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T-cell activation requires TcR-mediated and co-stimulatory signals. ZAP-70 participates in the initial step
of TcR signal transduction, while a co-receptor, CTLA-4, inhibits T-cell activation. In previous studies, the
overexpression of a ZAP-70 mutant (ZAP-70-Y319F) inhibited the TcR-induced activation of NFAT and IL-
2 production, while Hph-1-ctCTLA-4 prevented allergic inflammation. To develop an effective immuno-
suppressive protein drug that blocks both TcR-mediated and co-stimulatory signaling pathways, a fusion
protein of ZAP-70-Y319F and the Hph-1 protein transduction domain was generated. Hph-1-ZAP-70-
Y319F inhibited the phosphorylation of ZAP-70-Tyr319, LAT-Tyr191, and p44/42 MAPK induced by TcR
stimulation, NFAT- and AP-1-mediated gene transcription, and the induction of CD69 expression and
IL-2 secretion. Hph-1-ZAP-70-Y319F and Hph-1-ctCTLA-4 synergistically inhibited signaling events dur-
ing T-cell activation. This is the first report to demonstrate the synergistic inhibition of signals transmit-
ted via TcR and its co-stimulatory receptor by cell-permeable forms of intracellular signal mediators.

� 2009 Elsevier Inc. All rights reserved.
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Introduction

T-cells mediate adaptive immune responses and thus play a
crucial role not only in inducing normal immune responses against
foreign antigens, but also in causing excessive immune responses
responsible for autoimmune disorders, graft rejection, and allergy
[1,2]. Therefore, the modulation of T-cells is one of the major
approaches in the therapeutic treatment of various immune
diseases.

The activation, differentiation, and effector functions of antigen-
specific T-cells are induced by signals transmitted via the T-cell
antigen and co-stimulatory receptors [3]. The overall orchestration
of these events regulates the immune response. One of the most
important features of initiation is the activation of T-cells. Upon
activation of the T-cell receptor, Lck is recruited to the TcR-CD3
complex. This complex has cytoplasmic immunoreceptor tyro-
sine-based activation motifs (ITAMs) that are phosphorylated by
Lck [4]. This leads to the rapid phosphorylation and activation of
ZAP-70 on its several tyrosine residues [5,6].

These events have been implicated in both positive and nega-
tive regulation of ZAP-70 activity, which are coupled to down-
stream signaling pathways [7]. In particular, the phosphorylation
ll rights reserved.
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of Tyr has been reported to be responsible for the upregulation
of ZAP-70 function [8,9]. The overexpression of its mutant (ZAP-
70-Y319) in Jurkat T-cells and murine T-cell hybridoma cells
showed significant impairment of the activation of nuclear-fac-
tor-activated T-cells (NFATs) and interleukin-2 (IL-2) [10,11].

CD28 is the major co-stimulatory molecule for the activation of
T-cells. It is constitutively expressed on T-cells, while B7.1 and B7.2
are upregulated on the cell surface upon APC activation. CTLA-4 is a
second receptor in T-cells for B7-1 and B7-2. It binds B7-1 with a
20-fold higher affinity as compared to CD28 and inhibits the T-cell
response by competing with CD28 [12]. The cytoplasmic domain of
CTLA-4, which contains a tyrosine motif, is 100% conserved among
different species, suggesting that this domain is important for the
negative regulation of T-cell activation by CTLA-4. It was demon-
strated in previous studies that Hph-1-ctCTLA-4 constitutes an
effective immunosuppressive protein drug for potential use in
the treatment of allergic asthma [13].

CD3-IgG and CTLA-4 Ig are potent immunosuppressive agents
that act by modulating the TcR complex [14]. Their properties have
been exploited for the treatment of autoimmune diseases. In addi-
tion to their potent capacity to alter immune responses via TcR mod-
ulation, these antibodies also exhibit unwanted toxicity. Since the
blockage of TcR signaling by mAb induces nonspecific inhibition of
all signaling pathways that are downstream of TcR activation, it is
necessary to develop a molecule that can inhibit certain signaling
pathways with high specificity. Although many key intracellular
mediators are specifically involved in signaling pathways in T-cell
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activation and could be optimal target molecules, these proteins
cannot be delivered across the cell membrane in vitro and in vivo.

Hph-1 contains a domain classified as a protein transduction
domain (PTD). This domain works as a protein vector, allowing
the transduction of macromolecules across the otherwise imper-
meable, double-layered cell membrane [15–17]. It has been exten-
sively studied and can transport large biologically active proteins
such as b-galactosidase [18].

In this study, a cell-permeable form of the dominant negative
tyrosine mutant of ZAP-70 (Hph-1-ZAP-70-Y319F) was developed,
and its potential to inhibit TcR-mediated signaling pathways was
examined. Hph-1-ZAP-70-Y319F effectively suppressed all of the
signaling events associated with TcR stimulation in Jurkat T-cells
as well as in human CD4+ and CD8+ T-cells. To block both TcR
and co-stimulatory signals, Hph-1-ZAP-70-Y319F and Hph-1-
ctCTLA-4 were used together on Jurkat T-cells and human CD4+

and CD8+ T-cells. Surprisingly, Hph-1-ZAP-70-Y319F and Hph-1-
ctCTLA-4 suppressed T-cell activation to almost background levels.
These results demonstrate that the blockage of activation signals
through both the TcR complex and the co-stimulatory receptor
by Hph-1-ZAP-70-Y319F and Hph-1-ctCTLA-4 is an effective and
synergistic therapeutic approach for autoimmune diseases and
transplant rejection.

Materials and methods

Construction of the Escherichia coli expression vector. The full-
length ZAP-70 human gene was amplified from the Human T-Cell
Library. PCR was performed using Pfu DNA polymerase (Strata-
gene). The PCR product was cloned into pGELysRS and confirmed
via restriction analysis and DNA sequencing. The pGELysRS was a
gift from Dr. Baik L. Seong (Yonsei University).

Purification of recombinant protein. For the purification of Hph-1-
ZAP-70-Y319F in the HMS174 E. coli strain, the culture was grown
at 25 �C with shaking, and isopropyl-b-thiogalactopyranoside
(IPTG) (400 lM) was added at an OD of 0.5 (A600). At 24 h post-
induction, the cells were harvested by centrifugation (6000 rpm
for 10 min, at 4 �C), resuspended in lysis buffer (6-M GuHCl, 10-
mM Tris–Cl, pH 8.0, 100-mM NaH2PO4), and sonicated. The lysate
was clarified by centrifugation (13,000 rpm for 10 min, at 4 �C)
and loaded on a HisTrap chelating column (Qiagen). The column
was washed with a wash buffer (pH 6.3) and eluted with an elution
buffer (pH 4.5). The eluted proteins were desalted using PD-10
Sephadex G-25 (Amersham Pharmacia). They were then supple-
mented with 10% glycerol, separated into aliquots, and flash-frozen
at �80 �C [19].

Cell preparation. Primary CD4+ or CD8+ T-cells from human
peripheral-blood mononuclear cells were purified with a MACS
column, using CD4 or CD8 microbeads (Miltenyi Biotec). To gener-
ate stable transfectants, 40 lg of NFAT and AP-1 SEAP plasmids
were transfected into Jurkat T-cells via electroporation (250 V/
960 lF) [20]. Stable transfectants were independently selected four
times in the presence of 2.2-mg/ml G418 (Invitrogen) for two
weeks.

Cell viability assay. Cell survival was determined using a WST-8
assay kit. Briefly, cells (5 � 104/well) in 96-well plates were incu-
bated with RPMI-1640 and purified protein overnight. After the
incubation, WST-8 reagents were added to the culture, and 450-
nm absorbance values were obtained after 2 h of incubation. The
absorbance measured in this assay correlates with the number of
living cells [21].

Western blots. Cell lysates were prepared from cells treated with
purified protein and were fractionated using SDS–PAGE. After elec-
trophoresis, the proteins were electrotransferred to an Immobilon-
P transfer membrane (Millipore) and blotted with anti-ZAP-70
mAb (Cell Signaling) and anti-GAPDH mAb (Cell Signaling), anti-
phospho-ZAP-70 (Tyr319) mAb (Cell Signaling), anti-phospho-
LAT (Tyr191) mAb (Cell Signaling), anti-phospho-p44/42 MAPK
(Cell Signaling), and b-Actin mAb (Cell Signaling).

T-cell activation. Tissue culture plates (12-well, flat-bottom)
were precoated with 500 ll of anti-CD3 (1 lg/ml) for 3 h at 37 �C
and were then washed twice with 1 ml of PBS. Jurkat T-cells
(2 � 105/microtube/100 ll) treated with purified protein were
incubated with anti-CD28 for 20 min on ice and were then incu-
bated with immobilized anti-CD3 for 18 h in complete media.
Human primary T-cells and transfectants were also activated as
described above. Supernatants were then obtained and stored at
�70 �C until the determination of their cytokine content.

SEAP assay. After activation, the activity of SEAP in the cell-free
supernatant was evaluated using a chemiluminescent method
with a SEAP detection kit (Clontech). In brief, 15 ll of the culture
media were mixed with 45 ll of the 1� dilution buffer and incu-
bated for 30 min at 65 �C. After the incubation, the samples were
mixed with 60 ll of the assay buffer and left at room temperature
for 5 min. Sixty microliters of a chemiluminescent enhancer con-
taining 1.25-mM CSPD chemiluminescent substrate were then
added. After incubating in the dark for 10 min, the samples were
subjected to a SEAP activity assessment.

ELISA for IL-2 detection in the culture supernatant of T-cells. The
IL-2 level in the culture supernatant was quantified using an ELISA
kit (R&D Systems). The absorbance was read at 450 nm using an
ELISA plate reader.

Flow cytometric analysis of CD69 expression. After 18 h of activa-
tion, the cells were stained for 20 min on ice with anti-CD69-PE
antibody (Becton–Dickinson). After washing with PBS, the cells
were analyzed using FACScalibur (Becton–Dickinson).
Results

Effective transduction of Hph-1-ZAP-70-Y319F into cells

Novel, Human-origin Hph-1-PTD was previously identified from
the transcription factor, HpH-1. The PTD can facilitate transduction
of the protein into the cytoplasm and nucleus of cells in vitro and
in vivo, via systemic or various local administration routes [13]. To
generate a cell-permeable form of the ZAP-70 mutant (Hph-1-ZAP-
70-Y319F), which was demonstrated to inhibit the TcR-specific sig-
naling pathway in a transfection study, Hph-1-ZAP-70-Y319F was
expressed in an E. coli system and was purified under denaturing
conditions (Fig. 1A). To examine the transduction efficiency of
Hph-1-ZAP-70-Y319F in the cells, various concentrations of Hph-
1-ZAP-70-Y319F were incubated with 293T cells for different time
periods. Hph-1-ZAP-70-Y319F was transduced into the 293T cells
in a concentration- and time-dependent manner, while ZAP-70-
Y319F without Hph-1-PTD was not delivered into the cells (Fig. 1B
and C). The transduced Hph-1-ZAP-70-Y319F protein easily reached
its maximum concentration in the cells, which then started decreas-
ing gradually 6 h post-transduction (Fig. 1C). To determine whether
the transduced Hph-1-ZAP-70-Y319F had any adverse effect on cell
viability, Jurkat T-cells were treated with various concentrations of
Hph-1-ZAP-70-Y319F or ZAP-70-Y319F proteins for 24 h, and the le-
vel of cell death was analyzed using a WST-8 assay. No signs of in-
creased cell death were detected using a significantly higher dose
of Hph-1-ZAP-70-Y319F (Fig. 1D). These results suggest that the
cell-permeable form of ZAP-70-Y319F can be efficiently transduced
into cells without causing nonspecific cell death.

Suppression of TcR-mediated signals by Hph-1-ZAP-70-Y319F

To examine whether the transduced Hph-1-ZAP-70-Y319F pro-
tein could inhibit tyrosine phosphorylation of key signal mediators



Fig. 1. Purification and transduction of Hph-1-ZAP-70-Y319F. (A) Purified Hph-1-
ZAP-70-Y319F and ZAP-70-Y319F proteins (2 lg) were confirmed via Coomassie
staining. (B) Western blot analysis of the ZAP-70 level in 293T cells, 2 h after the
transduction of purified proteins. Lane 1: control; lanes 2–5: induced cell lysates of
Hph-1-ZAP-70-Y319F (50, 100, 200, and 500 nM); lanes 6–7: induced cell lysates of
ZAP-70-Y319F (200 and 500 nM); lane 8, purified Hph-1-ZAP-70-Y319F (100 ng).
The expression of GAPDH was also measured as an internal control. (C) Western
blot analysis of the ZAP-70 levels in 293T cells after transduction of purified
proteins. (D) Jurkat T-cells were treated with the indicated concentrations of Hph-
1-ZAP-70-Y319F and ZAP-70-Y319F for 24 h. Cell viability was monitored with a
WST-8 assay.

Fig. 2. Effect of Hph-1-ZAP-70-Y319F and ZAP-70-Y319F on Jurkat T-cells. (A) After
Hph-1-ZAP-70-Y319F was incubated with Jurkat T-cells for 2 h, the cells were
activated with anti-CD3 and anti-CD28 antibodies for 2, 5, 10, or 30 min, at 37 �C,
and the cell lysates were analyzed via Western blot analysis with anti-Phospho-
ZAP-70-Tyr319, LAT, and Erk antibodies. An anti-b-actin antibody was used as a
lysate control. Observation of SEAP using AP-1 (B) and NFAT (C) transfectants
incubated with purified proteins (10, 50, 100, and 200 nM) and activated with
plate-bound anti-CD3 plus anti-CD28 for 18 h. The error bars indicate the standard
error of the mean from three biological replicates.
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proximal to the TcR complex, Jurkat T-cells were treated with 500-
nM Hph-1-ZAP-70-Y319F for 2 h and were then activated with
anti-CD3 and anti-CD28 mAb, followed by immunoblotting for
phosphotyrosine. Tyrosine phosphorylation of ZAP-70, LAT, and
p44/42 (Erk1 and Erk2) was found to be greatly reduced by Hph-
1-ZAP-70-Y319F (Fig. 2A).

AP-1 and NFAT play a key role in the regulation of cytokine and
cell-surface receptor genes during immune responses and are acti-
vated after the cross-linking of the TcR in T-lymphocyte [22]. To
examine whether Hph-1-ZAP-70-Y319F affected the transcription
factors AP-1 and NFAT, AP-1-SEAP- and NFAT-SEAP-transfected
Jurkat T-cell lines were generated. After pretreatment of Hph-1-
ZAP-70-Y319F and ZAP-70-Y319F with AP-1 and NFAT transfec-
tants, cells were activated with anti-CD3 and anti-CD28 mAb for
18 h, and each supernatant was harvested for a reporter gene as-
say. As a result, Hph-1-ZAP-70-Y319F suppressed AP-1 and
NFAT-mediated gene transcription in a concentration-dependent
manner. ZAP-70-Y319F showed no effect, however, on AP-1 and
NFAT (Fig. 2B and C).

IL-2 is the most critical cytokine in the development of an adap-
tive immune response, and the expression of IL-2 is mainly in-
duced by AP-1, NFAT, and NF-jB [23]. The early activation
marker CD69 is upregulated rapidly after TcR stimulation and dis-
appears soon after, upon termination of the stimulation [24]. To
investigate the inhibitory function of Hph-1-ZAP-70-Y319F on IL-
2 cytokine production and on the induction of surface expression
of CD69, Jurkat T-cells and human CD4+ and CD8+ T-cells were
stimulated with anti-CD3 and anti-CD28 mAb in the presence of
Hph-1-ZAP-70-Y319F or ZAP-70-Y319F for 18 or 48 h, respectively.
The supernatant was then analyzed for IL-2 using an ELISA. As
shown in Fig. 3, Hph-1-ZAP-70-Y319F inhibited IL-2 production
in a concentration-dependent manner, while ZAP-70-Y319F with-
out Hph-1 PTD had no effect. Taken together, Hph-1-ZAP-70-
Y319F strongly inhibited tyrosine phosphorylation of key intracel-
lular signal mediators, activation of transcription factors, and IL-2
production. CD69 expression followed the pattern of IL-2 expres-
sion upon Hph-1-ZAP-70-Y319F induction (Supplementary data,
Fig. S1).

Synergistic inhibition of signaling pathways for T-cell activation by
Hph-1-ZAP-70-Y319F and Hph-1-ctCTLA-4

TcR-mediated signaling is regulated by ZAP-70, and co-stimu-
latory signaling through CD28 is negatively regulated by CTLA-4.
Therefore, blocking these two signaling pathways at the same



Fig. 3. Effect of Hph-1-ZAP-70-Y319F and ZAP-70-Y319F on IL-2 production. (A)
Observation of IL-2 production by Jurkat T-cells incubated with Hph-1-ZAP-70-
Y319F and ZAP-70-Y319F (10, 50, 100, and 200 nM) and activated with plate-bound
anti-CD3 plus anti-CD28 for 18 h. Observation of IL-2 production by primary CD4+

T-cells (B) and primary CD8+ T-cells (C) incubated with purified proteins (10, 50,
100, and 200 nM) and activated with plate-bound anti-CD3 plus anti-CD28 for 48 h.
The error bars indicate the standard error of the mean from three biological
replicates.
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time can completely inhibit T-cell activation. In previous studies,
the cell-permeable form of the cytoplasmic domain of CTLA-4
(Hph-1-ctCTLA-4) caused a marked reduction in T-cell activation,
and this inhibition was specific to co-stimulatory signaling
[13,25]. These results suggest the possibility that Hph-1-ZAP-
70-Y319F and Hph-1-ctCTLA-4 may inhibit T-cell activation in
a synergistic manner to block both TcR and co-stimulatory sig-
naling. To test this possibility, Jurkat T-cells and human CD4+

and CD8+ T-cells were treated with Hph-1-ZAP-70-Y319F and
Hph-1-ctCTLA-4, followed by T-cell activation with anti-CD3
and anti-CD28 mAb. The induction of IL-2 secretion was then
measured. As shown in Fig. 4, the level of IL-2 secretion was sig-
nificantly inhibited, measuring at only background levels, when
the T-cells were co-treated with Hph-1-ZAP-70-Y319F and
Hph-1-ctCTLA-4. CD69 expression followed the expression pat-
tern of IL-2 upon Hph-1-ZAP-70-Y319F induction (Supplemen-
tary data, Fig. S2). These results confirm that the blockage of
both TcR-mediated and co-stimulatory signals by Hph-1-ZAP-
70-Y319F and Hph-1-ctCTLA-4 is much more effective in inhibit-
ing T-cell activation than the blockage by either Hph-1-ZAP-70-
Y319F or Hph-1-ctCTLA-4 alone.
Discussion

In this study, a first attempt to inhibit T-cell activation was
made, using two cell-permeable forms of T-cell-specific intracellu-
lar signal mediators: a dominant negative mutant form of ZAP-70
and the cytoplasmic domain of CTLA-4. Hph-1-ZAP-70-Y319F
was efficiently transduced into cells in a dose- and time-dependent
manner and suppressed TcR-mediated activation signaling events
by reducing the phosphorylation of ZAP-70-Tyr319, LAT-Tyr191,
and p44/42 (Erk1 and Erk2). It also inhibited the TcR-induced tran-
scriptional activity of AP-1 and NFAT, the activation and induction
of IL-2 secretion, and CD69 expression in Jurkat T-cells and human
CD4+ and CD8+ T-cells. Most importantly, it was confirmed that co-
treatment of these T-cells with Hph-1-ZAP-70-Y319F and Hph-1-
ctCTLA-4 resulted in more potent inhibition of CD69 expression
and IL-2 production compared to treatment using either Hph-1-
ZAP-70-Y319F or Hph-1-ctCTLA-4 alone.

Although chemical immunosuppressors such as CsA and FK506
are frequently used in transplantation and treatment of autoim-
mune diseases, their nonspecific inhibition of immune reactivity
and inflammation results in a considerable number of side effects
and does not lead to a permanent cure [26]. The autoimmune dis-
eases and graft rejections targeted by these types of drugs are
caused by T-cells, which play a major role in the adaptive immune
response. Therefore, the ultimate purpose of current immunosup-
pressive drugs is to block T-cell activation in a specific manner.
Since T-cell activation requires a combination of TcR-mediated
and co-stimulatory signals, the blocking of TcR and co-stimulatory
pathways has been an appealing strategy for inducing tolerance in
autoimmune diseases and graft rejection. In fact, the blockage of
CD3 signaling or B7/CD28 co-stimulation has proven very effica-
cious in preventing the induction of numerous animal models of
human autoimmune disease and in organ transplantation
[27,28]. Based on these studies, we suggest blocking both the
CD3 and co-stimulatory signals in combination for more efficient
immunosuppression.

In this study, two T-cell-specific intracellular signal mediators
known to inhibit T-cell activation were chosen and generated in
cell-permeable forms. While all of the signaling events involved
in T-cell activation were substantially inhibited by either Hph-1-
ZAP-70-Y319F or Hph-1-ctCTLA-4, the combination treatment of
Jurkat T-cells and human CD4+ and CD8+ T-cells with both Hph-
1-ZAP-70-Y319F and Hph-1-ctCTLA-4 exerted synergistic inhibi-
tory effects rather than triggering activation.

The data that were obtained in this study may suggest new reg-
ulatory potential for key signal mediators involved in T-cell activa-
tion, leading to the selective modulation of specific signaling
pathways and the discovery of a novel immune modulator for
the treatment of transplant patients and various autoimmune dis-
eases. Moreover, the ability of cell-permeable forms of signal medi-
ators to be delivered through local administration routes (e.g.,
airways, skin, eyes) provides a great advantage in terms of the
development of novel immunosuppressive protein drugs with less
toxicity to the other organs. The in vivo immunosuppressive activ-
ity of Hph-1-ZAP-70-Y319F and Hph-1-ctCTLA-4 is being investi-



Fig. 4. Synergistic effects of Hph-1-ZAP-70-Y319F and Hph-1-ctCTLA-4. (A) Observation of IL-2 production by Jurkat T-cells incubated with Hph-1-ZAP-70-Y319F (100 nM)
and Hph-1-ctCTLA-4 (100 pM) and activated with plate-bound anti-CD3 plus anti-CD28 for 18 h. Observation of IL-2 production by primary CD4+ T-cells (B) and primary CD8+

T-cells (C) incubated with purified proteins and activated with plate-bound anti-CD3 plus anti-CD28 for 48 h. The error bars indicate the standard error of the mean from
three biological replicates.
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gated in various disease models related to immune system
dysfunction.
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