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Abstract

Manipulation of human T cell functioning by delivery of macromolecules such as DNA, RNA, or 

protein is limited, unless the human T cells have been stimulated or electropermeabilized. To 

achieve successful adaptation and survival of a grafted organ, the alloreactive T cells that induce 

graft rejection must be regulated. Corticosteroids, calcineurin inhibitors, and mTOR inhibitors, 

which are systemic immunosuppressants, are currently used for transplantation, with significant 

side effects. In this study, we demonstrated that a cell-permeable peptide (CPP), dNP2, could 

efficiently deliver proteins into human CD4 and CD8 T cells. We confirmed regulatory functioning 

of the cytoplasmic domain of CTLA-4 conjugated with dNP2 (dNP2-ctCTLA-4) in human T cell 

activation, proliferation, and chemokine receptor expression. We utilized a human skin allograft 

system in SCID/beige mice to examine whether dNP2-ctCTLA-4 could inhibit allograft rejection 

by controlling T cell responses. The grafted skin tissue inflammation, allogeneic T cell infiltration, 

and blood cytokine level was markedly reduced by dNP2-ctCTLA4, resulting in successful 

transplantation. In addition, it also inhibited T cell alloresponses against microvessels formed form 

Bcl-2-transduced human umbilical vein endothelial cells implanted into Balb/c Rag1−/−/IL-2Rγ−/− 

double knockout (DKO) mice, assessed as reduced T cell infiltration and granzyme B expression. 

These results collectively suggest that dNP2 peptide conjugation offers a valuable tool for 

delivering macromolecules like proteins into human T cells, and dNP2-ctCTLA-4 is a novel agent 

that shows potential in controlling human T cell responses to allow successful adaptation of 

grafted tissues.
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1. Introduction

Delivery of macromolecules into human T cells to manipulate their functioning has been 

accomplished mainly through viral gene delivery [1, 2] or electropermeabilization [3] of the 

cell membrane. These methods require stimulation of human T cells ex vivo to optimize 

delivery efficiency and viral vector-based gene transfer, as in vivo circumstances may have 

potential safety issues in certain clinical applications [4]. In such situations, cell-permeable 

peptides (CPPs) offer a potential alternative method, with the ability to deliver 

macromolecules such as DNAs, RNAs and proteins into intact target cells [5]. However, 

existing clinical examples of CPP use are limited to treatment of cancer [6], cardiovascular 

disease [7], myocardial infarction [8] and muscular dystrophy [9], which are not directly 

related to T cell response.

Acute allogeneic graft rejection is a model for understanding pathological processes 

mediated by adaptive immune responses involving T cells and/or antibodies and limits the 

effectiveness of organ transplantation, a potentially life-saving procedure for treating end-

stage organ failure. Specifically, alloreactive human T cells act as inducers of inflammatory 

responses as well as effectors of direct cytotoxicity, two processes that underlie cell-

mediated allograft rejection [10]. Combinations of small molecules, including cyclosporine 

A (CsA) [11], tacrolimus (FK506) [12], mTOR inhibitors [13], mycophenolate mofetil [14] 

and corticosteroids [15], are widely used to chronically suppress T cell-mediated rejection, 

and monoclonal antibodies (mAb) have also been used to specifically target extracellular 

CD3 [16], CD25 [17], and CD52 [18], depleting T cells as part of induction therapy. 

Although treatment with T cell-depleting mAbs can reduce graft rejection rates, the 

development of novel graft rejection therapeutics that do not deplete T cell populations is 

still needed because of toxicities and concern for increased infection risk [19].

The activation of naïve T cells typically requires a second signal, characteristically delivered 

through ligands on antigen-presenting cells that engage CD28. Once a T cell is activated, it 

will typically express cytotoxic lymphocyte antigen-4 (CTLA-4), which competes with 

CD28 for the same ligands and, being of higher affinity, limits further CD28 signaling. A 

fusion protein composed of a modified extracellular portion of CTLA-4 and the Fc region of 

human IgG (belatacept) has been studied in renal transplantation [20]. Like endogenously 

expressed CTLA-4, belatacept targets co-stimulatory molecules on antigen-presenting cells 

and prevents their interaction with CD28 expressed on resting T cells. However, this 

approach has three limitations. First, CTLA-4 is more than a competitor of CD28, signaling 

in its own right to deliver inhibitory signals to activated effector T cells; it was the first 

immune checkpoint molecule to be identified in this role [21, 22]. Notably, the signaling 

domain of CTLA-4 without its associated ligand has been reported to inhibit the secretion of 

IL-2 and activation of T cell receptor signaling molecules such as ZAP70, emphasizing the 

importance of the cytoplasmic domain signaling of CTLA-4 [23, 24]. Second, CTLA-4 is 
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constitutively expressed in Foxp3+ regulatory T cells (Tregs), and enhances, rather than 

inhibits, Treg suppressive functions [25]. These observations suggest that delivering 

CTLA-4-mediated signals to T cells would have actions distinct from those of belatacept, 

inhibiting T effector cells while stimulating Tregs. Third, alloreactive memory T cells, which 

are abundant in adult humans and whose frequency better correlates with rejection than 

naïve T cells, can receive co-stimulation through other than CD28 and sometimes lack CD28 

altogether. We previously evaluated dNP2-CPP, which enables intracellular delivery of the 

cytoplasmic domain of CTLA-4 (dNP2-ctCTLA-4) in murine T cells and ameliorated 

murine autoimmune encephalomyelitis by inhibiting T helper 1 cell (Th1) and T helper 17 

cell (Th17) responses [26]. However, its clinical potential in humans is unclear and its 

therapeutic effects on primary human T cells must first be determined.

In the present study, we evaluated the protein delivery efficiency of dNP2 in primary human 

T cells without any stimulation or chemical/physical disruptions of the cell membrane, along 

with the functional ability of dNP2-ctCTLA-4 to control alloreactive human T cell responses 

to grafted tissues in vivo. We designed both human skin graft and human umbilical vascular 

endothelial cell (HUVEC) graft experiments in immune-deficient mice. We demonstrate that 

dNP2 delivers its cargo protein into primary human T cells effectively compared to TAT, and 

that dNP2-ctCTLA-4 remarkably regulates human T cell activation, cytokine production, 

proliferation, and infiltration both in vitro and in vivo, reducing effector responses of 

alloreactive T cells and resulting in successful protection of grafted human tissues.

2. Materials and Methods

Purification of recombinant proteins.

dNP2-ctCTLA-4 and dNP2-EGFP were purified using bacterial systems as previously 

described [26]. In brief, BL21 (DE3) Star pLysS were transformed with pRSET-b plasmids 

encoding the proteins. The colony was cultured in ampicillin-containing Luria-Bertani broth 

media at 37°C, and protein expression was induced by 1 mM isopropyl-β-D-

thiogalactopyranoside (IPTG; Sigma-Aldrich). The 6-His-tagged proteins were purified via 

Ni-NTA (Qiagen) affinity chromatography in either native (dNP2EGFP) or denatured 

(dNP2-ctCTLA-4) condition and desalted using a PD-10 Sephadex G-25 column (GE 

Healthcare Life Sciences). To obtain highly purified proteins, an additional ion-exchange 

protein purification step was performed using SP Sepharose High Performance (GE 

Healthcare Life Sciences), followed by desalting on a PD-10 Sephadex G-25 column. 

Proteins were stored at −80°C and the concentrations were measured using the Bradford 

solution (Bio-Rad) right before the experiments.

Animals.

C.B-17 SCID/beige female mice and Rag1−/−IL-2rγnull (DKO) mice were used at about 8 

weeks of age. All protocols involving animals were approved by the Yale Animal Care and 

Use committee. For skin graft experiments, the animals were housed individually in 

microisolator cages and fed autoclaved food and water. For HUVEC-collagen gel graft 

experiments, 4–5 animals were housed in microisolator cages and fed autoclaved food and 

water.
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Cell lines and cell culture

EL4 (mouse lymphoma T cell line) and Jurkat (human lymphoma T cell line) cells were 

purchased from the American Type Culture Collection (ATCC) and cultured using Roswell 

Park Memorial Institute (RPMI) 1640 media (Corning) with 10% fetal bovine serum (FBS; 

Corning) and 1% penicillin/streptomycin antibiotics (HyClone). All cells were maintained in 

a 5% CO2 incubator at 37°C.

Human skin graft model.

SCID/beige mice were given two human skin grafts as previously described [27–29]. In 

brief, human skin was obtained from cadaveric donors through the Yale University Skin 

Bank under a protocol approved by the Yale Human Investigations Committee. Next, 0.5-

mm-thick sheets were divided into 1-cm2 pieces, kept at 4°C in RPMI 1640 medium 

(Corning), and fixed onto similarly sized defects on the dorsum of SCID/beige recipients 

using staples. After ~4 weeks, 2 × 108 isolated human peripheral blood mononuclear cells 

from an allogeneic donor in 500 μl of PBS were transferred intraperitoneally. PBS or 50 μg 

of dNP2ctCTLA-4 were injected intraperitoneally every other day for 2 weeks. On day 14, 

the blood was collected through cardiac puncture and skin grafts were harvested and 

prepared as paraffin or frozen blocks.

HUVEC-collagen gel graft model.

DKO mice were given two HUVEC-collagen gel grafts as previously described [30]. In 

brief, HUVECs were isolated by collagenase treatment of human umbilical veins under a 

protocol approved by the Yale Human Investigation Committee and cultured in Medium 199 

containing 20% fetal calf serum (both from Thermo Fisher Scientific), 50 μg/mL EC growth 

supplement, 100 μg/mL porcine intestinal heparin, 2 mM L-glutamine, 100 U/mL penicillin, 

and 100 μg/mL streptomycin (Corning). HUVECs were transfected with retroviral vectors 

expressing the caspase-resistant form of Bcl-2 in the presence of polybrene daily for up to 3 

days. After that, HUVECs (3 × 106 cells) were suspended in 1 mL of a solution containing 

rat tail type 1 collagen (1.5 mg/mL; BD Biosciences), human plasma fibronectin (100 

μg/mL; Sigma-Aldrich), 25 mM HEPES, 0.075% NaHCO3 (both from HyClone), and 10% 

fetal calf serum in M199 on ice. The pH was adjusted to 7.5 by 0.1 M NaOH. The cell 

suspension was pipetted into a 24-well plate and warmed to 37°C for 15 min to allow for 

polymerization of the collagen. For implantation into DKO mice, the gels were harvested 

and bisected 24 h after gel formation. Each gel segment was implanted subcutaneously into 

a bluntly dissected abdominal wall of the mouse. The wound was closed with staples. After 

11 days, the staples were removed and 3 × 107 isolated human peripheral blood 

mononuclear cells from an allogeneic donor in 500 μl of PBS were transferred 

intraperitoneally. PBS or 50 μg of dNP2-ctCTLA-4 were injected intraperitoneally every 

other day for 3 weeks. At day 21, the blood was collected through cardiac puncture and 

HUVEC-collagen gel grafts were harvested and prepared as paraffin or frozen blocks.

Peripheral blood mononuclear cells isolation.

Human peripheral blood mononuclear cells (PBMCs) were obtained from healthy donors by 

leukapheresis under a protocol approved by the Institutional Review Board of Hanyang 
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University or the Yale Human Investigation Committee. PBMCs were isolated by density 

gradient centrifugation using lymphocyte separation medium. The cells were stored in 10% 

DMSO in liquid nitrogen for further use, thawed, and washed before use.

Tissue histology.

The paraffin blocks were sectioned (5-μm-thick) for immunostaining. Antihuman CD45RO 

antibody was applied overnight at 4°C. The slides were incubated with biotinylated 

secondary antibody for 1 h and washed with PBS. Slides were then incubated for 1 h with 

ABC reagent and incubated with diaminobenzidine (DAB; Vector Lab., Inc.) peroxide 

substrate until the desired color developed, followed by hematoxylin staining. The slides 

were observed by bright field microscope. To quantify tissue infiltration of lymphocytes, the 

number of human CD45RO T cells within the cross-section of the tissues (skin grafts or 

HUVEC-collagen gel grafts) was measured using Image J 1.50i software.

Immunofluorescence.

The frozen blocks were sectioned (8-μm-thick) for immunostaining. PEconjugated anti-

human CD3, PE-conjugated anti-human CD8, and FITC-conjugated anti-human CD4 

antibodies (all from BD Biosciences) were applied overnight at 4°C. The slides were washed 

and stained with DAPI to evaluate the nuclei. The slides were observed by fluorescence 

microscopy. To quantify tissue infiltration of CD4 or CD8 T cells, the number of 

markerpositive cells for each subset within the cross-section of the tissues was measured 

using Image J 1.50i software. To stain live HUVECs in the gel tissues, paraffin blocks were 

sectioned (5-μmthick) and incubated with FITC-conjugated ULEX (Vector Lab., Inc.) 

overnight at 4°C. The slides were washed and stained with DAPI (Thermo Fisher Scientific) 

to evaluate the nuclei. The slides were observed by fluorescence microscopy.

Blood cell flow cytometry.

Collected blood samples from in vivo experiments were separated into serum and blood 

cells. The cells were washed with PBS and erythrocytes were lysed using Ack buffer. After 

erythrocyte lysis, the remaining lymphocytes were fixed using fixation buffer (BD 

Biosciences) overnight at 4°C. The cells were analyzed by flow cytometry after staining 

with a specific combination of fluorescently-labelled antibodies against CD45, CD4, CD8 

(all from BD Biosciences), granzyme B, and Foxp3 (both from Thermo Fisher Scientific). 

For intracellular staining, a Foxp3 staining kit (Thermo Fisher Scientific) was used 

according to the manufacturer’s instructions.

Luminex assay.

Collected serum samples from in vivo experiments were analyzed to quantify cytokine and 

chemokine expression. A 19-plex luminex kit (R&D, Inc.) for analyzing the concentration of 

human IFN-γ, IL-17A, TNF-α, CCL2, CCL3, CCL4, CXCL9, CXCL10, CXCL11, IL-1ra, 

IL-1β, IL-1α, GM-CSF, VEGF, and osteopontin, was designed and used according to the 

manufacturer’s instructions. The samples were analyzed with a Bioplex 2000 (Bio-Rad).
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PBMC or T cell functional analysis in vitro.

2.5 × 105 isolated human PBMCs per well were incubated in a 96-well round bottom plate. 

The wells were coated with anti-CD3 and anti-CD28 monoclonal antibodies (both from BD 

Biosciences) for 5 h at 37°C. PBS, dNP2-EGFP, or dNP2-ctCTLA-4 proteins were added to 

the culture medium at the start of cell incubation in all in vitro experiments. To analyze 

CD25 and CD69 expression, the cells were harvested after 12 h and washed with PBS. The 

activation markers were analyzed by flow cytometry after anti-CD4, anti-CD8, anti-CD25, 

and anti-CD69 antibody staining (all from BD Biosciences). To analyze CXCR3 expression, 

the cells were harvested after 48 h and stained with anti-CXCR3 antibody (BD Biosciences). 

Next, human CD4+ T cells or CD8+ T cells were isolated from total PBMCs by magnetic-

activated cell sorting (MACS; Miltenyi Biotec) according to the manufacturer’s instructions. 

The sorted cells were labeled with efluor 670 cell proliferation dye (Thermo Fisher 

Scientific). Next, 2.5 × 105 labeled cells were incubated with plate-bound anti-CD3 and 

antiCD28 monoclonal antibodies for 5 days at 37°C. The proliferating cells were analyzed 

by flow cytometry and the supernatants were analyzed with IFN-γ, TNF-α, and IL-17A 

ELISA kits (all from Biolegend). CD8 T cells were stimulated with plate-bound anti-CD3 

and anti-CD28 monoclonal antibodies (both from BD Biosciences) for 5 days at 37°C. 

Functional activity of CD8 T cells was analyzed by flow cytometry after anti-CD8 (BD 

Biosciences) and antigranzyme B (Thermo Fisher Scientific) intracellular antibody staining 

using a Foxp3 staining kit (Thermo Fisher Scientific).

Statistics.

Data were analyzed using one-, or two-way ANOVA with multiple comparison tests or two-

tailed Student’s t-tests. P-values < 0.05 were considered significant. Statistical analysis was 

performed using Prism 6 (GraphPad Software, Inc.).

3. Results

3.1. dNP2 efficiently delivers protein into primary human T cells

Previously, we described the cell-permeable peptide (CPP) dNP2, which has the ability to 

penetrate the blood-brain barrier with higher protein delivery efficiency than other control 

CPPs [26, 31]. We hypothesized that this superior CPP could deliver a functional protein 

into primary human T cells. To confirm this, we examined the efficiency of protein delivery 

of dNP2 in both murine and human cells at 5 μM. dNP2-CPP showed significant 

intracellular protein delivery in splenic CD4 T cells with much higher efficiency than TAT, 

while both of their delivery efficiencies in EL4 cancer cell lines were significantly higher 

than in primary cells (Figure 1A,B). A similar pattern was observed in human peripheral 

CD4 T cells and Jurkat cells (Figure 1C,D), which was consistent with a previous finding 

that a poly-arginine-based CPP was preferentially delivered into cancer cells due to highly 

expressing proteoglycans [32]. Various CPPs mediate proteoglycan interactions as their 

cellular entry mechanism [26]. Interestingly, protein delivery efficiency by TAT in human 

CD4 T cells was not significantly greater than the control (Figure 1C,D), although it did 

deliver significantly more protein into splenic mouse CD4 T cells than the control. 

Accordingly, dNP2 appears to be a better choice for human T cells than TAT. We evaluated 

dose dependency over a range of 0.1 to 20 μM of proteins in human PBMCs. At every dose, 
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dNP2 showed significantly higher protein delivery efficiency than TAT (Figure S1). dNP2 

was ~13.8 times higher in CD4 and ~5.33 times higher in CD8 at 5 μΜ (Figure 1E,F). In 

addition, there was no significant cytotoxicity in PBMCs at 0.1 to 20 μM of both dNP2 and 

TAT-conjugated proteins (Figure S2). These results suggest that dNP2-based protein delivery 

into human T cells would be an efficient methodology for modulating human T cell 

functioning.

3.2. dNP2-ctCTLA-4 inhibits early T cell activation and chemokine receptor expression in 
vitro

Previously, we described the ligand-independent cell-permeable recombinant protein 

CTLA-4 (dNP2-ctCTLA-4), which inhibits murine autoimmune encephalitis [26]. To 

determine the human T cell inhibitory function of dNP2-ctCTLA-4, we analyzed its effects 

in vitro. PBMCs were stimulated by anti-CD3 and anti-CD28 monoclonal antibodies for 12 

h, followed by analysis of activation marker and cytokine production. Both CD4 and CD8 T 

cells treated with dNP2-ctCTLA-4 showed significantly lower levels of CD69 and CD25 

expression (Figure 2A,B); IL-2 production in the media was also significantly reduced by 

dNP2-ctCTLA-4 compared to the PBS- or dNP2-EGFP-treated groups (Figure 2C), 

suggesting that dNP2ctCTLA-4 efficiently inhibits T cell activation. CXCR3 is a chemokine 

receptor on the T cell surface that is rapidly induced upon TcR stimulation, which may lead 

to cell infiltration into inflammatory regions. The surface expression level of CXCR3 was 

significantly induced in activated CD4 and CD8 T cells by anti-CD3 and CD28 antibodies at 

48 h; however, dNP2ctCTLA-4 significantly reduced the expression of CXCR3 (Figure 2D–

F), collectively suggesting that T cells with dNP2-ctCTLA-4 do not have effector and 

migratory ability to infiltrate the tissues.

3.3. dNP2-ctCTLA-4 inhibits mid-late T cell activation, proliferation, and cytokine 
production in vitro

To more precisely analyze the changes in human T cells caused by dNP2-ctCTLA-4, we 

examined its effects on the proliferating moiety and effector molecule expression in 

activated human CD4 and CD8 T cells in vitro. We utilized MACS-sorted human CD4 and 

CD8 T cells from PBMCs for the experiments. The cells were stained with cell proliferation 

dye (efluor 670) and stimulated with anti-CD3 and CD28 antibodies in the presence of 1 μM 

dNP2ctCTLA-4 for 5 days. The number of cell divisions based on the peak division was 

analyzed, which revealed that dNP2-ctCTLA-4 significantly reduced the proliferation of 

both CD4 and CD8 T cells (Figure 3A–C, Figure S3). In addition, we confirmed that 

inflammatory cytokines, including IFN-γ, TNF-α, and IL-17A, were significantly reduced 

by dNP2-ctCTLA-4 compared to the PBS- or dNP2-EGFP-treated groups (Figure 3D,E). 

Because of the crucial roles CD8 T cell-mediated cytotoxicity plays in allograft rejection 

[33], we further examined the inhibitory effects of dNP2-ctCTLA-4 on granzyme B 

expression in CD8 T cells. Among all isolated CD8 T cells, approximately half were 

granzyme Bhi (GzmBhi) cells, while most produced GzmB after 5 days of stimulation with 

anti-CD3 and CD28 antibodies. Treatment with dNP2-ctCTLA-4 significantly reduced 

GzmB expression compared to the control groups, showing a nearly identical histogram 

pattern to the non-activation state (Figure 3F,G). Collectively, the results suggest that dNP2-
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ctCTLA-4 strongly inhibits both human CD4 and CD8 T cell proliferation and effector 

cytokine production, which may prevent allograft rejection.

3.4. dNP2-ctCTLA-4 ameliorates human skin allograft rejection in humanized SCID/beige 
mice by inhibiting T cell infiltration

To investigate the availability of dNP2-ctCTLA-4 in controlling human T cell responses in 
vivo, we utilized a human skin graft model in SCID/beige mice [28, 34]. Split thickness 

human skin grafts, dermatomed from discarded tissues of unidentified donors that contain 

the papillary dermis and its superficial vascular plexus in addition to the epidermis, were 

transplanted onto the dorsa of a cohort of adult mice, 12–16 weeks of age. After 4–5 weeks, 

when the grafts were completely healed in by visual inspection, 2 × 108 human peripheral 

blood mononuclear cells (PBMCs) from another donor allogeneic to the skin donor were 

injected intraperitoneally into the animals. In this model, circulating effector memory T cells 

that directly recognize non-self class I and class II MHC molecules expressed on graft cells 

are recruited to the graft and mediate human microvessel destruction. For the next 2 weeks, 

we intraperitoneally injected 50 μg of dNP2-ctCTLA-4 or phosphate-buffered saline (PBS) 

into half of the mouse cohort every other day (Figure 4A). Upon harvest at 14 days, grafts 

analyzed by histology from mice that had received PBMCs and PBS showed thickening of 

the epidermis with elongated rete ridges, dermal and epidermal lymphocytic infiltration, and 

nuclei within the stratum corneum, while grafts from mice that had not received PBMCs 

showed no signs of inflammation. In contrast, grafts from dNP2-ctCTLA-4-treated mice 

showed dramatically reduced epidermal thickness and cell infiltration (Figure 4B,C and 

Figure S4A). By immunohistochemistry, significant human CD45RO+ lymphocyte 

infiltration was observed in PBS control skin grafts, while few skin-infiltrated lymphocytes 

were detected in the dNP2ctCTLA-4-treated group (Figure 4D). Infiltrated cells were mainly 

CD3+ T cells with a higher frequency of CD8+ T cells (red) than CD4+ T cells (green) in 

grafts from the control group (Figure 4E). In other words, dNP2-ctCTLA-4 treatment 

significantly reduced T cell infiltration. Importantly, circulating levels of human PBMCs in 

the blood were not significantly changed in the dNP2-ctCTLA-4-treated group compared to 

the control group (Figure S4B). These results suggest that dNP2-ctCTLA-4 can reduce 

human T cell infiltration into grafted skin tissues and significantly ameliorate graft 

inflammation.

3.5. dNP2-ctCTLA-4 inhibits T cell-mediated alloresponses in HUVEC-collagen gel-grafted 
humanized mice

The human skin graft model involves potential roles for both antigen presentation and 

immune modulation by many different cell types, including resident leukocytes that could be 

affected by dNP2-ctCTLA-4. To more precisely delineate the effect on T cells, we employed 

a different graft model involving synthetic human microvessels formed by suspending Bcl-2 

transduced HUVECs in a protein gel formed using rat tail type I collagen and human plasma 

fibronectin and then implanting such gels into the abdominal walls of immunodeficient 

mice. A previous study showed that Bcl-2-HUVEC-lined microvessels, which form 

spontaneously, anastomose with mouse microvessels so that they are perfused [30]. At this 

time point, adoptively transferred alloreactive T cells, primed against HUVECs from the 

same donor, will expand in the circulation and infiltrate these synthetic tissues whereas T 
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cells primed against a different HUVEC donor do not. Unlike microvessels formed from 

untransduced HUVECs, the infiltrating T cells do not destroy synthetic microvessels formed 

from Bcl-2-transduced cells, allowing T cell infiltrates to accumulate [30]. We used this 

reductionist system to confirm that the effects of dNP2-ctCTLA-4 were being exerted on T 

cells. Specifically, we assembled HUVEC-collagen gel in vitro using Bcl-2-transfected cells 

and implanted the gels subcutaneously into RAG1 and IL2RG double knockout (DKO) 

mice. After 11 days, human PBMCs were injected into mice and treated with dNP2-

ctCTLA-4 or PBS intraperitoneally for 3 weeks every other day (Figure 5A). In blood 

circulating cells, the proportion of CD4 and CD8 T cells was significantly reduced by dNP2-

ctCTLA-4 treatment (Figure 5B), suggesting either inhibition of homeostatic proliferation, 

which was not seen in the skin graft experiments, or inhibition of antigen-specific expansion 

of T cells. In the HUVEC-collagen gel tissues, we observed similar levels of live endothelial 

cells in both groups by Ulex staining (Figure 5C). However, CD45RO+ or CD3+ human T 

cell infiltration in the gel tissue was significantly reduced by dNP2-ctCTLA-4 treatment 

(Figure 5D,E). In addition, circulating CD8 T cells in the peripheral blood of dNP2-

ctCTLA-4-treated mice showed a significantly lower frequency of granzyme B expression 

than the control group (Figure 5F), indicating that dNP2-ctCTLA-4 inhibits both human 

CD4 and CD8 T cell activation and recruitment. Interestingly, we found that dNP2-

ctCTLA-4 treatment significantly increased Foxp3+ regulatory CD4 T cells in the peripheral 

blood (Figure S5), which may down-regulate T cell-mediated alloresponses, consistent with 

the positive signaling role that CTLA-4 plays in this cell type.

To further evaluate the in vivo mechanism of dNP2-ctCTLA-4 action to prevent graft 

rejection, we analyzed the serum of mice to investigate inflammatory cytokine and 

chemokine levels. dNP2-ctCTLA-4-treated mice showed significantly reduced levels of 

IFN-γ, IL-17A, and TNF-α, which are known to be secreted mainly by activated T cells in 

this model [35–37] (Figure 6A). Other cytokines and chemokines mainly produced by 

endothelial cells or APCs were not affected by dNP2-ctCTLA-4 treatment, such as IL-1α, 

IL-1β, GM-CSF, IL-1ra, osteopontin, CCL-2,−3,−4, CXCL-9, CXCL-10, CXCL-11, and 

VEGF (Figure 6B). To further confirm the possibility of dNP2-ctCTLA-4 function in other 

cells, we examined major histocompatibility complex (MHC) molecule expression on 

HUVEC cell surfaces, which is induced by in vitro cytokine stimulation, and found that 

there was no significant change (Figure S6). In addition, in vitro treatment of dNP2-

ctCTLA-4 to FACS-sorted CD14 positive human primary monocytes and CD19 positive B 

cells did not alter mRNA expression of IL-6, IL-8, and IL-1β upon LPS stimulation (Figure 

S7). Taken together, these results suggest that prevention of human skin or HUVEC graft 

rejection by treatment with dNP2-ctCTLA-4 is mainly be due to successful modulation of 

allogeneic T cell activation.

4. Discussion

CPPs have been widely studied for delivery of macromolecules, including proteins, peptides, 

DNAs, and RNAs, into target cells [38, 39]. Despite a long history of use in the field, no 

Food and Drug Administration (FDA)-approved drugs utilizing CPPs are available yet, 

implying that the clinical use of CPPs may have limitations. In addition, no studies of human 

T cell manipulation by CPP application have been reported. Here, we suggest that dNP2 
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could be an optimal CPP for modulating human T cell functioning. We also reveal a 

regulatory function of the cytoplasmic domain of CTLA-4 without its ligand interaction in 

human T cells in vitro and in vivo. We demonstrate that dNP2-ctCTLA-4 could be used to 

regulate alloreactive T cells and promote successful transplantation.

Acute allograft rejection is primarily mediated by host T cells, which recognize graft 

antigens by various mechanisms [40]. Alloreactive naïve T cells in the recipient initially 

recognize graft antigens presented by graft dendritic cells (DC) which can migrate into the 

recipient’s draining lymph nodes (dLNs) or spleen. Alternatively, graft cells may shed 

exosomes or microparticles containing MHC molecules that can coat host DCs and similarly 

activate allorective naïve T cells, a process referred to as semi-direct recognition [41]. The 

initial response is dominated by the direct or semi-direct recognition of peptide-MHC 

antigens on donor or host DCs, respectively. At later times, indirect recognition of peptide 

antigens displayed on self-MHC molecules on recipient DCs can also contribute and perhaps 

dominate [42, 43]. By whichever mechanism they are activated, allorecognition triggers a 

large number of naïve T cells to differentiate into effector T cells that mediate graft rejection 

through inflammatory cytokine secretion and direct killing of grafted donor cells [44]. 

Central memory T cells can also be activated by these same mechanisms and in adult 

humans, alloreactive memory T cells arising from cross reactions to infectious microbes are 

equal in frequency to alloreactive naïve T cells [45]. In addition to naïve T cells and central 

memory T cells that become activated in dLNs or the spleen, circulating effector memory T 

cells can also directly recognize alloantigens, including MHC molecules expressed on graft 

vascular endothelial cells [46], bypassing the requirement for antigen presentation by DCs. 

Memory T cells, which are the major population of effector cells in acute cell-mediated graft 

rejection, are more difficult to suppress than naïve T cells and may account for most 

episodes of early graft rejection. A costimulation blockade by CTLA4-Ig, which is an 

extracellular domain of CTLA-4 combined with the Fc region of immunoglobulin, is less 

effective for these populations because they use many different costimulation pathways 

through OX-40, 4–1BB, or ICOS [35]. We previously generated the cytoplasmic domain of 

recombinant CTLA-4 conjugated to dNP2, which showed significant T cell regulatory 

functions without ligand interaction in a multiple sclerosis model. Here, we demonstrate that 

dNP2-ctCLTA-4 could regulate human T cell activation and effector functions in human skin 

or HUVEC graft models. Unlike CTLA-4-Ig, this strategy can possibly regulate memory T 

cells even if they receive costimulation though other ligands. dNP2-conjugated protein was 

delivered more significantly into memory or activated CD4 and CD8 T cells than naïve cells 

[31]. Thus, we examined dNP2-ctCTLA-4 in FACS-sorted CD45RA+CD45RO− human 

naïve T cells and CD45RA−CD45RO+ memory T cells, and found that it could significantly 

inhibit IFN-γ expression by memory T cells as well as naïve T cells upon TcR stimulation 

(Figure S8). We speculate that dNP2-ctCTLA-4 could regulate both human naïve and 

memory T cell responses in host versus graft inflammatory situations.

More recently, the role of Th17 cells has been evaluated in transplant rejection [47]. 

Clinically, transplant surgeries are accompanied by ischemia/reperfusion injury, which may 

result in the induction of IL-17-producing Th17 and IFN-γ/IL-17-producing Th1/17 cell 

differentiation [48]. These T cell subtypes are associated with chronic heart [49] and kidney 

rejection as well [50]. Previous reports have demonstrated that impairment of such T cell 
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subtype-mediated immunity by micro-RNA knockout ameliorates chronic rejection in vivo 
[51]. These studies show that targeting of IL-17-producing cells and IFN-γ/IL-17-producing 

cells is critical for obtaining graft tolerance. In the present study, dNP2-ctCTLA-4 inhibited 

IFN-γ and IL-17 secretion in the blood and T cell infiltration in grafted tissue, suggesting 

that it might regulate critical effector T cell functions. In addition, our previous report 

revealed that IFN-γ- and IL-17-producing T cells in the spinal cord of EAE mice were 

inhibited by dNP2-ctCTLA-4 [26], supporting our hypothesis of possible inhibition of 

critical effector T cell subtypes.

After the early 1980s, the use of the calcineurin inhibitor cyclosporine enhanced patient and 

graft survival. Since then, various combinations of calcineurin inhibitors, anti-proliferative 

agents, and corticosteroids have been used as immune suppressive agents against graft 

rejection [15]. mTOR inhibitors have also been widely synergistically employed with 

calcineurin inhibitors to reduce graft rejection [52]. Because these small molecules may 

cause toxicity problems and act on unwanted cells, biological agents have recently been 

developed and used. The anti-CD3 monoclonal antibody (mAb) Muronomab-CD3 [53], anti-

CD25 mAb Daclizumab [17], anti-CD52 mAb Alemtuzumab [54], and B-lymphocyte 

stimulator (BLyS)-inhibiting mAb Belimumab [55] have been well-studied and exhibit 

therapeutic effects. Although these antibody drugs show efficient therapeutic outcomes with 

low toxicities, they also have significant adverse effects such as increased risk of infections 

through their lymphocyte-depleting mechanisms of action [19]. Belatacept was approved by 

the U.S. Food and Drug Administration in 2011 for kidney transplantation. This fusion 

protein consists of the extracellular domain of CTLA-4 and Fc region of human IgG. The 

mechanism of reducing graft rejection by belatacept involves blockade of an interaction 

between APCs and T cells by binding to costimulatory molecules B7.1/B7.2 on APCs [56]. 

Due to the strong blockage of T cell activation by masking APC ligands of costimulation, 

urinary tract infection is reported as an adverse effect [57]. However, dNP2-ctCTLA-4, 

which consists of the intracellular domain of CTLA-4 and dNP2, directly inhibits T cell 

responses without altering APCs or endothelial cells. Moreover, belatacept appears to have 

inhibitory effects on generating regulatory T cells [58], which are critical for immune 

tolerance, while dNP2-ctCTLA-4 treatment significantly increased the frequency of 

circulating CD4+Foxp3+ regulatory T cells in vivo (Figure S5). Further study is needed to 

prove its action on regulatory T cells, but we speculate that its different mechanism of action 

would be advantageous over other immune modulators like belatacept.

CTLA-4 is a negative receptor on T cells that interacts with B7 molecules on APCs [21]. 

This interaction induces both co-stimulation blockade and negative signaling transduction 

simultaneously to inhibit T cell activation [22]. Interestingly, CTLA-4 can regulate T cell 

activation without ligand interactions. A B7 binding region mutant CTLA-4 inhibits T cell 

activation [23], and overexpression of ligand independent CTLA-4 (liCTLA-4), the exon 

2deleted isoform of CTLA-4, significantly inhibits type 1 diabetes by impeding T cell 

activation and proliferation [24]. Functional motifs in the cytoplasmic domain of CTLA-4 

inhibit T cell activation via tyrosine motifs, particularly the YVKM motif, which can bind to 

a number of important intracellular signaling proteins, including phosphatidylinositol (PI) 3-

kinase [59] and tyrosine phosphatase SHP-2 [60]. Another motif, Box-1 like motif, can bind 

to Janus kinase 2 (Jak2) [61]. The cytoplasmic domain of CTLA-4 can bind to signal 
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transducer and activator of transcription 5 [62], suggesting that CTLA-4 negatively regulates 

Jak-STAT signaling pathways through the cytoplasmic domain. The positive charge-rich 

region binds to protein kinase C-η (PKC-η) and transduces signals to regulate T cell 

activation [63]. In agreement with the findings for liCTLA-4 and its functional motifs, we 

previously demonstrated that intracellular delivery of the cytoplasmic domain of CTLA-4 

protein conjugated to a cell-permeable peptide can ameliorate allergic airway inflammation 

[64, 65], collagen-induced arthritis [66], and autoimmune encephalomyelitis [26] by 

inhibiting Th1, Th2, and Th17 responses without ligand interaction. The cytoplasmic 

domain of CTLA-4 is evolutionally 100% conserved among numerous species including 

humans, mice, pigs, monkeys, horses, chickens, and whales. We found that dNP2-ctCTLA-4 

protein strongly inhibited cytokine production and proliferation of both naïve and memory 

human CD4 and CD8 T cells. By utilizing the cell-permeable signaling domain of CTLA-4, 

this novel T cell immune modulatory peptide shows promise for human applications, 

although more research is clearly needed. Increasing in vivo specificity to T cells, half-life, 

and reducing production costs for recombinant CTLA-4 peptide or protein should be 

considered for further optimization.

5. Conclusion

In summary, we demonstrated that dNP2 is an optimal CPP for protein delivery into human 

T cells, and the cytoplasmic domain of recombinant CTLA-4 conjugated with dNP2 

remarkably inhibits allogeneic human T cell responses such as activation, proliferation, 

inflammatory cytokine production, and infiltration, which reduces skin graft injury in vivo. 

This is the first report of successful manipulation of human T cell responses in vivo using a 

CPP-based application. Further studies of dNP2-ctCTLA-4 in clinical trials of human 

diseases are needed to facilitate CTLA-4 driven immune modulatory drug development.

Supplementary Material
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Figure 1. 
dNP2 delivers protein into primary human T cells with higher efficiency compared to TAT. 

(A-D) EL4 cells, mouse splenocytes, Jurkat cells, and human peripheral blood mononuclear 

cells (PBMCs) were incubated in the presence of 5 μM of EGFP, TAT-EGFP, dNP2-EGFP or 

PBS. After 1 h, the mouse splenocytes and human PBMCs were stained with anti-mouse 

CD4 or anti-human CD4 fluorescently-labelled antibodies. All cells were analyzed by flow 

cytometry. (E-F) PBS, 1 or 5 μM of EGFP, TAT-EGFP, or dNP2-EGFP were used to treat 

human PBMCs. After 1 h, the cells were stained with anti-human CD4 and anti-human CD8 

fluorescently-labelled antibodies. The cells were analyzed by flow cytometry. Bar graphs are 

presented as the mean ± s.d. (B,D) Two-way ANOVA was used for statistical analysis and 

*** indicates p < 0.001, n.s. indicates non-significant. (F) One-way ANOVA was used for 

statistical analysis and *** indicates p<0.001. Relative MFI indicates mean fluorescence 

intensity (MFI) normalized with the MFI of PBS treated cells.
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Figure 2. 
dNP2-ctCTLA-4 inhibits the expression of early-activation markers of human T cells. (A–C) 

Human peripheral blood mononuclear cells (PBMCs) were stimulated with anti-CD3 and 

anti-CD28 monoclonal antibodies for 12 h. (A,B) The cells were analyzed by flow 

cytometry after staining with anti-CD4, anti-CD8, anti-CD69, and anti-CD25 fluorescently-

labelled antibodies. (C) IL-2 concentration in the supernatants of the culture medium was 

analyzed using an IL-2 ELISA kit. (D–F) Human PBMCs were stimulated with anti-CD3 

and anti-CD28 monoclonal antibodies for 48 h. The cells were analyzed by flow cytometry 

after staining with anti-CD4, anti-CD8, and anti-CXCR3 fluorescently-labelled antibodies. n 
= 3 per group, and bar graphs are presented as the mean ± s.d. Student’s t-test was used and 

*** indicates p < 0.001.
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Figure 3. 
dNP2-ctCTLA-4 inhibits proliferation and production of effector molecules by human T 

cells. (A–C) Human CD4 T cells and CD8 T cells were isolated from PBMC by MACS and 

stimulated with anti-CD3 and anti-CD28 monoclonal antibodies for 5 days after staining 

with proliferation dye eFluor 670. The cells were analyzed by flow cytometry after staining 

with anti-CD4 fluorescently-labelled antibody. (D) Supernatant of the isolated CD4 T cell 

cultures was analyzed using IFN-γ, TNF-03B1, and IL-17A ELISA kits. (E) Supernatant of 

the isolated CD8 T cell cultures was analyzed using IFN-γ and TNF-α ELISA kits. (F,G) 

Cells were analyzed by flow cytometry after staining with anti-CD8 and anti-granzyme B 

fluorescently-labelled antibodies. n = 3 per groups, and bar graphs are presented as the mean 

± s.d. Student’s t-test was used and ** indicates p < 0.01, *** indicates p < 0.001.
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Figure 4. 
dNP2-ctCTLA-4 ameliorates skin allograft injury in human skin grafted humanized SCID/

beige mice by inhibiting T cell infiltration. (A) Experimental scheme of human skin allograft 

model. (B) Skin grafts were harvested at day 14, and then prepared as paraffin blocks. The 

blocks were sectioned and stained with hematoxylin and eosin (H&E) solution. Whole 

sectioned tissues were observed by bright-field microscopy. (C) Mean epidermal thickness 

was measured using ImageJ 1.50i software. (D) Paraffin sections were stained with anti-

human CD45RO antibody and detected using 3,3 -diaminobenzide (DAB) substrate after 

applying horseradish peroxidase (HRP)-linked secondary antibody. Hematoxylin was used 

for counter staining. CD45RO+ cells were counted using ImageJ 1.50i software. (E) Another 

part of the harvested skin grafts was prepared as frozen blocks and stained with anti-human 

CD3-PE or anti-human CD4-FITC and anti-human CD8-FITC antibodies. DAPI was used 

for nuclear staining. The slides were observed by fluorescence microscopy. Marker-positive 

cells were counted using ImageJ 1.50i software. n = 4 per group, and bar graphs are 

presented as the mean ± s.d. Student’s t-test was used and * indicates p < 0.05, ** indicates 

p < 0.01, *** indicates p < 0.001.
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Figure 5. 
dNP2-ctCTLA-4 inhibits T cell-mediated immune response in HUVEC-collagen gelgrafted 

humanized mice. (A) Experimental scheme of HUVEC-collagen tissue allograft model. (B) 

At day 21, the blood of the mice was obtained through cardiac puncture and analyzed by 

flow cytometry after red blood cell lysis and stained with anti-human CD4 and CD8 

fluorescently-labelled antibodies. (C) Collagen gel from the mice was harvested and 

prepared as paraffin blocks. The blocks were stained with anti-human CD45RO antibody 

and counter stained with hematoxylin. CD45RO+ cells were counted using ImageJ 1.50i 

software. (D) The paraffin blocks were stained using fluorescein-labeled Ulex Europaeus 

Agglutinin I (UEA I) and observed by fluorescence microscopy. (E) Another part of the 

tissues was prepared as frozen blocks and stained with anti-human CD3-PE antibody, and 

the nucleus was stained with DAPI. CD3+ cells were counted with ImageJ 1.50i software. 

(F–G) The lymphocytes in the blood were analyzed by flow cytometry after staining with 

anti-human CD8 and granzyme B or anti-human CD4 and Foxp3 fluorescently-labelled 

antibodies. n = 9; PBS group and n = 8; dNP2-ctCTLA-4 group, and bar graphs are 

presented as the mean ± s.d. Student’s t-test was used and * indicates p < 0.05, ** indicates 

p < 0.01.
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Figure 6. 
dNP2-ctCTLA-4 reduces T cell-related blood circulating cytokines in mice. (A–B) Serum 

from HUVEC-collagen tissue allografted mice was analyzed in a multi-plex luminex assay 

to analyze serum concentrations of IFN-γ, IL-17A, TNFα, CCL2, CCL3, CCL4, CXCL9, 

CXCL10, CXCL11, IL-1α, IL-1β, IL-1 receptor agonist (IL-1ra), GM-CSF, osteopontin, 

and VEGF. The graphs are presented as the mean ± s.d. with each individual values. 

Student’s t-test was used and * indicates p < 0.05, ** indicates p < 0.01.
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