals. (A) Jurkat T cells or (B) mouse splenocytes were incubated with Hph-1-
ctCTLA-4, and its inhibitory function on IL-2 secretion was stimulated by plate-
bound anti-CD3 and soluble anti-CD28 antibodies or PMA/ionomycin was ana-
lyzed by ELISA. (C) After ctCTLA-4 or Hph-1-ctCTLA-4 was incubated with Jurkat
T cells for 30 min, cells were activated with anti-CD3 and anti-CD28 antibodies for
5 min at 37 °C, cell lysates were analyzed by Western blot analysis with anti-
Phospho-ERK, -JNK, -p38, -ZAP70, -�-chain antibodies, and anti-�-tubulin anti-
body was used as lysate control. (D and E) After each protein was incubated with
(D) NFAT- or (E) AP-1-SEAP Jurkat T cells for 30 min, cells were stimulated with
plate-bound anti-CD3 antibody and soluble anti-CD28 antibody for 24 h and
chemiluminescentSEAPactivity intheculturemediawasanalyzed.Bars represent
mean � SD of three independent experiments. *, P � 0.05; **, P � 0.01 compared
with the activated T cell group.
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effect of Hph-1-ctCTLA-4 on T cell proliferation was confirmed by
thymidine incorporation assay (Fig. 3B). To test whether inhibition
of T cell proliferation by Hph-1-ctCTLA-4 was because of cell cycle
arrest, we stained the total DNA content of activated T cells by
Propidium Iodide (PI) (Fig. 3C). Following treatment of Hph-1-
ctCTLA-4 there was a reduction in the G2/M and an increase in the
G0/G1 population. In agreement with the earlier findings using the
CTLA-4/B7–1/B7–2 TKO and the B7–1/B7–2 DKO system (26),
the cell cycle progression of T cells incubated with Hph-1-
ctCTLA-4 was effectively arrested at the G0/G1 phase. Taken
together, Hph-1-ctCTLA-4 specifically inhibits tyrosine phosphor-
ylation of TcR-proximal key signal mediators, leading to suppres-
sion of T cell proliferation via cell cycle arrest.

Inhibitory Effect of Hph-1-ctCTLA-4 on Joint Inflammation in a Colla-
gen-Induced Arthritis Model. To show the therapeutic effect of
Hph-1-ctCTLA-4 in the CIA model, 7 days after the boost injection
of CII antigen, 4 �g or 40 ng of ctCTLA-4, Hph-1-ctCLTA-4, or
Hph-1-ctCTLA-4YF recombinant proteins were injected i.v. into
mice three times a week for 3 weeks. Mice treated with Hph-1-
ctCTLA-4 displayed a significantly lower arthritis severity index and
incidence of CIA, and improvement of the arthritis severity index
and incidence of RA by Hph-1-ctCTLA-4 was clearly dose depen-
dent (Fig. 4 A and B). Importantly, radiographic analysis that was
performed at the conclusion of the experiment showed markedly
less bone narrowing or fusion and cartilage damage in Hph-1-
ctCTLA-4-treated mice than in mice treated with ctCTLA-4 or
Hph-1-ctCTLA-4YF (Fig. 4C). In histological analysis, severe car-
tilage erosion, synovial membrane destruction, synovial cell infil-
tration, collagen deposition, and angiogenesis were detected in CIA
mice (Fig. 4D). In contrast, treatment of CIA mice with 4 �g of
Hph-1-ctCTLA-4 clearly suppressed articular destruction and in-

flammatory cell infiltration. The number of infiltrating granulo-
cytes was also significantly decreased in the knee joint of CIA mice
treated with Hph-1-ctCTLA-4, and the Hph-1-CT4YF mutant
partially inhibited the infiltration of granulocytes into the knee joint
(Table S1).

To investigate immunological factors for the therapeutic effect of
Hph-1-ctCTLA-4 on CIA more in detail, we measured various
parameters and markers important for induction and maintenance
of disease progression in CIA mice. The level of inflammatory
cytokines such as IL-1�, IL-6, TNF-�, and IL-17A was increased
significantly in CIA-induced mice; however, Hph-1-ctCLTA-4
treatment significantly reduced the level of these cytokines (Fig.
4E). We also examined the level of total IgG and IgM antibodies,
and antibody to type II collagen, which is a marker for arthritis
secreted by activated B cells in CIA mice (Fig. 4E). Hph-1-
ctCTLA-4 effectively lowered serum antibodies specific to type II
collagen as well as total IgG and IgM levels in a concentration-
dependent manner; however, ctCTLA-4 or Hph-1-ctCTLA-4YF
showed little effect. These results indicate that the inhibitory effect
of the Hph-1-ctCTLA-4 on production of antibodies and the
secretion of inflammatory cytokines contributes to the prevention
of inflammation in joint tissue and bone destruction in CIA mice.

To verify whether the decrease of inflammatory cytokine secre-
tion and antibody production in Hph-1-ctCTLA-4-treated mice was
due to inhibition of T cell activation by Hph-1-ctCTLA-4 in vivo, we
analyzed the number of activated T cells (CD3�/CD69�) in spleen
(Fig. 5A) from CIA mice. The number of CD3�/CD69� T cells was
significantly reduced in Hph-1-ctCTLA-4-treated mice. To analyze
inhibition of antigen-specific T cell proliferation by Hph-1-
ctCTLA-4 treatment, splenocytes from CIA mice were stimulated
with plate-bound CII antigen, and proliferation was measured by
thymidine incorporation assay (Fig. 5B). Proliferation of CII anti-

Fig. 3. Hph-1-ctCTLA-4 suppresses proliferation and cell cycle of activated T cells. (A) After each protein was incubated with Jurkat T cells for 30 min, cells were
stimulated with plate-bound anti-CD3 antibody and soluble anti-CD28 antibody for 24–72 h. WST-8 dye was added to each well to stain total live cells. (B) After
splenocytes were incubated with each protein and stimulated as described above, proliferation of cells was indicated by the number of thymidine-incorporating cells.
(C) After splenocytes were stimulated as described above for 3 days, cells were fixed and intracellular DNA was stained by PI, and the cell cycle was analyzed by FACS.
Bars represent mean � SD of three independent experiments. *, P � 0.05; **, P � 0.01 compared with the activated T cell group.
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gen-specific cells was strongly inhibited in the cells from the
Hph-1-ctCTLA-4-treated mice although ctCTLA-4 or the tyrosine
mutant form of ctCTLA-4 had no effect on proliferation. These
results demonstrate that Hph-1-ctCTLA-4 inhibits collagen-
induced arthritis by inhibition of CII antigen-specific T cell activa-
tion and proliferation.

Transdermal Administration of Hph-1-ctCTLA-4 on the Joints of CIA
Mice Suppresses Arthritis Symptoms. Taking advantage of the fact
that Hph-1-PTD can deliver a protein through local administration
routes such as skin (25), we tested whether transdermal adminis-
tration of Hph-1-ctCTLA-4 also could prevent arthritis symptoms
in CIA mice. Beginning at 7 days after boost injection of CII
antigen, when arthritis symptoms appeared in mice, Hph-1-
ctCTLA-4 in an ointment mixture was applied to joint skin of CIA
mice five times a week for 4 weeks. The total arthritis clinical score
was significantly reduced by topical application of Hph-1-ctCTLA-4
(Fig. 6A). In addition, histological analysis of the joint area after
transdermal administration of 40 �g of Hph-1-ctCTLA-4 revealed
significant reductions in joint tissue damage from inflammation and
inflammatory cell infiltration, cartilage erosion, and synovial mem-
brane destruction (Fig. 6B). We also found the total number of joint

cells and the number of T cells and B cells were dramatically
decreased by Hph-1-ctCTLA-4 treatment on the joint area (Fig. 6
C and D). Taken together, these results showed that both systemic
and transdermal administration of Hph-1-ctCTLA-4 had remark-
able therapeutic effects in the CIA mouse model.

Discussion
CTLA-4 is a costimulatory molecule for negative regulation of T
cell activation. The fact that the amino acid sequences of the
intracellular tail of CTLA-4 are 100% conserved among mamma-
lian species suggests that signal transduction via this cytoplasmic tail
has an important inhibitory role in T cell activation (12, 27). The
cytoplasmic portion of CTLA-4 is 36 aa in length, lacks any intrinsic
enzymatic activity, and does not contain a bona fide ITIM motif;
however, it contains many other potential protein–protein inter-
acting motifs (15, 28, 29).

In recent studies, mice expressing CTLA-4 lacking the cyto-
plasmic tail still showed a lymphoproliferative phenotype, albeit
a much less aggressive one, suggesting that antagonism of CD28
costimulation requires the cytoplasmic domain to inhibit T cell
activation (30, 31). In another report, overexpression of the
ligand-independent form of CTLA-4 (liCTLA-4) inhibited T cell

Fig. 4. Inhibition of inflammation and bone destruction by Hph-1-ctCTLA-4 in the collagen-induced arthritis model. Seven days after boost injection of CII antigen,
each protein was i.v. injected three times per week for 3 weeks. (A) Severity and (B) incidence of the arthritis symptom were assessed by clinical scoring. (C) X-ray
radiographic analysis was performed with the legs of the mice treated with the corresponding protein. (D) Each joint sample was analyzed for histological analysis by
H&E staining (Left) and M-T staining (Right) to examine inflammatory tissue damage and collagen deposition, respectively. (E) The levels of IL-1�, IL-6, TNF-�, IL-17A,
IgM, IgG, and anti-type II collagen Ab in the serum from CIA mice treated with the corresponding protein were analyzed by ELISA. Bars represent mean � SEM of three
independent experiments from four mice per group. *, P � 0.05; **, P � 0.01 compared with the control CIA group.
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activation in TKO (B7.1, B7.2, CTLA-4�/�) mice (32). In a
separate study, expression of a non-ligand-binding CTLA-4
molecule inhibited the in vitro response of CTLA-4 KO T cells
to B7 and protected mice from the massive hyperproliferation
and tissue infiltration observed in CTLA-4-deficient animals
(33). Therefore, the cytoplasmic domain of CTLA-4 provides a
promising therapeutic target for the development of immuno-
therapeutic drugs for allergic diseases, autoimmune diseases,
and graft rejection.

In this study, transduction of Hph-1-CTLA-4, a fusion protein
between the cytoplasmic domain of CTLA-4 and a novel human
origin Hph-1-PTD, into T cells was examined, and the molecular
mechanism of action involved in negative regulation of Hph-1-
ctCTLA-4 in T cell activation was examined. Hph-1-ctCTLA-4
specifically inhibited TcR-proximal signaling events such as phos-
phorylation of ZAP70, JNK, P38, ERK, and the �-chain of the TcR
complex, leading to prevention of secretion of various cytokines
characteristic of Th-1, Th2, and Th-17 cells. Previously CTLA-4
signaling resulted in inhibition of ZAP70 and ERK or secretion of
IFN-� and IL-2 (34, 35). Interestingly Hph-1-ctCTLA-4 could
inhibit TcR-induced activation, but not PMA/ionomycin-induced
activation, which bypasses signaling events in the proximity of the
TcR complex. In contrast, CsA, which inhibits NFAT function via
calcineurin, can suppress TcR- and PMA/ion-induced T cell acti-
vation. This inhibitory function of Hph-1-ctCTLA-4 specific to
TcR-proximal signaling events is in agreement with that of
liCTLA-4 (32) and non-ligand-binding CTLA-4 (33). In the previ-
ous report, B7–1/B7–2/CTLA-4 TKO T cells readily progress from
the G0/G1 to S and G2/M phase compared to B7–1/B7–2 DKO T
cells, suggesting that CTLA-4 prevented the degradation of p27kip1
and inhibited cell cycle progression (26). Consistent with these
results, Hph-1-ctCTLA-4 effectively arrested the cell cycle progres-
sion of T cells at the G0/G1 stage. The cell-permeable cytoplasmic
domain of CTLA-4 also could effectively suppress human allo-CTL
activity against human primary HUVEC cells in vitro, suggesting it
has an inhibitory function on TcR-mediated activation of CD8 T
cells and CD4 T cells. However, Hph-1-ctCTLA-4 could not block
the signaling through TLR2 or TLR4 on dendritic cells and
macrophages stimulated by CpG or LPS (data not shown). These
results clearly demonstrate that the inhibitory action of Hph-1-
ctCTLA-4 is specific to TcR-mediated activation signaling.

Next, we examined the therapeutic potential of Hph-1-ctCTLA-4
in a collagen II-induced arthritis model in mice. It could effectively
subdue the arthritic symptoms and this therapeutic effect was
attributed to inhibition of the production of inflammatory cyto-
kines (IL-1�, IL-6, TNF-�, and IL-17A). It has been suggested that
these inflammatory cytokines are produced through continuous
activation of T cells in RA (36). We found that the numbers of total
infiltrating cells and CD11b�/Gr1� granulocytes in joint tissue were
significantly reduced in Hph-1-ctCTLA-4-treated mice and also it
can decrease the number of CD4� and CD8� T cells in lymph node
and spleen (Fig. S2). When Hph-1-ctCTLA-4 was administered
through the joint skin area of the CIA mice, arthritis clinical score
and incidence, and histology of the joint area, were greatly im-
proved. All of these in vivo therapeutic effects of Hph-1-ctCTLA-4
were dose dependent, but Hph-1-ctCTLA-4-YF, a nonfunctional
mutant form of Hph-1-ctCTLA-4, had significantly fewer or neg-
ligible inhibitory effects in vivo, suggesting the importance of the
two tyrosine residues for in vitro and in vivo function of Hph-1-
ctCTLA-4.

From our study, the possible mechanism underlying the inhibi-
tory effect of Hph-1-ctCTLA-4 on synovial inflammation in vivo is
that the presence of the cytoplasmic domain of CTLA-4 containing
an ITIM-like motif (YVKM motif) or other protein–protein inter-
acting motif might block T cell activation, thereby preventing joint
inflammation as previously suggested by other groups (37, 38). We
administered Hph-1-ctCTLA-4 after the arthritis clinical score ‘‘2’’
was observed in mice, indicating that Hph-1-ctCTLA-4 has thera-
peutic and preventive effects on RA. In vivo immunogenicity and
toxicity of Hph-1-ctCTLA-4 were not detected even when 1–5

Fig. 5. Therapeutic activity of Hph-1-ctCTLA-4 in the collagen-induced arthritis
model is mediated by inhibition of T cell activation. (A) The absolute number of
CD3- and CD69-positive cells from spleen was analyzed by flow cytometry. (B) CII
antigen-specific T cell proliferation was analyzed by thymidine incorporation
assay in CIA-induced mice treated with the different protein. Bars represent
mean � SEM of three independent experiments from four mice per group. *, P �
0.05; **, P � 0.01 compared with the control CIA group.

Fig. 6. Transdermal application of Hph-1-ctCTLA-4 in the collagen-induced
arthritis model. (A) Seven days after boost injection of CII antigen, Hph-1-
ctCTLA-4 and ointment mixture were administered on the joint skin of the
mice five times a week for 4 weeks. Severity of the arthritis symptom was
measured by clinical scoring. (B) Each joint sample was analyzed for histolog-
ical analysis by H&E and M-T staining to examine inflammatory tissue damage
and collagen deposition, respectively. (C) The number of total joint cells and
(D) the number of CD3� or CD19� cells were calculated with the percentage
of each staining and the total number of cells by FACS. Bars represent mean �
SEM of two independent experiments from four mice per group. *, P � 0.05;

**, P � 0.01 compared with the control CIA group.
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mg/kg of recombinant protein (fivefold higher dose than the
therapeutic dose) were injected i.v. into mice (25).

Importantly, transdermal administration of Hph-1-ctCTLA-4 to
the joint skin area of the disease-induced animal significantly
improved joint inflammation and arthritis symptoms. This report
demonstrates that an intracellular signaling protein with therapeu-
tic potential in T cells can be used for the treatment of arthritis via
transdermal application.

Materials and Methods
Purification of Hph-1-PTD-Conjugated Proteins. Generation of ctCTLA-4, Hph-1-
ctCTLA-4,andHph-1-ctCTLA-4YFproteinwascarriedoutaspreviouslydescribed(25).

In Vitro T Cell Activation, Proliferation, and Cell Cycle Analysis. Plates were
preparedbycoatingwith0.1–0.25 �gofanti-CD3antibody (eBioscience)perwell
and incubating for 1 h at 37 °C. Splenocytes were incubated with 0.5 �g of
anti-CD28 antibody (eBioscience) on ice for 20 min. Cells were added to the
anti-CD3 antibody-coated wells and cultured for 1–3 days. After stimulation for
3 days, 20 �l of WST-8 dye (Dojindo) or 1 �Ci of thymidine were added to 200 �l
of culture media. Live cells were detected by reading wells at 450 nm on a
microplate reader (BioRad) and incorporated radioactivity was counted by a
Liquid Scintillation Counter (Perkin-Elmer). For NFAT and AP-1 promoter activity,
a SEAP assay was performed in accordance with the manufacturer’s instructions
(BDBiosciences). Forcell cycleanalysis, cellswereharvested,fixedwith70%EtOH,
and incubated with PI solution including 0.1% Triton X-100 and RNase for 30 min
at room temperature and analyzed by FACS.

Generation of Human CTL and CTL Assay. Human allo-CTL against HUVEC was
generated as previously described (39). HUVEC were isolated by collagenase
treatment of human umbilical veins under a protocol approved by the Yale
Human Investigation Committee.

Murine CIA Model. All of the animal procedures were approved by the Experi-
mental Animal Commission of the Institute of Traditional Medicine and Bio-

science at Daejeon University. Male DBA/1J mice (7–9 weeks) received 200 �g of
bovine type II collagen (Sigma) in Freund’s complete adjuvant (Sigma) by intra-
dermal injection at the base of the tail on day 0 and a booster injection on day 21
(40). Mice were monitored daily for signs of arthritis, and each paw was scored
individually as follows: 0, normal; 1, slight erythema and edema; 2, increased
edema with loss of landmarks; 3, marked edema; and 4, marked edema with
ankylosis on flexion. Each mouse was assigned an arthritis score (articular index)
that equaled the sum of the scores of all four paws. The incidence of arthritis was
indicated as a percentage of the number of arthritic paws per four paws of each
mouse. Mice were injected intravenously with Hph-1-ctCTLA-4 (40 ng or 4 �g)
every 3 days from day 7 to day 28 and monitored for disease incidence and the
severity of arthritis up to day 30. For transdermal administration, Hph-1-ctCTLA-4
protein in an ointment mixture was rubbed on joint skin of CIA mice 5 days per
week for the following 3 weeks.

Cytokine and Antibody Assays. Culture supernatants from the stimulated spleno-
cytes or the sera from the CIA mice were assayed by ELISA for murine IL-1�, IL-6,
TNF-�, and IL-17A,usingpairedantibodies inaccordancewiththemanufacturer’s
instructions (eBioscience). The total serum IgG, IgM, and anti-CII antibody con-
centration was determined using a mouse antibody isotyping kit (Pierce).

Statistical Analysis. Statistical analysis of group differences was examined using
the nonparametric Mann–Whitney U test. *P � 0.05 and **P � 0.01 were
considered to be significant.
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