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1. Background 

Transplantation has been considered as the last hope for patients with end-stage organ failure, 

and innumerable efforts have been made in the last century. According to the records in the 

modern medical history, Austrian surgeon Emmerrich Ullmann made the kidney transplant in 

dog technically feasible in 1902 (1). Russian doctor Voronoy performed the first case of 

human kidney transplant in 1936 (2, 3), and the recipient survived for four days. All of the 

early trials of organ transplants ended with failure except autografts. In 1940s, the Cambridge 

immunologist Peter Medawar revealed the mechanism of rejection as a specific immune 

response to foreign antigen using a skin transplant model, further discovered the acquired 

immune tolerance (4), and was awarded the 1960 Nobel Prize in Physiology or Medicine 

together with Sir Burnet. Their findings were fundamental to the modern transplant 

immunology and the practice of organ transplant, and were milestones in the medical history. 

The first case of human kidney transplant was performed by surgeon Joseph Murray in 1954 

in between identical twins and achieved long-term survival (5). Later on, French 

immunologist Jean Dausset discovered human leukocyte antigen (HLA) in 1958 (6). The 

American immunologist Baruj Benacerraf observed different extents of immune response 

were mounted in a population of outbred guinea pigs, and discovered the major 

histocompatibility complex (MHC) genes which encode cell surface molecules crucial for the 

immune system to recognize self and non-self (7). Based on all the previous findings, 

immunosuppressants started a brand new era of transplantation. 

Today many pathways in the immune system are targets for immunosuppressive agents. 

Plenty of immunosuppressants were invented, widely used in the clinic, and improved graft 

survival. The mortality of the recipients was extremely high in the 1950s when radiation was 

the only method to suppress the recipient’s immune system (8). The regimen composed of 

azathioprine was proposed and elevated the 1-year survival of kidney transplants (9). 

However, it led to an overall weakened immune system, resulting in high incidence of 

infection after operation (10). In 1978, Cyclosporine was introduced to the clinic by Dr. Calne, 

helped the first year survival of renal graft reach to 80% (11), and was then widely applied in 

a combined regimen with glucocorticoids. This regimen greatly facilitated the development of 

the clinical organ transplant, but its renal toxicity also became a major problem (12). 

Tacrolimus, the first macrolide immunosuppressant, was discovered by Kino in 1987 (13), 

and successfully translated into the clinic of liver and kidney transplantation by the transplant 

pioneer Dr. Starzl in 1989 (14). It has saved innumerable grafts by reversing acute rejection 

which no routine regimen of immunosuppressants at that time was able to stop (15-18). In 

1995, the antiproliferative medication, Mycophenolate Mofetil (MMF) (19) and in 1999, the 

mammalian target of rapamycin (mTOR) inhibitor sirolimus (20) were introduced and 
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dramatically reduced the incidence of acute renal rejection. Besides, there was also a large 

progress in biological induction therapies, such as thymoglobulin (21) and anti-IL-2-receptor 

monoclonal antibody (22, 23).  

However, rejection still remains as the largest obstacle to graft survival in allogeneic 

transplantation (24-28). Since the routinely used immunosuppressants are not specific, 

patients suffer from side effects (29), such as nephrotoxicity (30, 31), neurotoxicity (32, 33), 

or diabetes (34-37). Most of the immunosuppressants impair the recipient’s immune defense 

and surveillance while inhibiting rejection, leading to higher risk for infection and 

malignancy. Furthermore, immunosuppressants that inhibit metabolism may result in 

hematopoietic system damage. Indeed, glucocorticoids may induce gastrointestinal ulcer, 

hemorrhage, and perforation and the disturbance on metabolism may also trigger 

hypertension, hyperlipidemia, hyperglycemia, osteoporosis, etc. These side effects may even 

worsen the former diseases and complicate the situation.   

 

Heart Transplantation 

In the field of heart transplantation, Norman Shumway and Richard Lower established the 

model of orthotopic canine heart transplantation at Stanford University and tried to translate it 

to the clinic around 1960. The first human heart transplant, performed by Christiaan Barnard 

in 1967, was revolutionary and broke the silence (38). Followed one month later, Norman 

Shumway performed the first case in the United States (39). Afterwards, many centers all 

over the world started to perform heart transplantations. However, survival rates were 

disappointing and by the end of 1968, the mean survival was 29 days according to the data 

from 102 cases worldwide (40). The poor results were critically due to the inadequate 

understanding of complications and the appropriate strategy to treat them leading to a 

decrease of heart transplantations. The introduction of cyclosporine as immunosuppressant in 

the early 1980s (41), together with the endomyocardial biopsy as the diagnostic tool for acute 

allograft rejection in the 1970s (42), led to the resurgence of this field. Nowadays, the median 

survival is 11 years for the complete cohort of both adult and pediatric recipients (24). Graft 

failure, infection, and rejection are the main causes of death within the first postoperative year, 

but one year after transplantation, the causes of graft failure are most likely cardiac allograft 

vasculopathy (CAV), which leads to 20%, 30%, and 45% of morbidity at 3, 5, and 8 years, 

respectively, and 10% of the mortality between 1 and 3 year after transplant (24). Most 

immunosuppressive regimens include a calcineurin inhibitor, an anti-metabolite, and 

glucocorticoid in the early postoperative period. mTOR inhibitors have been more 

emphasized to lower the calcineurin inhibitor level and hence the nephrotoxicity, and also to 

prevent CAV. However, side effects of immunosuppressants, such as nephrotoxicity, 
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hyperlipidemia, and hypertension, are strongly related to the short- and long-term morbidity 

after transplantation (24). In addition, nearly half of the recipients are diagnosed with 

malignancy by 15 years after transplant (24). 

 

Lung Transplantation 

Lung transplantation has been established as the last hope for the patients with end-stage 

pulmonary diseases. James Hardy did the first case of allogeneic single lung transplantation in 

1963. Due to graft dysfunction, infection, rejection, and airway complications, lung 

transplantation progressed slowly in the next two decades. In 1982, Bruce Reitz at Stanford 

University first performed successfully the heart-lung transplantation for a patient with 

idiopathic pulmonary hypertension (43). One year later, David K. Cooper performed a right 

lung transplant, and the patient had survived for 6.5 years (44). Five years later, the 

Washington University lung transplantation group proposed the bilateral sequential lung 

transplantation, and succeeded in clinical procedure (45). Currently, the most common 

regimen incorporates tacrolimus, mycophenolate, and predinisone. The ISHLT registry in 

2011 showed that the overall median survival was 5.5 years, and it was great improvement on 

the overall half-life compared with the data (4.8 years) in 1988 (25). Within the first year after 

transplantation, the major causes of death are graft failure and non-CMV infections. One year 

after transplantation, the primary causes of mortality switch to bronchiolitis obliterans 

syndrome (BOS) and non-CMV infections. With the high morbidity of 49% and 75% by 5 

and 10 years after transplantation (25, 46), BOS remains the major hurdle to long-term 

survival. However, the etiology and pathogenesis are still not so well understood, and the 

current immunosuppressants are able to delay but not to prevent or reverse the development 

of BOS (47, 48). 

 



 7 

2. Purpose 

Achieving long-term graft survival without unspecific systemic side-effects is the aim of 

transplant surgeons, cardiologists and pulmonologists, and patients, and it’s also the ultimate 

goal of transplant immunology. Since immunology is progressing and immunological and 

molecular biological techniques are improving, increasingly more strategies have been 

established and further developed. On one hand, novel targets have been discovered and 

identified to block or inhibit immune response in recipients. On the other hand, the donated 

organ, tissue, or cells could also be modified to induce low or none immunogenicity to escape 

the immune recognition and attack. The latter might meanwhile solve the problem of organ 

shortage. Animal models that can mimic the pathogenesis of acute and, even more important, 

chronic rejection are needed for basic mechanism studies. Indeed, there is a special need in 

establishing humanized models, which are much closer to the human pathogenesis, to 

minimize the translational gap to the clinic.  
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3. Acute Cellular Rejection 

Approximately 20% to 30% recipients after heart transplantation present moderate or severe 

acute cellular rejection in the first postoperative year, most commonly in the first 6 months 

(49, 50). Acute graft dysfunction may directly lead to severe situations of hemodynamic 

compromise, such as insufficient cardiac output and remarkably high pulmonary capillary 

wedge pressure (PCWP). The number and severity of acute rejection episodes are found to be 

correlated with development of CAV and mortality (51). It also significantly increases short 

and long term morbidity and mortality, and often results in irreversible myocardial damage 

(52-54). 

Histologically, the acute cardiac rejection (ACR) is manifested as different extents of 

inflammatory cell infiltration, and consequent myocardial injury (55, 56). In addition to 

maintaining sufficient cardiac output and adequate blood pressure, and employing the high 

dose corticosteroid intravenously as the first-line therapy, other immunosuppressants are also 

required to resolve the symptoms and prevent long-term complications. 

ACR is mediated predominantly by T lymphocytes. After allogeneic antigen recognition by 

both direct and indirect ways (57), recipient’s T cells are activated through multi-signal 

pathways. “Signal 1” is triggered by the binding of alloantigen-MHC complex to T cell 

receptor (TCR), and further enhanced by “Signal 2”, namely, co-stimulatory signal. This will 

activate three downstream pathways such as calcium-calcineurin pathway, nuclear factor 

kappa B (NF-κB) pathway, and mitogen-activated protein kinase (MAPK) pathway, and 

further lead to up-regulated expression of many crucial molecules in T cells, such as IL-2 and 

IL-15, which will initiate cell proliferation by activating mTOR. This trigger for cell 

proliferation is called Signal 3 (58). Traditional immunosuppressants inhibit or mitigate 

rejection with pleiotropic side effects. Novel immunosuppressants are being continuously 

invented and tested aiming at more efficacy and higher selectivity to inhibit allogeneic 

rejection and minimized occurrence of side effects. Selective inhibition of signal 3 has now 

emerged as new strategy for immunosuppression (59-61). Our study is the first report on two 

novel Janus kinase 1/3 (JAK1/3) inhibitors, R507 and R545, in experimental cardiac allograft 

survival, showing its efficacy of inhibiting on cellular immune response, preventing of acute 

allograft rejection, and assessing interaction with tacrolimus. 

Deuse T, Hua X, Taylor V, Stubbendorff M, Baluom M, Chen Y, Park G, Velden J, Streichert 

J, Reichenspurner H, Robbins RC, Schrepfer S. Significant reduction of acute cardiac 

allograft rejection by selective JAK1/3-inhibition using R507 and R545. Transplantation 

2012 (in press): 
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Pharmacokinetics and pharmacodynamics of R507 and R545 were first evaluated. The plasma 

levels reached peak two to three hours after administration. Both of them were found to be 

potent inhibitors of JAK1 and JAK3 with 20-fold or greater selectivity over JAK2 and 

tyrosine kinase 2 (Tyk2) in cells. Non-volume loaded heterotopic heart transplantations (62) 

were performed from donor Brown Norway rats to Lewis rats, a strain combination with high 

immune response. Recipients were randomly assigned to groups treated with different 

medications, namely R507 HD (high dose, 60mg/kg, b.i.d.), R507 LD (low dose, 15mg/kg 

b.i.d.), R545 HD (20mg/kg, b.i.d.), R545 LD (5mg/kg b.i.d.), Tac HD (tacrolimus, 4mg/kg 

q.d.) and Tac LD (1mg/kg q.d.), or left untreated (no medication group). The doses of R507 

and R545 were chosen according to the previous studies in the rat collagen-induced arthritis 

model, where high dose of both medications succeeded in suppressing the disease in all the 

cases (unpublished data). Transplantation of Lewis-to-Lewis was performed to serve as 

syngeneic control. The efficacies of R507 and R545 were investigated by a 5-day study for 

acute cellular rejection, and the graft survival study for assessment of graft survival rates. 

 

With respect to cellular immune response, Enzyme-linked immunosorbent spot (Elispot) 

assays on post-operation day (POD) 5 showed a significantly more IFN-γ and IL-4 release as 

response of TH1- and TH2-cells to the allogeneic grafts in the no medication group compared 

with the syngeneic group (p<0.001 for each cytokine). The R507 HD and R545 HD were 

highly effective to reduce the IFN-γ and IL-4 spot frequencies (p<0.001 for each vs. no 

medication), which had comparable value as Tac HD. R507 LD and R545 LD showed 

surprisingly low IFN-γ release, and the reduction on IL-4 release was even stronger than Tac 

LD (p<0.001). Intragraft cytokine levels were also measured, which revealed significantly 

less IFN-γ and IL-10 in both R507 HD and R545 HD groups (p<0.05 vs. no medication). 

Histopathological assessment captured a typical picture of acute cardiac allograft rejection in 

no medication group, showing destroyed myocardium, massive mononuclear cell infiltration, 

hemorrhages, edema, and vasculitis. The pathological ISHLT scoring (56) revealed reduced 

immune response in the treated group and showed dose dependent effects. The CD3+ T cells 

and CD68+ macrophages were quantified and demonstrated a massive infiltration pattern in 

no medication group. Only three HD groups yielded remarkable decreased CD3+ cell 

infiltration compared with no medication group (p<0.001). The high dose groups of two 

JAK1/3 inhibitors performed better in suppressing infiltration than Tac HD did (p<0.001). For 

the humoral immune response, significant decrease of IgM antibodies were detected in all HD 

and LD groups (p<0.001 vs. no medication), and no dose-dependent effect was observed in 

donor-specific antibody suppression. Meanwhile, blood chemistry showed increased high-

density lipoprotein (HDL) and decreased low-density lipoprotein (LDL) levels in the JAK1/3 
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inhibitor groups, which might be caused by normalized LDL receptor and increased LDL 

uptake due to inhibition of JAK1 in the oncostatin M pathway (63). 

In the survival study, heart beating was palpated and scored until it stopped. Both sub-

therapeutic and therapeutic R507 and R545 prolonged mean graft survival with similar effect 

as Tac LD and HD, respectively. In combination regimens, however, only R507 LD 

combined with Tac LD showed highly beneficial synergistic drug interactions, which reached 

similar effect as R507 HD alone (CI=0.584). 

In summary, this study proved both R507 and R545 are potent novel immunosuppressants 

with high JAK1/3 selectivity and favorable pharmacokinetics. Interruption of signal 3 

transduction is able to render a powerful immunosuppression. R507 is a very promising 

candidate to make its way into clinical trials. The up-to-date data show that the phase 1 

clinical trial has been successfully concluded (unpublished data). 
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4. Chronic rejection 

4.1 Obliterative bronchiolitis (OB) in lung transplantation 

OB remains the most common chronic complication and major obstacle to long-term survival 

in lung transplant patients (25, 64). No specific and effective treatment has been established 

yet and the detailed pathogenesis of OB remains poorly understood. Nevertheless, 

accumulating evidence suggests an immunological trigger for epithelial injury, inflammatory 

cell infiltration, and consequent development of fibroproliferative lesions (65-69). 

To better understand the mechanism, pathogenesis, prevention, and treatment of OB, different 

animal models have been developed. Inbreed small rodents, like rats and mice, are largely 

used in the basic research of transplantation field, because each individual has identical 

genetic information within the same inbred strain. Mice are preferred because genetically 

manipulation is feasible and the different transgenic and knock out models may be helpful for 

the OB-related mechanistic questions. There are various transplantation models to imitate the 

development of OB in small rodents, such as the orthoptopic or heterotopic trachea 

transplantation model (70).  The transplantation of whole lungs in rodents is time-consuming, 

technically demanding, and animals show considerably high variability within one group (71-

73). 

Hua X, Deuse T, Tang-Quan KR, Robbins RC, Reichenspurner H, Schrepfer S. Heterotopic 

and orthotopic tracheal transplantation in mice used as models to study the development of 

obliterative airway disease. J. Vis. Exp. (35), e1437, DOI: 10.3791/1437 (2010): 

In our publication, we performed heterotopic and orthotopic tracheal transplantation models 

in mice, both of which are reliable models to mimic human OB pathogenesis. Tracheal grafts 

are fixed and wrapped in the greater omentum in the heterotopic tracheal transplant model, 

which is technically easy to perform (70, 74) and less time consuming. Complete occlusion of 

the graft lumen will occur in 28 days after transplant (70, 75, 76). Since the transplantations 

are heterotopic, recipients don’t suffer from the OB symptoms. However, there is no 

ventilation of tracheal grafts, and therefore, it’s not adequate to observe the functional role of 

epithelium in the pathogenesis of OB, and inhaled formulation cannot be tested in this model. 

Besides, the peritoneal microenvironment is different from the thoracic milieu (70). On the 

other hand, the orthotopic model provides a ventilating airway that is more physiological, and 

makes inhaled medication administration possible (70). A previous study from our lab also 

showed a much stronger IgM donor-specific alloreactive humoral response in the orthotopic 

model than that in heterotopic model (70). However, the development of OB lesion is 

prolonged in the orthotopic model. Our data showed that the luminal obliteration reached its 

peak, which was approximately 35%~45% (70, 77), on POD60 compared with POD30 and 
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POD90 in the same strain combination. Recipients may develop symptoms such as stridor and 

dyspnea. 

 

Therefore, each of these two models has its own pros and cons. The heterotopic model might 

be appropriate for studies focusing on the development of luminal obliteration and the 

efficacy of certain medication in preventing fibroproliferation. The orthotopic model might be 

more suitable for studies dealing with the preservation of epithelium and its physiological 

function, and to investigate inhaled drug delivery. Currently, there is no ideal animal model to 

investigate human OB. Researchers should choose the model depending on the basic question 

of their study. 

After the animal models for OB were investigated and compared, we choose the heterotopic 

tracheal transplantation in mice as animal model to identify the role of the intermediate-

conductance calcium-activated potassium channel (KCa3.1) in the pathogenesis of OB, and 

its possibility as a novel target to prevent the OB after lung transplant.   

Hua X, Deuse T, Chen YJ, Wulff H, Köhler R, Stubbendorff M, Reichenspurner H, Robbins 

RC, Schrepfer S. The potassium channel KCa3.1 as new therapeutic target for preventing 

obliterative airway disease after lung transplant. Transplantation 2012 (in press). 

Recent studies have shown that the KCa3.1 channel plays an important role in Ca2+ signaling 

and T cell activation (78, 79). Opening of this channel restores the driving force for store-

operated Ca2+-entry through the calcium-release activated calcium (CRAC) channel (80), and 

sustains the increment in cytosolic calcium level required for the activation of calcineurin 

pathway. Therefore, T cell activation is enhanced. The KCa3.1 channel is up-regulated on 

activated T cells compared to naïve and memory T cells (81), suggesting that activated T cells 

might be more sensitive to channel blockers, which may be used as a therapeutic strategy.  

Previous studies showed that pharmacological KCa3.1 blockade is capable of inhibiting T cell 

proliferation and cytokine production in vitro (82-84). In vivo studies have also demonstrated 

that KCa3.1 blockers can prevent autoimmune diseases in animal models and contribute to 

the prevention of kidney graft rejection in rats (85, 86). As shown by the efficacy of the 

KCa3.1 blocker TRAM-34 in models of restenosis (87, 88), atherosclerosis (89), and kidney 

fibrosis (90), additional involvement of this channel has been revealed in smooth muscle cell 

and fibroblast proliferation. Since the OB after lung transplant takes place due to the 

allogeneic immune response mainly mediated by T cells and the consequent fibroproliferative 

changes, the KCa3.1 channel blockade might be considered as a novel therapeutic target for 

the prevention of airway allograft rejection. In the present study we hypothesized that KCa3.1 

blockade could attenuate airway allograft rejection by inhibiting both T cell activation and 

fibrotic airway obliteration.  
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Tracheas from CBA donors were heterotopically transplanted into the greater omentum of 

fully mismatched C57Bl/6J mice. Recipients were either left untreated or received TRAM-34 

(120mg/kg/d, i.p.) for 5 days or 28 days. KCa3.1-/- mice with C57Bl/6J background receiving 

grafts from CBA donors and C57Bl/6J receiving syngeneic grafts were used as control. 

Histopathology and immunological assays were performed after graft recovery. 

In the 5-day study, the acute cellular allogeneic rejection was suppressed by both channel 

blockade and knock out. In untreated grafts, the subepithelial area was intensively infiltrated 

by CD3+ T cells and F4/80+ macrophages, both of which participate in the OAD 

development as pivotal mediators (91-93). In contrast, the KCa3.1-/- and TRAM-34 groups 

showed significantly reduced infiltration (p<0.001). Elispots also revealed reduced IFN-γ spot 

frequencies in the KCa3.1-/- and TRAM-34 groups compared to the untreated group (p≤0.015 

vs. no medication), indicating an attenuated Th1 response. In vitro proliferation assays 

showed dose-dependent reduced proliferation in wild-type cells, but not KCa3.1-/- 

splenocytes, confirming the specificity of TRAM-34. 

In the 28-day chronic study, both the genetic knock out and the pharmacological blockade of 

KCa3.1 by TRAM-34, reduced luminal obliteration of tracheal grafts from 89±21% to 

53±26% and 59±33%, respectively (p=0.010 and p=0.032 vs. no medication). Semi-

quantitative RT-PCR and immunohistochemistry demonstrated significantly lower amounts 

of KCa3.1 mRNA and channel expression after TRAM-34 treatment compared to the 

untreated group (p=0.008), in accordance with the hypothesis of KCa3.1 channel up-

regulation in activated T cells in allogeneic rejection. Clinical data showed a significant 

higher risk for early graft dysfunction and poor prognosis in those lung transplant recipients 

with pre-existing anti-HLA antibodies (93, 94), implying an important role of humoral 

response in allogeneic lung graft rejection. To evaluate the humoral rejection, donor reactive 

antibody assays were performed in our study. The donor specific IgG production in the 

KCa3.1-/- group was largely reduced compared to the no medication group (p=0.018). 

Besides not being able to preserve epithelium, no side effect due to TRAM-34 treatment was 

observed. The KCa3.1-/- mouse strain was viable and fertile, and no difference in KCa3.1-/- 

mice was noted compared to wild-type animals before and after transplant. 

In summary, this study demonstrated that the KCa3.1 channel plays a critical role in T cell 

activation in the tracheal transplant model, and pharmacological blockade or genetic knockout 

of the channel could significantly decrease T cell activation and inhibit the development of 

OAD. Therefore, specific KCa3.1 blockade may be an additional strategy for patients after 

lung transplantation.  
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4.2 Transplant vasculopathy and intimal hyperplasia in heart transplant  

As a major chronic complication of heart transplantation, the development of cardiac allograft 

vasculopathy remains as big hurdle in this field (24, 95-98). It’s initiated early after 

transplantation and progresses over time, causing the neointimal formation and the narrowing 

and obliteration of the coronary artery lumen. Despite the administration of the current 

immunosuppressants, the incidence of CAV with clinical evidences is about 20% in 3 years 

after transplant and 30% by 5 years (24), reflecting the lack of knowledge of the underlying 

mechanism in the pathogenesis of intimal hyperplasia. Meanwhile, identifying new 

therapeutic targets becomes one of the most important goals in this field.  

Previous studies of our collaborators have already showed that sustained epsilon protein 

kinase C (εPKC) inhibition starting three days after transplantation was able to suppress 

chronic allograft rejection, inhibit the development of CAV, and improve cardiac graft 

survival using a murine heterotopic transplantation model (99). Based on the knowledge that 

the εPKC is involved in vascular smooth muscle cell (VSMC) activation, to better understand 

the mechanism of the intimal hyperplasia, we performed our study on a restenosis model after 

balloon injury and stenting. 

Deuse T, Koyanagi T, Erben RG, Hua X, Velden J, Ikeno F, Reichenspurner H, Robbins RC, 

Mochly-Rosen D, Schrepfer S. Sustained inhibition of epsilon protein kinase C inhibits 

vascular restenosis after balloon injury and stenting. Circulation. 2010 Sep 14; 122(11 

S):S170-8.: 

Endothelium lining on the abdominal aortic wall in Sprague-Dawley rats was denuded using 

aortic balloon injury with or without subsequent stenting (Yukon Plus, Translumina, 2.5mm 

in diameter, and 12mm in length); this technique was developed in our lab (100). Rats were 

then treated with the selective εPKC activator ψε receptor for activated protein kinase C 

(ψεRACK) (101), the selective εPKC inhibitor εV1–2 (102), the cell-penetrating TAT carrier 

peptide vehicle (TAT47-57), or saline, in a sustained fashion via implanted osmotic pumps. 

After 28 days, intimal hyperplasia had developed in saline-treated balloon-injured rat aortas 

(20.3±8.0%), and was markedly promoted in ψεRACK group (32.4±4.9%, p=0.033 vs saline 

group), but notably inhibited by εV1–2 treatment (9.2±4.3%, p=0.039 vs saline group). The 

carrier peptide TAT47-57 neither accelerated nor slowed down the development of lumen 

obliteration. Proliferating cell nuclear antigen (PCNA) immunohistochemistry revealed that 

19±6%, 20±4%, and 25±4% of neointimal cells were undergoing proliferation in the section 

of saline, TAT47-57 vehicle, and ψεRACK groups, respectively, but the percentage was 

reduced to 9±3% by the εPKC inhibitor εV1–2 (p=0.003 vs saline group). To explain the 

phenomena of different sizes of intimal hyperplasia, both the down-stream cascades of the 



 15 

platelet-derived growth factor (PDGF) receptor via extracellular signal-regulated kinase 

(ERK) and Akt, postulated to participate in VSMCs proliferation (103), were evaluated in 

vivo. The protein amount in the aortic tissue was quantified by western blot, which rendered a 

significantly reduction in ERK phosphorylation, but not Akt phosphorylation, by εPKC 

inhibition. Further investigation on VSMC in vitro was performed to understand the detailed 

mechanism. PKC translocation method found that PDGF stimulation is able to significantly 

activate εPKC in cultured VSMCs, and the activation can be inhibited by εV1-2 pretreatment. 

In vitro proliferation assay also showed proliferation by PDGF stimulation can be moderately 

promoted by εPKC activator ψεRACK (p=0.108 vs. normal saline group), but significantly 

reduced by εPKC inhibitor εV1-2 (p<0.001 vs. normal saline group). Modulation on εPKC 

had similar effect on in vitro VSMCs migration (p<0.001 for ψεRACK, p=0.001 for εV1-2, 

vs. normal saline). Western blots showed a significant increase in amount of the 

phosphorylated ERK and Akt 5 minutes after PDGF stimulation, but the treatment of εV1-2 

did not have an obvious effect at this time point yet (p<0.05). After 6 hours sustained 

inhibition by εV1-2, there was a great decrease in phosphorylated ERK and Akt (p<0.05). 

That means the εPKC inhibition of PDGF-induced VSMC proliferation is likely due to the 

inhibition of the ERK and Akt pathways. 

To investigate whether there is also an inhibition in restenosis after stenting by εV1-2, stents 

were implanted into the denuded rat aorta in vivo as previously described by our group (100). 

Six weeks later, the intimal hyperplasia in stented aortas were well developed, and the 

development of luminal obliteration was significantly reduced by sustained treatment of εV1-

2 (p=0.028). 

In summary, our data indicate a central role of εPKC in the pathogenesis of intimal 

hyperplasia. Suppressed VSMCs proliferation by εPKC inhibition may be mediated via 

inhibition of ERK and Akt activation. Therefore, modulation of εPKC could be considered as 

a new therapeutic target to prevent vascular restenosis. 

The balloon injury models in rat abdominal aorta with or without subsequent stent 

implantation, mentioned in our previous study, are well established and widely used in 

vascular restenosis research. Other commonly used restenosis models include mice, rabbits, 

and pigs (100, 104, 105). However, limitations still exist due to the translational gap, and 

problems might occur by translating these findings into the clinic (106, 107). Therefore, 

humanized models need to be established. 

Hua X, Deuse T, Michelakis ED, Tsao PS, Maegdefessel L, Erben R, Behnisch BB, 

Reichenspurner H, Robbins RC, Schrepfer S. Human IMA transplantation and stenting: A 
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humanized model to study the development of intimal hyperplasia. J. Vis. Exp. (63), e3663, 

DOI: 10.3791/3663 (2012): 

We invented a novel humanized rat model to study the restenosis after stent implantation. 

Human internal mammary artery (IMA, or internal thoracic artery) segment about 10mm in 

length is used in this model as human material, of which the endothelium is denuded by the 

passage of a 2-french Forgarty arterial embolectomy catheter. The balloon injury is performed 

twice to ensure the complete endothelial damage. Human stent with 8mm in length and 2.5-

3.0mm in diameter is then implanted into the IMA lumen. The stented IMA segment is 

temporarily stored in RPMI medium with heparin (500 IU/10ml) on ice in fridge. The 

recipient rat is prepared. The abdominal aorta is dissected from the infrarenal region to the 

iliac bifurcation. An aortic segment approximately 5-7 mm in length is replaced with the 

stented IMA. End-to-end anastomosis is performed by running sutures with 8-0 prolene. 

Blood flow through the IMA and pulse should be seen. Grafts were harvested after 28 days in 

our case, and intimal hyperplasia, composed of proliferating vascular smooth muscle cells and 

fibrotic tissue, was shown in Masson-Goldner trichrome and proved by immunofluorescent 

staining. To identify the origin of the proliferating cells in restenosis, IMA grafts were stably 

transduced with the reporter gene Green Fluorescent Protein (GFP) using lentiviral particles. 

All the daughter cells of human IMA origin will be GFP positive. By staining of either GFP 

or rat MHC-I, co-localized with smooth muscle α-actin (SMA), the smooth muscle cells 

within the restenosis area were identified as GFP positive but rat MHC-I negative, 

demonstrating the human origin. Therefore, the model itself is proved as humanized model. It 

constitutes a bridge between preclinical research and clinical settings, and can be considered 

as a translational approach to study the stent restenosis in vivo. 
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5. Stem cell therapy 

Myocardial damage due to ischemic heart diseases reduces the amount of working 

cardiomyocytes, weakens the contractility, and leads to heart failure. Improved 

revascularization therapies lowered the mortality after myocardial infarction, but 

consequently, the incidence of heart failure is increasing (108). Thus we need to think about 

the situation in which myocardium has already been damaged, and heart failure has already 

occurred. Heart transplantation can be considered as one choice if indications are fulfilled. 

However, due to the shortage of organ donation as well as the complications of 

immunosuppressants, researchers are keeping on seeking other therapeutic strategies, such as 

tissue regeneration by stem cell therapy. However, as is the case for organ transplantation, 

immune rejection after stem cell transplantation is a potential problem with this type of 

therapy (109). We believe that systemic immunosuppression, in analogy to allogeneic organ 

transplantation, is not justifiable and feasible for cell therapy. Therefore, we are aiming to 

understand the immunobiology of stem cells and decrease their immunogenic potential. In the 

following studies, we investigated various stem cell types for their regenerative potential. 

5.1 Self repair by stem or progenitor cells in situ 

Weinberger F, Mehrkens D, Friedrich FW, Stubbendorff M, Hua X, Müller JC, Schrepfer S, 

Evans S, Carrier L, Eschenhagen T. Localization of Islet-1-Positive Cells in the Healthy and 

Infarcted Adult Murine Heart. Circ Res. 2012 May 11;110(10):1303-10. Epub 2012 Mar 15: 

It’s well known that the transcription factor Islet-1 is a cardiovascular progenitor marker 

during early murine development (110). Therefore, cells expressing Islet-1 are very attractive 

candidates as resident cardiac progenitors and might be helpful for regeneration. Previous 

studies have shown that the murine Islet-1+ cells maintained the capability to differentiate 

into cardiomyocytes, and contribute to the formation of sinoatrial node (SAN), 

atrioventricular node (AVN), and smooth muscle cells (SMCs) in coronary arteries (111-113). 

Recently, the phenomena have also been observed that few Islet-1+ cells exist in adult murine 

hearts (114) and young adult rats (115). This fact suggested that the islet-1+ cells as resident 

cardiac progenitors might be of therapeutic value. As the first step, the three-dimensional 

distribution and the identity of Islet-1+ cells in adult murine heart needed to be investigated 

and the changes in amount or location with age or after myocardial infarction also needed to 

be evaluated. 

 

To identify the Islet-1+ cells, Isl-1-nLacZ-mice (LacZ: ß-galactosidase gene) were generated 

by targeted insertion of a DNA cassette containing nLacZ in the Islet-1 locus (116). Thus, by 

Bromo-Cloro-Indolyl-Galactopyranoside (X-Gal) staining, Islet-1+ cells could be visualized 
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in blue color in nuclei. The distribution of Islet-1+ cells was tracked in 30 Islet-1-LacZ mice 

at different time-points (10 weeks to 18 months after birth). Recognized by eyes or 

microscopy on the X-Gal stained heart gross specimens or serial heart sections, the location 

of Islet-1+ cells or clusters was defined by the positive nuclear nLacZ singal, which was also 

compared to the those from 6 non-transgenic wild-type littermates. 

The location of nLacZ+ cells was strictly confined to 3 regions of the adult murine heart. The 

first kind of clusters locates in the interatrial septum and around the pulmonary veins, on the 

posterior side of the heart. These round large cells were further characterized as 

parasympathetic neurons in cardiac ganglia, as shown by the co-localization with 

acteylcholinesterase (AChE), ß-galactosidase (ß-gal) and choline acrtyltransferase (ChAT). 

The second group of nLacZ+ cells was scattered distributed within muscular layer of the great 

vessels, especially in the proximal part of ascending aorta and the trunk of pulmonary artery 

above aortic and pulmonary valve. They not only expressed ß-gal but also smooth muscle 

actin and smooth muscle myosin heavy chain. The third type of nLacZ+ cells locates in a 

strictly delimited cluster between the right atrium and superior vena cava. They not only 

expressed the cardiomyocyte marker α-actinin, but coexpressed the SAN pacemaker cell 

marker hyperpolarization-activated cyclic nucleotide-gated channel 4 (HCN4). Interestingly, 

only 50% of the HCN4+ cells are nLacZ+. All of these cell types retained the cell amount and 

localization between 1 to 18 months after birth. Islet-1 mRNA was also detectable by RT-

PCR in the wild-type C57Bl/6J murine heart tissue with SAN at different time-points (12 to 

44 weeks after birth, n=31). Consistently Islet-1 mRNA was detectable in postmortem human 

SAN (n=4). However, neither nLacZ+ signal nor Islet-1 mRNA could be detected in the 

working cardiomyocytes in left and right ventricles. On 2, 14, and 28 days after left anterior 

descending (LAD) coronary artery ligation in Isl-1-nLacZ-mice, Islet-1+ cells could not be 

found in the infarct zone, except for 10 questionable cells in 1/13 hearts. 

As the data showed, we found different types of cells that expressed Islet-1 consistently at 

specific areas, but all of them were differentiated. Together with the fact that Islet-1+ cells are 

absent in the working cardiomyocytes of the ventricles, this study questions the potential 

regenerative role of Islet-1+ cells as cardiac progenitors.  
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5.2 Transplantation of pluripotent stem cells 

Compared with the inadequate pluripotency of tissue-specific progenitor cells and their 

ambiguous anatomical location and differentiation capacity, human embryonic stem cells 

(hESCs) are promising pluripotent cells able to be differentiated into any cell line (117). 

Therefore, hESC-based therapy is considered as a promising strategy for regenerative 

medicine. For instance, in case of myocardial damage, transplantation of ESC-derived 

cardiomyocytes or cardiac progenitor cells could be a future solution to regain heart function. 

However, due to the HLA disparity between the donor hESC-derived cells and the recipient’s 

immune system, immune rejection will inevitably occur as previously shown by our group 

and others (118, 119). It remains as one of the major impediments of this therapy. Generating 

patient-specific pluripotent stem cells using induced pluripotent stem (iPS) cells from 

patients-own cells might be a way to avoid allogeneic immune rejection. But up till now, it 

seems impractical because of the complexity of pluripotent cell induction, the possibility of 

the genetic abnormality of donor cells, and the uncertainty of time consumption (120). In the 

clinic, derivatives of these pluripotent stem cells probably have to been used in an allogeneic 

setting. Though stem cell banks (121, 122) have been being established to match HLA as 

close as possible, immunosuppression might still be needed. As a result, we sought to change 

the immunogenicity of the hESCs by generating hypoimmunogenic hESC lines that lack HLA 

and escape the immune rejection. 

Deuse T, Seifert M, Phillips N, Fire A, Tyan D, Kay M, Tsao PS, Hua X, Velden J, Eiermann 

T, Volk HD, Reichenspurner H, Robbins RC, Schrepfer S. Human leukocyte antigen I 

knockdown human embryonic stem cells induce host ignorance and achieve prolonged 

xenogeneic survival. Circulation. 2011 Sep 13;124(11 S):S3-9.  

Deuse T, Seifert M, Tyan D, Tsao PS, Hua X, Velden J, Eiermann T, Volk HD, 

Reichenspurner H, Robbins RC, Schrepfer S. Immunobiology of naïve and genetically 

modified HLA-class-I-knockdown human embryonic stem cells. J Cell Sci. 2011 Sep 1;124(Pt 

17):3029-37.: 

First, we identified the lymphocytes that play the central role in mediating hESC rejection. A 

total of 1×106 hESCs were transplanted into the gastrocnemius muscle in either 

immunocompetent Balb/c mice or other murine strains carrying various kinds of immune 

defects. Cell survival was recorded by bioluminescence imaging (BLI). An early decrease in 

cell number occurred in all strains within the first 5 days, which seemed immune-irrelevant 

and probably due to shear stress and injury from needle injection. Later on, the survival of 

transplanted cells showed different patterns. All the cells got rejected in immunocompetent 

Balb/c mice by day 5. Whereas in immunodeficient SCID-beige (SCID: severe combined  
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immunodeficiency) mice, lacking both T, B lymphocytes and natural killer (NK) cell function, 

the BLI signal reached back to the initial level on day 21, and increased approximately 50 

times by day 80. Teratoma was found at the site of injection in each recipient, demonstrating 

long-term survival of transplanted cells. In 7 of 9 nude mice with only T cell deficient, the 

transplanted cells survived and also formed teratoma by day 80. However, both the beige and 

perforin-/- mice, which lack NK activity, rejected hESCs in a similar time window as Balb/c. 

Besides, SCID-beige mice adoptively transferred with splenocytes from beige mice can 

actively reject injected hESCs. To further investigate the immunogenicity of hESCs with 

naturally low-expressed HLA-I, the HLA-I-deficient human immortalized erythroleukemia 

cells K562 were also injected into these mice strains for comparison. They survived in SCID-

beige with defected NK function, but were quickly rejected in Balb/c and nude mice due to 

their high NK-susceptibility. In summary, the fact, that the T-cell competent recipients 

rejected hESCs while the NK function impaired recipients were not capable of rejecting 

hESCs, demonstrated a central role of T cell in mediating hESCs rejection in a xenogeneic 

setting, and the low expression level or knock down of HLA-I did not increase the NK 

susceptibility. It’s in line with the finding in previous studies that human T cells are able to 

recognize the hESCs (123) and their derivatives (124), and the T cell- specific 

immunosuppression in immunocompetent mice recipients prolonged markedly the hESCs 

survival (109). And it’s also in accordance with the phenomenon that human NK cells only 

were not capable to recognize hESCs in vitro (125). 

 

To achieve the goal of hypoimmunogenicity in hESCs, siRNA technique and intrabody 

technique were used separately or together to silence the HLA-I at post-transcriptional level 

to generate HLA-I-knockdown hESCs. The differences with regard to the efficacy of 

generating these cells and the immunogenicity were characterized in the hESCs modified by 

siRNA technique (hESCsiRNA), intrabody (IB) technique (hESCIB), and combined techniques 

(hESCsiRNA+IB). The transfection efficacy of siRNA and IB technique were 74±12% and 

82±11%, respectively, while the transduction efficacy of siRNA+IB was 88±9%. The HLA 

expression in genetically modified hESCs was quantified by Fluorescence-activated Cell 

Sorting (FACS). The FACS analysis at different time points showed HLA-I expression was 

lowered to its trough level of 2.6±0.8 in hESCsiRNA, 2.1±0.7 in hESCIB, and 1.1±0.1 in 

hESCsiRNA+IB (p=0.005, p=0.004, and p=0.002 compared to unmodified hESCs, respectively), 

in which hESCsiRNA+IB only had about 1% of the HLA-I surface expression in naïve hESCs. 

The lowered level of HLA-I expression in hESCsiRNA+IB was stably sustained through day 7 

and day 42 (2.1±0.4).  
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Afterwards, both hESCs and hESCsiRNA+IB were characterized for immune maker surface 

expression and pluripotency. hESCs showed modest HLA-I and ß2-microglobulin expression, 

but those of hESCsiRNA+IB were remarkably reduced. Both hESCs and hESCsiRNA+IB were 

negative for HLA-II and the co-stimulatory molecules CD80, CD86 and CD40. hESCs 

showed positive for all the embryonic stem cell markers Oct-4, Sox-2, stage-specific 

embryonic antigen-3 (SSEA-3), and TRA-1-60. The same results for hESCsiRNA+IB showed 

that they maintain the pluripotency after HLA-I was knockdown, and both of them can still be 

differentiated into all three germ layers, proved by teratoma formation in SCID-beige mice, 

which is the gold standard to test pluripotency (126). 

Since the hESCsiRNA+IB was established and proved to have very low HLA-I expression, they 

were transplanted into both Balb/c and SCID-beige recipients to test their immunogenicity. 

BLI was again used to trace the survival cells, and reflected an initial decrease in cell viability 

in the first few days in both two recipient strains, the same as the previous finding. Later on, 

hESCs injected into SCID-beige gradually regained the BLI signal up to the same level of 

beginning on day 21. By day 80 they formed teratomas containing tissues from all three germ 

layers, as proved by further histology staining. But all the hESCs were rejected by Balb/c 

recipients, and lost their BLI signal by day 5. However, the rejection triggered by 

hESCsiRNA+IB in Balb/c was significantly reduced and had remarkably improved survival. The 

BLI signals of six out of ten animals slowly dropped into background around day 28, but the 

other four animals remained their signals though the whole 42 days. Elispot of IFN-γ and IL-4, 

showing the Th1 and Th2 immune response, respectively, on day 5, indicated a significantly 

lowered spot frequency induced by hESCsiRNA+IB in immunocompetent Balb/c recipients 

compared with that induced by hESC (p=0.002 for IFN-γ, p<0.001 for IL-4). hESCs 

manipulated by either siRNA or intrabody were also transplanted i.m. into Balb/c mice. 

Compared to hESCsiRNA+IB, the immunogenicity of hESCsiRNA and hESCIB was not as low as 

hESCsiRNA+IB. The Elispot on day 5 showed reduced IFN-γ spot frequencies in both hESCsiRNA 

and hESCIB groups (p=0.048, p=0.002 vs. naïve hESCs respectively), but IL-4 production 

was brought down only in hESCIB group (p<0.001 vs. naïve hESCs). Traced by BLI, all of the 

hESCsiRNA cells were rejected by day 10, and hESCIB cells by d14. 

Transduced with luciferase, the hESCs and hESCsiRNA+IB can be identified using anti-

Luciferase antibody. The survival of hESCs and hESCsiRNA+IB and the infiltration of 

inflammatory cells can be revealed by immunohistochemistry. In the section of Balb/c 

gastrocnemius muscle injected with hESCs, massive infiltration of Mac-2+ macrophages and 

CD3+ lymphocytes, and only scarce killer cell lectin-like receptor sub-family A member 1 

(KLRA1) positive NK cells were found. The densities of all the three kinds of inflammatory 

cells were reduced significantly in the hESCsiRNA+IB group (p<0.001). The IgM donor-specific 
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antibody was much higher in Balb/c mice injected with hESCs than those with hESCsiRNA+IB 

(p<0.001). Luminex single-antigen assays found that the anti-HLA-I antibody was 

significantly induced only after hESCs transplantation (p=0.021 vs. native animal), but not 

after hESCsiRNA+IB transplantation, since HLA-I had been knocked down. The induction of 

anti-HLA-II antibodies was not significantly higher in both groups compared to native 

animals. Negligible amount of naturally occurring anti-hESC xeno-antibodies was detected in 

Balb/c mice before cell transplantation. hESC re-injection into the Balb/c recipients one week 

after the first hESCs injection triggered a massive boost of anti-HLA-I antibody (p=0.007), 

but not HLA-II. The same re-injection with hESCsiRNA+IB didn’t induce hESC-specific HLA-I 

antibody significantly. The in vitro incubation with CD3+ CD56- lymphocytes also showed 

significantly increased IFN-γ and IL-4 spot frequency in hESCs group but not in hESCsiRNA+IB.  

Our study showed a pivot role of HLA-I expression in the recognition of hESCs by T cells in 

xenogeneic setting. Knock down of HLA-I by siRNA and intrabody technique could escape 

from the xenogeneic immune surveillance, resulting in diminished cellular and humoral 

immune responses, and prolonged stem cell survival. 
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6. Summary 

In my doctoral study, a study on acute heart rejection was performed to evaluate the role 

JAK1/3 inhibitors in T cell immune response. Results showed both R507 and R545 were 

novel and potent immunosuppressants mainly acting on T cells, and the interruption of 

“Signal 3” transduction is promising way to diminish rejection. Studies on lung transplant 

involved establishing and comparing the mice models for OB. Both orthotopic and 

heterotopic tracheal transplant models are feasible and reliable. The choice of model depends 

on the question the study focuses on. Using the heterotopic model, we identified KCa3.1 as a 

crucial contributor in the development of OB and also as a potential new target to prevent the 

OB. Specific KCa3.1 blockade might be considered as an additional therapeutic strategy. 

Intimal hyperplasia, as a major manifestation of transplant vasculopathy, was also 

investigated. It showed the capacity of sustained inhibition on εPKC to prevent the vascular 

smooth muscle cell activation and proliferation via inhibition of ERK and Ark pathways. A 

novel and reliable humanized model to study restenosis after stenting was invented and 

established, in which the disease pattern was very close to that in human. Besides solid organ 

transplantation, the studies also involved the immunobiology of stem cell transplantation for 

regenerative therapies. Islet-1, which was thought to be the marker for resident cardiac 

progenitors, was found to be expressed only in specific areas, all of which are well 

differentiated. The potential regenerative role of the Islet-1+ cells got questioned. Therefore, 

we strongly believe that allogeneic pluripotent stem cell sources are needed. The study on the 

immunogenicity of genetically modified hESC revealed a principal role of HLA-I expression 

in the hESC recognition in a xenotransplant setting, mainly mediated by T cells. And the 

HLA-I-knockdown using both the microRNA and intrabody technique could help the 

modified hESC escape immune attack from recipient and may lead to long-term graft survival. 

In the past century, with all the endeavors of clinicians and researchers, transplantation 

became clinical reality and has saved innumerable lives of patients with end-stage organ 

failure. To improve long-term outcomes and patients’ quality of life after transplantation, 

clinicians and researchers need to continue working together to reach the ultimate goal of 

transplantation: graft acceptance without affecting normal immune function. We believe that 

the achievement of this goal will eventually become reality. 



 24 

7. Reference 

1. Ullmann E. Experimental kidney-transplantation (reprinted from Wiener-klinische-

wochenschrift, vol 15, p 281, 1902). Wiener Klinische Wochenschrift 1988; 100 (8): 

258. 

2. Matevossian E, Kern H, Huser N, et al. Surgeon Yurii Voronoy (1895-1961) - a 

pioneer in the history of clinical transplantation: in Memoriam at the 75th 

Anniversary of the First Human Kidney Transplantation. Transplant International 

2009; 22 (12): 1132. 

3. Stefoni S, Campieri C, Donati G, Orlandi V. The history of clinical renal transplant. 

Journal of Nephrology 2004; 17 (3): 475. 

4. Simpson E. Reminiscences of Sir Peter Medawar: In hope of antigen-specific 

transplantation tolerance. American Journal of Transplantation 2004; 4 (12): 1937. 

5. Murray JE, Hills W. The first successful organ transplants in man. Journal of the 

American College of Surgeons 2005; 200 (1): 5. 

6. Richmond C. Jean Dausset. The Lancet; 374 (9698): 1324. 

7. Germain RN, Paul WE. Baruj Benacerraf (1920-2011). Nature; 477 (7362): 34. 

8. Murray JE, Dammin GJ, Dealy JB, Harrison JH, Alexandr.Gw, Merrill JP. Kidney 

transplantation in modified recipients. Annals of Surgery 1962; 156 (3): 337. 

9. Murray JE, Harrison JH, Dammin GJ, Wilson RE, Merrill JP. Prolonged survival of 

human-kidney homografts by immunosuppressive drug therapy. New England 

Journal of Medicine 1963; 268 (24): 1315. 

10. Hill RB, Dahrling BE, Starzl TE, Rifkind D. Death after transplantation - an analysis 

of sixty cases. American Journal of Medicine 1967; 42 (3): 327. 

11. Calne RY, Pentlow BD, White DJG, et al. Cyclosporin-A in patients receiving renal-

allografts from cadaver donors. Lancet 1978; 2 (8104): 1323. 

12. Shiba N, Chan MCY, Kwok BWK, Valantine HA, Robbins RC, Hunt SA. Analysis 

of survivors more than 10 years after heart transplantation in the cyclosporine era: 

Stanford experience. Journal of Heart and Lung Transplantation 2004; 23 (2): 155. 

13. Kino T, Hatanaka H, Miyata S, et al. FK-506, a novel immunosuppressant isolated 

from a streptomyces 2 immunosuppressive effect of FK-506 in vitro. Journal of 

Antibiotics 1987; 40 (9): 1256. 

14. Starzl TE, Todo S, Fung J, Demetris AJ, Venkataramman R, Jain A. FK-506 for liver, 

kidney, and pancreas transplantation. Lancet 1989; 2 (8670): 1000. 

15. Todo S, Fung JJ, Starzl TE, et al. Liver, kidney, and thoracic organ-transpantation 

under FK-506. Annals of Surgery 1990; 212 (3): 295. 



 25 

16. Shapiro R, Jordan M, Fung J, et al. Kidney-transplantation under FK506 

immunosuppression. Transplantation Proceedings 1991; 23 (1): 920. 

17. Pirsch JD, Miller J, Deierhoi MH, Vincenti F, Filo RS. A comparison of tacrolimus 

(FK506) and cyclosporine for immunosuppression after cadaveric renal 

transplantation. Transplantation 1997; 63 (7): 977. 

18. Busuttil RW, McDiarmid S, Klintmalm GB, et al. A comparison of tacrolimus (FK-

506) and cyclosporine for immunosuppression in liver-transplantation. New England 

Journal of Medicine 1994; 331 (17): 1110. 

19. Cho S, Danovitch G, Deierhoi M, et al. Mycophenolate mofetil in cadaveric renal 

transplantation. American Journal of Kidney Diseases 1999; 34 (2): 296. 

20. Kahan BD, Rapamune USSG. Efficacy of sirolimus compared with azathioprine for 

reduction of acute renal allograft rejection: a randomised multicentre study. Lancet 

2000; 356 (9225): 194. 

21. Gaber AO, First MR, Tesi RJ, et al. Results of the double-blind, randomized, 

multicenter, phase III clinical trial of thymoglobulin versus Atgam in the treatment of 

acute graft rejection episodes after renal transplantation. Transplantation 1998; 66 

(1): 29. 

22. Kahan BD, Rajagopalan PR, Hall M, Grp USSRS. Reduction of the occurrence of 

acute cellular rejection among renal allograft recipients treated with basiliximab, a 

chimeric anti-interleukin-2-receptor monoclonal antibody. Transplantation 1999; 67 

(2): 276. 

23. Vincenti F, Kirkman R, Light S, et al. Interleukin-2-receptor blockade with 

daclizumab to prevent acute rejection in renal transplantation. New England Journal 

of Medicine 1998; 338 (3): 161. 

24. Stehlik J, Edwards LB, Kucheryavaya AY, et al. The Registry of the International 

Society for Heart and Lung Transplantation: Twenty-eighth Adult Heart Transplant 

Report-2011. Journal of Heart and Lung Transplantation; 30 (10): 1078. 

25. Christie JD, Edwards LB, Kucheryavaya AY, et al. The Registry of the International 

Society for Heart and Lung Transplantation: Twenty-eighth Adult Lung and Heart-

Lung Transplant Report-2011. Journal of Heart and Lung Transplantation; 30 (10): 

1104. 

26. Nankivell BJ, Alexander SI. Rejection of the Kidney Allograft. New England Journal 

of Medicine; 363 (15): 1451. 

27. Abt PL, Mange KC, Olthoff KM, Markmann JF, Reddy KR, Shaked A. Allograft 

survival following adult-to-adult living donor liver transplantation. American Journal 

of Transplantation 2004; 4 (8): 1302. 



 26 

28. Alqahtani SA. Update in liver transplantation. Current Opinion in Gastroenterology; 

28 (3): 230. 

29. Dandel M, Lehmkuhl HB, Knosalla C, Hetzer R. Impact of different long-term 

maintenance immunosuppressive therapy strategies on patients' outcome after heart 

transplantation. Transplant Immunology; 23 (3): 93. 

30. Olyaei AJ, de Mattos AM, Bennett WM. Nephrotoxicity of immunosuppressive 

drugs: new insight and preventive strategies. Current opinion in critical care 2001; 7 

(6): 384. 

31. Naesens M, Kuypers DRJ, Sarwal M. Calcineurin Inhibitor Nephrotoxicity. Clinical 

Journal of the American Society of Nephrology 2009; 4 (2): 481. 

32. Dhar R, Human T. Central Nervous System Complications After Transplantation. 

Neurologic Clinics; 29 (4): 943. 

33. Serkova N, Christians U, Benet AZ. Biochemical mechanisms of cyclosporine 

neurotoxicity. Molecular Interventions 2004; 4 (2): 97. 

34. Boudreaux JP, McHugh L, Canafax DM, et al. The impact of cyclosporine and 

combination immunosuppression on the incidence of posttransplant diabetes in renal-

allograft recipients. Transplantation 1987; 44 (3): 376. 

35. van Hooff JP, Christiaans MHL, van Duijnhoven EM. Tacrolimus and posttransplant 

diabetes mellitus in renal transplantation. Transplantation 2005; 79 (11): 1465. 

36. Prokai A, Fekete A, Pasti K, et al. The importance of different immunosuppressive 

regimens in the development of posttransplant diabetes mellitus. Pediatric Diabetes; 

13 (1): 81. 

37. Kasiske BL, Snyder JJ, Gilbertson D, Matas AJ. Diabetes mellitus after kidney 

transplantation in the United States. American Journal of Transplantation 2003; 3 (2): 

178. 

38. Barnard CN. Human cardiac transplantation - an evaluation of first 2 operations 

performed at Groote Schuur Hospital Cape Town. American Journal of Cardiology 

1968; 22 (4): 584. 

39. Shumay NE. Transplantation of an unpaired organ, heart. Proceedings of the National 

Academy of Sciences of the United States of America 1969; 63 (4): 1032. 

40. Cooley DA, Bloodwell RD, Hallman GL, Nora JJ, Harrison GM, Leachman RD. 

Organ Transplantation for Advanced Cardiopulmonary Disease. The Annals of 

Thoracic Surgery 1969; 8 (1): 30. 

41. Sivathasan C. Experience with cyclosporine in heart transplantation. Transplantation 

Proceedings 2004; 36 (2, Supplement): S346. 



 27 

42. Caves PK, Stinson EB, Billingh.Me, Shumway NE. Serial transvenous biopsy of the 

transplanted human heart - improved management of acute rejection episodes. . 

Lancet 1974; 1 (7862): 821. 

43. Reitz BA, Wallwork JL, Hunt SA, et al. Heart-Lung Transplantation. New England 

Journal of Medicine 1982; 306 (10): 557. 

44. Cooper JD. Unilateral lung transplantation for pulmonary fibrosis. New England 

Journal of Medicine 1986; 314 (18): 1140. 

45. Kaiser LR, Pasque MK, Trulock EP, Low DE, Dresler CM, Cooper JD. Bilateral 

sequential lung transplantation: The procedure of choice for double-lung replacement. 

Ann Thorac Surg 1991; 52 (3): 438. 

46. DeMeo DL, Ginns LC. Lung transplantation at the turn of the century. Annual 

Review of Medicine 2001; 52: 185. 

47. Todd JL, Palmer SM. Bronchiolitis Obliterans SyndromeBronchiolitis Obliterans in 

Lung TransplantationThe Final Frontier for Lung Transplantation. CHEST Journal; 

140 (2): 502. 

48. Hayes D. A review of bronchiolitis obliterans syndrome and therapeutic strategies. 

Journal of Cardiothoracic Surgery; 6: 9. 

49. Taylor DO, Stehlik J, Edwards LB, et al. Registry of the International Society for 

Heart and Lung Transplantation: Twenty-sixth Official Adult Heart Transplant 

Report-2009. Journal of Heart and Lung Transplantation 2009; 28 (10): 1007. 

50. Patel JK, Kobashigawa JA. Should we be doing routine biopsy after heart 

transplantation in a new era of anti-rejection? Current Opinion in Cardiology 2006; 

21 (2): 127. 

51. Costanzo MR, Dipchand A, Starling R, et al. The International Society of Heart and 

Lung Transplantation Guidelines for the care of heart transplant recipients. Journal of 

Heart and Lung Transplantation; 29 (8): 914. 

52. Mills RM, Naftel DC, Kirklin JK, et al. Heart transplant rejection with hemodynamic 

compromise: A multiinstitutional study of the role of endomyocardial cellular 

infiltrate. Journal of Heart and Lung Transplantation 1997; 16 (8): 813. 

53. Everitt MD, Pahl E, Schechtman KB, et al. Rejection with hemodynamic compromise 

in the current era of pediatric heart transplantation: A multi-institutional study. 

Journal of Heart and Lung Transplantation; 30 (3): 282. 

54. Phelps CM, Tissot C, Buckvold S, et al. Outcome of Acute Graft Rejection 

Associated with Hemodynamic Compromise in Pediatric Heart Transplant Recipients. 

Pediatric Cardiology; 32 (1): 1. 

55. Patel JK, Kittleson M, Kobashigawa JA. Cardiac allograft rejection. The Surgeon; 9 

(3): 160. 



 28 

56. Stewart S, Winters GL, Fishbein MC, et al. Revision of the 1990 Working 

Formulation for the Standardization of Nomenclature in the Diagnosis of Heart 

Rejection. The Journal of Heart and Lung Transplantation 2005; 24 (11): 1710. 

57. Lindenfeld JA, Miller GG, Shakar SF, et al. Drug therapy in the heart transplant 

recipient - Part I: Cardiac rejection and immunosuppressive drugs. Circulation 2004; 

110 (24): 3734. 

58. Halloran PF. Immunosuppressive drugs for kidney transplantation. New England 

Journal of Medicine 2004; 351 (26): 2715. 

59. Vincenti F. What's in the pipeline? New immunosuppressive drugs in transplantation. 

American Journal of Transplantation 2002; 2 (10): 898. 

60. Changelian PS, Flanagan ME, Ball DJ, et al. Prevention of organ allograft rejection 

by a specific Janus kinase 3 inhibitor. Science 2003; 302 (5646): 875. 

61. Behbod F, Erwin-Cohen RA, Wang ME, et al. Concomitant inhibition of janus kinase 

3 and calcineurin-dependent signaling pathways synergistically prolongs the survival 

of rat heart allografts. Journal of Immunology 2001; 166 (6): 3724. 

62. Ono K, Lindsey ES. Improved technique of heart transplantation in rats. Journal of 

Thoracic and Cardiovascular Surgery 1969; 57 (2): 225. 

63. Li C, Kraemer FB, Ahlborn TE, Liu JW. Induction of low density lipoprotein 

receptor (LDLR) transcription by oncostatin M is mediated by the extracellular 

signal-regulated kinase signaling pathway and the repeat 3 element of the LDLR 

promoter. Journal of Biological Chemistry 1999; 274 (10): 6747. 

64. Sundaresan S, Trulock EP, Mohanakumar T, Cooper JD, Patterson GA. Prevalence 

and outcome of bronchiolitis obliterans syndrome after lung transplantation. The 

Annals of Thoracic Surgery 1995; 60 (5): 1341. 

65. Paradis I, Yousem S, Griffith B. Airway obstruction and bronchiolitis obliterans after 

lung transplantation. Clin Chest Med 1993; 14 (4): 751. 

66. Burke C, Baldwin J, Morris A, et al. Twenty-right cases of human heart-lung 

transplantation. The Lancet 1986; 327 (8480): 517. 

67. Griffith BP, Paradis IL, Zeevi A, et al. Immunologically mediated disease of the 

airways after pulmonary transplantation. Ann Surg 1988; 208 (3): 371. 

68. Boehler A KS, Weder W, Speich R. Bronchiolitis obliterans after lung 

transplantation: a review. Chest 1998; 114 (5): 1411. 

69. Adams BF, Brazelton T, Berry GJ, Morris RE. The role of respiratory epithelium in a 

rat model of obliterative airway disease. Transplantation 2000; 69 (4): 661. 

70. Deuse T, Schrepfer S, Reichenspurner H, et al. Techniques for experimental 

heterotopic and orthotopic tracheal transplantations - When to use which model? 

Transplant Immunology 2007; 17 (4): 255. 



 29 

71. Marck KW, Prop J, Wildevuur CR, Nieuwenhuis P. Lung transplantation in the rat: 

histopathology of left lung iso- and allografts. The Journal of heart transplantation 

1985; 4 (2): 263. 

72. Wiebe K, Fraund S, Steinmuller C, Steinhoff G. Rat cytomegalovirus and Listeria 

monocytogenes infection enhance chronic rejection after allogenic rat lung 

transplantation. Transplant International 2005; 18 (10): 1166. 

73. Chung WS, Cho C, Kim S, et al. Review of significant microvascular surgical 

breakthroughs involving the heart and lungs in rats. Microsurgery 1999; 19 (2): 71. 

74. Hertz MI, Jessurun J, King MB, Savik SK, Murray JJ. Reporduction of the 

obliterative bronchiolitis lesion after heterotopic transplantation of mouse airways. 

American Journal of Pathology 1993; 142 (6): 1945. 

75. Hele DJ, Yacoub MH, Belvisi MG. The heterotopic tracheal allograft as an animal 

model of obliterative bronchiolitis. Respiratory Research 2001; 2 (3): 169. 

76. McDyer JF. Human and murine obliterative bronchiolitis in transplant. Proceedings 

of the American Thoracic Society 2007; 4 (1): 37. 

77. Schrepfer S, Deuse T, Hoyt G, et al. Experimental orthotopic tracheal transplantation: 

The Stanford technique. Microsurgery 2007; 27 (3): 187. 

78. George Chandy K, Wulff H, Beeton C, Pennington M, Gutman GA, Cahalan MD. K+ 

channels as targets for specific immunomodulation. Trends in Pharmacological 

Sciences 2004; 25 (5): 280. 

79. Gutman GA, Chandy KG, Adelman JP, et al. International Union of Pharmacology. 

XLI. Compendium of voltage-gated ion channels: potassium channels. Pharmacol 

Rev 2003; 55 (4): 583. 

80. Cahalan MD, Chandy KG. The functional network of ion channels in T lymphocytes. 

Immunol Rev 2009; 231 (1): 59. 

81. Rus H, Pardo CA, Hu L, et al. The voltage-gated potassium channel Kv1.3 is highly 

expressed on inflammatory infiltrates in multiple sclerosis brain. Proc Natl Acad Sci 

U S A 2005; 102 (31): 11094. 

82. Fanger CM, Rauer H, Neben AL, et al. Calcium-activated potassium channels sustain 

calcium signaling in T lymphocytes. Selective blockers and manipulated channel 

expression levels. J Biol Chem 2001; 276 (15): 12249. 

83. Ghanshani S, Wulff H, Miller MJ, et al. Up-regulation of the IKCa1 potassium 

channel during T-cell activation. Molecular mechanism and functional consequences. 

J Biol Chem 2000; 275 (47): 37137. 

84. Khanna R, Chang MC, Joiner WJ, Kaczmarek LK, Schlichter LC. hSK4/hIK1, a 

Calmodulin-binding KCa Channel in Human T Lymphocytes. Journal of Biological 

Chemistry 1999; 274 (21): 14838. 



 30 

85. Jensen BS, Hertz M, Christophersen P, Madsen LS. The Ca2+-activated K+ channel 

of intermediate conductance:a possible target for immune suppression. Expert Opin 

Ther Targets 2002; 6 (6): 623. 

86. Chou CC, Lunn CA, Murgolo NJ. KCa3.1: target and marker for cancer, autoimmune 

disorder and vascular inflammation? Expert Rev Mol Diagn 2008; 8 (2): 179. 

87. Kohler R, Wulff H, Eichler I, et al. Blockade of the intermediate-conductance 

calcium-activated potassium channel as a new therapeutic strategy for restenosis. 

Circulation 2003; 108 (9): 1119. 

88. Tharp DL, Wamhoff BR, Wulff H, Raman G, Cheong A, Bowles DK. Local delivery 

of the KCa3.1 blocker, TRAM-34, prevents acute angioplasty-induced coronary 

smooth muscle phenotypic modulation and limits stenosis. Arterioscler Thromb Vasc 

Biol 2008; 28 (6): 1084. 

89. Toyama K, Wulff H, Chandy KG, et al. The intermediate-conductance calcium-

activated potassium channel KCa3.1 contributes to atherogenesis in mice and humans. 

J Clin Invest 2008; 118 (9): 3025. 

90. Grgic I, Kiss E, Kaistha BP, et al. Renal fibrosis is attenuated by targeted disruption 

of K(Ca)3.1 potassium channels. Proceedings of the National Academy of Sciences 

of the United States of America 2009; 106 (34): 14518. 

91. Reznik SI, Jaramillo A, SivaSai KSR, et al. Indirect Allorecognition of Mismatched 

Donor HLA Class II Peptides in Lung Transplant Recipients with Bronchiolitis 

Obliterans Syndrome. American Journal of Transplantation 2001; 1 (3): 228. 

92. Lu KC, Jaramillo As, Mendeloff EN, et al. Concomitant allorecognition of 

mismatched donor HLA class I‚Äì and class II‚Äìderived peptides in pediatric lung 

transplant recipients with bronchiolitis obliterans syndrome. The Journal of Heart and 

Lung Transplantation 2003; 22 (1): 35. 

93. Sundaresan S, Mohanakumar T, Smith MA, et al. HLA-A locus mismatches and 

development of antibodies to HLA after lung transplantation correlate with the 

development of bronchiolitis obliterans syndrome. Transplantation 1998; 65 (5): 648. 

94. Lau CL, Palmer SM, Posther KE, et al. Influence of panel-reactive antibodies on 

posttransplant outcomes in lung transplant recipients. The Annals of Thoracic 

Surgery 2000; 69 (5): 1520. 

95. Schmauss D, Weis M. Cardiac allograft vasculopathy - Recent developments. 

Circulation 2008; 117 (16): 2131. 

96. Mehra MR, Crespo-Leiro MG, Dipchand A, et al. International Society for Heart and 

Lung Transplantation working formulation of a standardized nomenclature for 

cardiac allograft vasculopathyâ€”2010. The Journal of Heart and Lung 

Transplantation; 29 (7): 717. 



 31 

97. Colvin-Adams M, Agnihotri A. Cardiac allograft vasculopathy: current knowledge 

and future direction. Clinical Transplantation; 25 (2): 175. 

98. Lee MS, Finch W, Weisz G, Kirtane AJ. Cardiac Allograft Vasculopathy. Reviews in 

Cardiovascular Medicine; 12 (3): 143. 

99. Koyanagi T, Noguchi K, Ootani A, Inagaki K, Robbins RC, Mochly-Rosen D. 

Pharmacological inhibition of epsilon PKC suppresses chronic inflammation in 

murine cardiac transplantation model. Journal of Molecular and Cellular Cardiology 

2007; 43 (4): 517. 

100. Deuse T, Erben RG, Ikeno F, et al. Introducing the first polymer-free leflunomide 

eluting stent. Atherosclerosis 2008; 200 (1): 126. 

101. Dorn GW, Souroujon MC, Liron T, et al. Sustained in vivo cardiac protection by a 

rationally designed peptide that causes epsilon protein kinase C translocation. 

Proceedings of the National Academy of Sciences of the United States of America 

1999; 96 (22): 12798. 

102. Gray MO, Karliner JS, Mochly-Rosen D. A selective epsilon-protein kinase C 

antagonist inhibits protection of cardiac myocytes from hypoxia-induced cell death. 

Journal of Biological Chemistry 1997; 272 (49): 30945. 

103. Li L, Blumenthal DK, Masaki T, Terry CM, Cheung AK. Differential effects of 

imatinib on PDGF-induced proliferation and PDGF receptor signaling in human 

arterial and venous smooth muscle cells. Journal of Cellular Biochemistry 2006; 99 

(6): 1553. 

104. Chamberlain J, Wheatcroft M, Arnold N, et al. A novel mouse model of in situ 

stenting. Cardiovascular Research; 85 (1): 38. 

105. Finn AV, John M, Nakazawa G, et al. Differential Healing After Sirolimus, Paclitaxel, 

and Bare Metal Stent Placement in Combination With Peroxisome Proliferator-

Activator Receptor gamma Agonists Requirement for mTOR/Akt2 in PPAR gamma 

Activation. Circulation Research 2009; 105 (10): 1003. 

106. Tellez A, Krueger CG, Seifert P, et al. Coronary bare metal stent implantation in 

homozygous LDL receptor deficient swine induces a neointimal formation pattern 

similar to humans. Atherosclerosis; 213 (2): 518. 

107. Suzuki Y, Yeung AC, Ikeno F. The Pre-Clinical Animal Model in the Translational 

Research of Interventional Cardiology. Jacc-Cardiovascular Interventions 2009; 2 

(5): 373. 

108. Velagaleti RS, Pencina MJ, Murabito JM, et al. Long-Term Trends in the Incidence 

of Heart Failure After Myocardial Infarction. Circulation 2008; 118 (20): 2057. 

109. Swijnenburg RJ, Schrepfer S, Govaert JA, et al. Immunosuppressive therapy 

mitigates immunological rejection of human embryonic stem cell xenografts. 



 32 

Proceedings of the National Academy of Sciences of the United States of America 

2008; 105 (35): 12991. 

110. Cai CL, Liang XQ, Shi YQ, et al. Isl1 identifies a cardiac progenitor population that 

proliferates prior to differentiation and contributes a majority of cells to the heart. 

Developmental Cell 2003; 5 (6): 877. 

111. Sun YF, Liang XQ, Najafi N, et al. Islet 1 is expressed in distinct cardiovascular 

lineages, including pacemaker and coronary vascular cells. Developmental Biology 

2007; 304 (1): 286. 

112. Moretti A, Caron L, Nakano A, et al. Multipotent embryonic Isl1(+) progenitor cells 

lead to cardiac, smooth muscle, and endothelial cell diversification. Cell 2006; 127 

(6): 1151. 

113. Laugwitz KL, Moretti A, Lam J, et al. Postnatal isl1+cardioblasts enter fully 

differentiated cardiomyocyte lineages. Nature 2005; 433 (7026): 647. 

114. Khattar P, Friedrich FW, Bonne G, et al. Distinction Between Two Populations of 

Islet-1-Positive Cells in Hearts of Different Murine Strains. Stem Cells and 

Development; 20 (6): 1043. 

115. Genead R, Danielsson C, Andersson AB, et al. Islet-1 Cells Are Cardiac Progenitors 

Present During the Entire Lifespan: From the Embryonic Stage to Adulthood. Stem 

Cells and Development; 19 (10): 1601. 

116. Thor S, Andersson SGE, Tomlinson A, Thomas JB. A LIM-homeodomain 

combinatorial code for motor-neuron pathway selection. Nature 1999; 397 (6714): 76. 

117. Muller R, Lengerke C. Patient-specific pluripotent stem cells: promises and 

challenges. Nat Rev Endocrinol 2009; 5 (4): 195. 

118. Lui KO, Waldmann H, Fairchild PJ. Embryonic Stem Cells: Overcoming the 

Immunological Barriers to Cell Replacement Therapy. Current Stem Cell Research & 

Therapy 2009; 4 (1): 70. 

119. Chidgey AP, Layton D, Trounson A, Boyd RL. Tolerance strategies for stem-cell-

based therapies. Nature 2008; 453 (7193): 330. 

120. Daley GQ, Scadden DT. Prospects for stem cell-based therapy. Cell 2008; 132 (4): 

544. 

121. Lin G, Xie YB, OuYang Q, et al. HLA-Matching Potential of an Established Human 

Embryonic Stem Cell Bank in China. Cell Stem Cell 2009; 5 (5): 461. 

122. Tamaoki N, Takahashi K, Tanaka T, et al. Dental Pulp Cells for Induced Pluripotent 

Stem Cell Banking. Journal of Dental Research; 89 (8): 773. 

123. Drukker M, Katchman H, Katz G, et al. Human embryonic stem cells and their 

differentiated derivatives are less susceptible to immune rejection than adult cells. 

Stem Cells 2006; 24 (2): 221. 



 33 

124. Preynat-Seauve O, de Rham C, Tirefort D, Ferrari-Lacraz S, Krause KH, Villard J. 

Neural progenitors derived from human embryonic stem cells are targeted by 

allogeneic T and natural killer cells. Journal of Cellular and Molecular Medicine 

2009; 13 (9B): 3556. 

125. Tseng HC, Arasteh A, Paranjpe A, et al. Increased Lysis of Stem Cells but Not Their 

Differentiated Cells by Natural Killer Cells; De-Differentiation or Reprogramming 

Activates NK Cells. Plos One; 5 (7): 16. 

126. Brivanlou AH, Gage FH, Jaenisch R, Jessell T, Melton D, Rossant J. Setting 

standards for human embryonic stem cells. Science 2003; 300 (5621): 913. 

 



 34 

8. Appendix 

8.1 Abbreviations 

AChE acteylcholinesterase 
ACR acute cardiac rejection  
AVN atrioventricular node  
BLI bioluminescence imaging  
BOS bronchiolitis obliterans syndrome 
CAV cardiac allograft vasculopathy  
ChAT choline acrtyltransferase  
CRAC calcium-release activated calcium  
Elispot Enzyme-linked immunosorbent spot  
ERK extracellular signal-regulated kinase  
ESCs embryonic stem cells  
FACS Fluorescence-activated Cell Sorting 
GFP Green Fluorescent Protein  
HCN4 hyperpolarization-activated cyclic nucleotide-gated channel 4 
HDL high-density lipoprotein  
HLA human leukocyte antigen 
IB intrabody  
IMA internal mammary artery  
iPSCs induced pluripotent stem cells  
ISHLT International Society for Heart and Lung Transplantation 
JAK Janus kinase  
KCa3.1 intermediate-conductance calcium-activated potassium channel 
KLRA1 killer cell lectin-like receptor sub-family A member 1  
LacZ ß-galactosidase gene 
LAD left anterior descending  
LDL low-density lipoprotein  
MAPK mitogen-activated protein kinase  
MHC major histocompatibility complex  
mTOR mammalian target of rapamycin  

NF-κB nuclear factor kappa B  
NK natural killer 
OB Obliterative bronchiolitis  

OCT Optical Coherence Tomography  
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PCWP pulmonary capillary wedge pressure  
PDGF platelet-derived growth factor  
POD post-operation day  
SAN sinoatrial node  
SCID severe combined  immunodeficiency 
SCNT somatic cell nuclear transfer  
SMA smooth muscle á-actin  
SMCs smooth muscle cells  
SSEA-3 stage-specific embryonic antigen-3 
ß-gal ß-galactosidase  
TCR T cell receptor  
Tyk tyrosine kinase  
VSMC vascular smooth muscle cell  
X-Gal Bromo-Cloro-Indolyl-Galactopyranoside  

εPKC epsilon protein kinase C  
ψεRACK ψε receptor for activated protein kinase C  
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Significant Reduction of Acute Cardiac Allograft
Rejection by Selective Janus Kinase-1/3

Inhibition Using R507 and R545AQ1

Tobias Deuse,1,2 Xiaoqin Hua,1,2 Vanessa Taylor,3 Mandy Stubbendorff,1,2 Muhammad Baluom,3

Yan Chen,3 Gary Park,3 Joachim Velden,4 Thomas Streichert,5 Hermann Reichenspurner,1,2

Robert C. Robbins,6 and Sonja Schrepfer1,2,6,7

Background. Selective inhibition of lymphocyte activation through abrogation of signal 3-cytokine transduction
emerges as a new strategy for immunosuppression. This is the first report on the novel Janus kinase (JAK)1/3 inhibitors
R507 and R545 for prevention of acute allograft rejection.
Methods. Pharmacokinetic and in vitro enzyme inhibition assays were performed to characterize the drugs. Het-
erotopic Brown NorwayYLewis heart transplantations were performed to study acute cardiac allograft rejection, graft
survival, suppression of cellular host responsiveness, and antibody production. Therapeutic and subtherapeutic doses
of R507 (60 and 15 mg/kg 2 times per day) and R545 (20 and 5 mg/kg 2 times per day) were compared with those of
tacrolimus (Tac; 4 and 1 mg/kg once per dayAQ2 ).
Results. Plasma levels of R507 and R545 were sustained high for several hours. Cell-based enzyme assays showed
selective inhibition of JAK1/3-dependent pathways with 20-fold or greater selectivity over JAK2 and TykAQ3 2 kinases. After
heart transplantation, both JAK1/3 inhibitors reduced early mononuclear graft infiltration, even significantly more
potent than Tac. Intragraft interferon-F release was significantly reduced by R507 and R545, and for interleukin-10
suppression, they were even significantly more potent than Tac. Both JAK1/3 inhibitors and Tac were similarly effective
in reducing the host Th1 and Th2, but not Th17, responsiveness and similarly prevented donor-specific immuno-
globulin M antibody production. Subtherapeutic and therapeutic R507 and R545 doses prolonged the mean graft
survival and were similarly effective as 1 and 4 mg/kg Tac, respectively. In combination regimens, however, only R507
showed highly beneficial synergistic drug interactions with Tac.
Conclusions. Both R507 and R545 are potent novel immunosuppressants with favorable pharmacokinetics and high
JAK1/3 selectivity, but only R507 synergistically interacts with Tac.

Keywords: JAK1/3 inhibitor, Acute cardiac allograft rejection, Novel immunosuppression.

(Transplantation 2012;94: 00Y00)

Immunosuppressive drug therapy after heart transplanta-
tion significantly contributes to the overall morbidity and

mortality of recipients by inducing pleiotropic side effects (1).
Novel immunosuppressive agents target a variety of molecules
at different levels of the antigen presenting cell (APC)YT-cell

interaction (2). Targets for small-molecule drugs at various
stages of the preclinical development include tyrosine kinases,
mitogen-activated protein AQ5kinases (3), phosphoinositide-3-
kinase (4), and chemokine receptors (5). In the future, we
hope to have tailored patient-individualized drug regi-
mens, combined from an arsenal of available substances,
taking into account the patient’s immune responsiveness
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and comorbidities. However, the last decade has been dis-
appointing for transplant therapeutics, because no new im-
munosuppression agents have been approved (6). Instead,
highly anticipated drugs failed to sustain clinical trials
(FTY720 (7), FK778 (8)) after showing promising effects in
preclinical models (9, 10). Basic researchers and industry
partners are therefore prompted to team up and advance the
development of new, much-needed immunosuppressants.

The cytoplasmic Janus kinases (JAKs) participate in the
signaling of a broad range of cell surface receptors, partic-
ularly cytokine receptors, and are among the most promising
and most intensely studied immune targets (11). Although
immunosuppressive efficacy could be demonstrated for
different molecules (12Y18), increased selectivity for JAK1/3
inhibition and improved JAK2 avoidance is the an ongoing
challenge (6). We present the first data on the 2 JAK1/3
inhibitors R507 and R545 in experimental cardiac allograft
survival, quantifying cellular immune inhibition and asses-
sing interaction with tacrolimus (Tac).

RESULTS

Pharmacokinetics
R507 and R545 plasma levels peaked between 2 and 3

hours after administration ( F1Fig. 1). The area under the
concentration-time curve in the R507 high-dose (HD) group
was approximately 13.8-fold higher than that for R507 low-
dose (LD) group. Plasma levels in the R545 HD group
resulted even in a 22.6-fold higher area under the concen-
tration-time curve compared with R545 LD.

Pharmacodynamics
R507 and R545 inhibited JAK1/3-dependent signal

transducer and activator of transcription (STAT AQ6)-5 phos-
phorylation in response to interleukin (IL)-2 and blocked the
resulting T-cell proliferation ( T1Table 1; see Figure 1, SDC 1,
http://links.lww.com/TP/A696). Consistent with this, R507
and R545 potently inhibited the proliferative response of T
cells to dendritic cell (DC) costimulation in mixed lym-
phocyte reactions (MLRs). In human primary T cells, R507
and R545 also inhibited JAK1/Tyk2-dependent phosphory-
lation of STAT-1 in response to interferon (IFN)-> but only
weakly inhibited JAK2/Tyk2-dependent phosphorylation of
STAT-4 in response to IL-12. Furthermore, R507 and R545
showed limited inhibition of JAK2-dependent cultured
human erythroid progenitor cell (CHEP) survival in re-
sponse to erythropoietin (EPO), and JAK1/2-dependent
intercellular adhesion molecule (ICAM)-1 expression in
U937 cells in response to IFN-F. Taken together, these data
show that R507 and R545 are potent inhibitors of JAK1 and
JAK3 kinases with 20-fold or greater selectivity over JAK2
and Tyk2 kinases in cells. In contrast, CP AQ7-690,550 potently
inhibited IFN-FY and EPO-dependent signaling and IL-2Y
and IFN->Ydependent signaling but was only weakly active
against IL-12. This suggests that CP-690,550 is a potent in-
hibitor of JAK1, JAK2, and JAK3 but not Tyk2. The pan-JAK
inhibitor R369 broadly inhibited all of the JAK-dependent
cell-based assays. The JAK selectivity of the inhibitors was
also assessed in whole blood assays using intracellular flow

FIGURE 1. Pharmacokinetics of R507 and R545. Male Lew
rats were orally dosed with R507 or R545 at therapeutic or
subtherapeutic doses, and plasma concentrations were
quantified at serial time points.

TABLE 1. Activity of CP-609,550, R545, R507, and the pan-JAK inhibitor R369 in a cell-based assay panel assessing JAK
selectivity and a panel of cytokine-induced STAT phosphorylation assays in blood lymphocytes and granulocytes

EC50, KM AQ8

Assay Upstream kinases CP-690,550 R545 R507 R369

MLR 0.148 AQ9T 0.085 0.022 T 0.006 0.016 T 0.007 0.005 (n=1)

JAK-dependent cell-based activity

IL-2 T-cell proliferation JAK1/3 0.046 T 0.021 0.030 T 0.013 0.021 T 0.007 0.022 T 0.009

IL-2 T-cell phospho-STAT-5 JAK1/3 0.038 T 0.019 0.035 T 0.015 0.021 T 0.009 0.026 T 0.016

IFN-> T-cell phospho-STAT-1 JAK1/Tyk2 0.035 T 0.010 0.007 T 0.001 0.009 T 0.007 0.002 T 0.0005

IL-12 T-cell phospho-STAT-4 JAK2/ Tyk2 4.717 T 2.571 1.564 T 0.971 0.463 (n=1) 0.094 T 0.067

IFN-F U937 ICAM-1 JAK1/2 0.072 T 0.047 0.791 T 0.352 0.417 T 0.211 0.041 T 0.028

EPO CHEP survival JAK2 0.239 T 0.121 1.111 T 0.339 0.490 T 0.246 0.099 T 0.055

Whole blood activity

IL-2 whole blood lymphocytes phospho-STAT-5 JAK1/3 0.058 T 0.026 0.887 T 0.295 0.416 T 0.152 0.260 T 0.135

IFN-> whole blood lymphocytes phospho-STAT-1 JAK1/ Tyk2 0.116 T 0.048 0.511 T 0.279 0.153 T 0.033 0.086 T 0.055

IL-6 whole blood lymphocytes phospho-STAT-3 JAK1/2 /Tyk2 0.557 T 0.226 6.690 T 1.61 3.838 T 1.522 1.287 T 0.936

GM-CSF whole blood granulocytes phospho-STAT-5 JAK2 0.871 T 0.353 950 32.7 T 9.51 0.801 T 0.608
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cytometry. R545 and R507 were potent inhibitors of JAK1/3-
dependent lymphocyte STAT-5 phosphorylation (see Figure 2,
SDC 1, http://links.lww.com/TP/A696) but not JAK2-dependent
granulocyte STAT-5 phosphorylation (see Figure 3, SDC 1,
http://links.lww.com/TP/A696)). Whereas the potency of R545
and R507 was significantly reduced in blood, likely owing to
serum protein binding or red blood cell partitioning, the se-
lective inhibition of IL-2 and IFN-> signaling was retained. In
contrast, CP-690,550, which has very low protein binding,
retains similar potency in whole blood assays as in purified
T cells, consistent with previous reports (19). R507 and R545
were further profiled in a panel of cell-based assays to assess
their activity against a range of kinase targets, including cyto-
plasmic tyrosine kinases such as Syk, Lck, and ZAP70; the re-
ceptor tyrosine kinases vascular endothelial growth factor
receptorAQ10 (VEGFR), INSRAQ11 , and EGFR; a multitude of serine
threonine kinases involved in signaling downstream of these
receptors; and receptor-proximal kinases (eg, phosphatidyli-
nositolAQ12 3-kinase pathway, mitogen-activated protein kinase
pathways, protein kinase C, and nuclear factor-JB pathways;
not shown). R507 and R545 show very limited inhibition of
all of these other kinase targets in cells (see Table 1, SDC 1,
http://links.lww.com/TP/A696). In vivo inhibition of JAK1/3-
dependent lymphocyte STAT-5 phosphorylation by R545 and
R507 was dose and time dependent (see Figure 4, SDC 1,
http://links.lww.com/TP/A696). R545 and R507, however, did
not inhibit JAK2-dependent granulocyte STAT-5 phosphor-
ylation. Splenocyte cell proliferation from animals treated with
R545 or R507 was significantly inhibited (see Figure 5, SDC 1,
http://links.lww.com/TP/A696).

Histology and Immunohistochemistry
In 5-day grafts of untreated recipients, lymphocyte p-

JAK1 and p-JAK3 expressions were high, serving as abundant

targets for pharmacotherapy, whereas p-JAK2 was scarce
( F2Fig. 2; see SDC, Videos 1-4, http://links.lww.com/TP/A697,
http://links.lww.com/TP/A698, http://links.lww.com/TP/A699,
http://links.lww.com/TP/A700). The high levels of intragraft
p-JAK1 and p-JAK3 correlate with the observed massive
CD3+ cell infiltration, suggesting infiltration of activated
lymphocytes. Syngeneic 5-day grafts showed no pathologic
signs of cellular rejection, whereas the allogeneic no-medi-
cation group showed destroyed myocardial tissue, massive
mononuclear cell infiltration, hemorrhages, edema, and
vasculitis ( F3Fig. 3A), resulting in moderate-to-severe rejection
ratings (Fig. 3B). Grafts in the 3 LD groups ranged from 1R to
3R rejection. Among the HD groups, R545 achieved the most
0R and the least Q2R category ratings. A dose-dependent
effect was observed for all medication groups. Massive CD3+
and even more CD68+ cells were observed in the no-medi-
cation group (Fig. 3C,D). The heart tissue of the syngeneic
group showed some cell accumulation, which was attributed
mainly to the surgical trauma and showed a subendocardial
pattern. The 3 LD groups were ineffective to relevantly reduce
cell infiltration. Although all 3 HD groups showed a signif-
icant decrease of CD3+ cell infiltration compared with the
no-medication group (PG0.001), both JAK1/3 inhibitors
proved to be especially strong inhibitors of graft infiltration
(PG0.001 vs. Tac HD).

Enzyme-Linked Immunospot Assays, Donor-
Specific Antibodies, and T-Cell Subsets

The no-medication group showed a strong cellular
IFN-F, IL-4, and IL-17-release in response to donor antigens
(PG0.001 for each cytokine vs. the syngeneic group; F4Fig. 4AYC).
Tac and both HD JAK1/3 inhibitors were very effective and
similarly potent in reducing IFN-F and IL-4 spot frequencies
(PG0.001 each vs. no medication), but had only marginal
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FIGURE 2. Intragraft lymphocyte p-JAK expression. Untreated 5-day grafts were stained for CD3, p-JAK1, p-JAK2, and
p-JAK3 expression. Graft-infiltrating lymphocytes showed strong p-JAK1 and p-JAK3 but only weak p-JAK2 expression.
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impact on IL-17. R507 LD and especially R545 LD showed
surprisingly reduced IFN-F spots in this test. However, the
JAK1/3 inhibitor LD treatments also significantly decreased
IL-4 spot frequencies compared with Tac LD (PG0.001).

We observed a significant decrease of immunoglobulin
M antibodies in all LD- and HD-medication groups (PG0.001
vs. no medication; Fig. 4D). This assay showed no dose de-
pendency on the effects of donor-specific antibody suppression.

Intragraft Cytokine Release
Figure 4E demonstrates the intragraft cytokine levels of

IFN-F, which is mostly released by T cells and natural killer
cells. IFN-F release was significantly less in the R507 HD- and
R545 HD-medication groups (PG0.05). IL-10 release (Fig. 4F)
was again significantly reduced in the 2 JAK1/3-inhibitor HD
groups when compared with the no-medication group (both
PG0.05) and also with the Tac HD group (both PG0.05).

F
ig

4
4/

C

FIGURE 4. Immune response after 5 days. Elispot assays were performed to assess the cellular host responses. Spot
frequencies for IFN-F (A), IL-4 (B), and IL-17 (C). Five days after transplantation, all treatment groups showed significant
suppression of alloreactive antibody production (D). Intragraft IFN-F (E), IL-10 (F), and MCP-1 (G) were quantified.
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FIGURE 3. Graft histology. A, Overview and detail of representative mid-graft cross sections for the control and HD-
medication groups. Rejection was scored according to the revised ISHLT classification. B, Distribution of rejection classes
within the groups. Graft-infiltrating cell types were identified by immunohistochemical stainings for CD3 and CD68 (C) and
quantified (D).
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MonocyteAQ13 chemotactic protein (MCP)-1 levels (Fig. 4G) showed
no significant differences in the treatment groups compared
with the no-medication group.

Side Effects
No obvious signs of discomfort, gastrointestinal symp-

toms such as diarrhea, or neurological dysfunctions were
observed in any animals during the treatment period. No
anemia was observed. Tac HD, R507 HD, and R545 HD
showed increased high-density lipoprotein values and de-
creased low-density lipoprotein (LDL) values compared with
the no-medication group. All 3 drugs HD showed elevated
serum alanine aminotransferase levels but not aspartate
aminotransferase levels. In complete blood counts, R507 HD
and R545 HD did not alter erythrocyte or hemoglobin levels.
However, total leukocyte numbers were reduced, and whereas
lymphocyte counts decreased, basophil counts were increased
(for details seeTable 2, SDC 1, http://links.lww.com/TP/A696).

Graft Survival Study
Syngeneic grafts did not undergo rejection. Mean al-

lograft survival was significantly prolonged in all LD and
HD groups (PG0.05 each vs. no medication;F5 Fig. 5). Dose-
dependent effects were observed for all drugs, and all HD-
medication groups extended graft survival significantly further
than their respective LD groups (PG0.002 each). No signifi-
cant differences in graft survival were found among the 3 HD
groups. The interaction of the JAK1/3 inhibitors with Tac,
however, revealed great disparity. The combination of R507
LD with Tac LD was similarly effective as R507 HD, signif-
icantly better than either drug alone, and the combination
index (CI) of 0.584 showed synergism. The interaction of
R545 LD with Tac LD was rather antagonistic (CI, 3.0), and
drug combination did not increase survival.

DISCUSSION
T-cell activation by APC requires cellular interactions

through direct and indirect signaling. Signal 1 is delivered by
majorAQ14 histocompatibility complexYbound antigen peptides
to specific T-cell receptors and is amplified by costimulatory
signals by multiple contacts between APCs and T cells,
encompassed as signal 2 (20). The third signal is mediated by
cytokines and growth factors in an autocrine or paracrine
fashion and drives T-cell proliferation and clonal expansion.
JAK3 is a lymphoid-specific tyrosine kinase involved in

signaling cascades of many signal 3-cytokines utilizing Fc
receptors. JAK1 is also associated with intracellular domains
of signal 3-cytokines, but it is more widely expressed and
binds to the >- and A-receptor chains, whereas JAK3 binds to
Fc-chain (21Y23). The Fc-chain is paired with either the>- or
A-chain, and cytokine signaling requires both JAK1 and
JAK3. Cells lacking JAK1 or JAK3 are thus unable to respond
to Fc cytokines (24, 25). Defects of the JAK3 gene have been
identified in patients with severe combined immunodefi-
ciency (26), indicating its importance for the maintenance of
a functionally competent immune system (27). However,
JAK1 has recently been identified to play a dominant role
over JAK3 in signal transduction through Fc-containing
cytokine receptors, and that JAK3 kinase activity merely
enhances the effect of JAK1 (28). Because JAK3 is always
paired with JAK1, and inhibition of both kinases is more
effective in blocking Fc-cytokine effects than inhibition of
either kinase alone, dual inhibitory function may be desirable
for an immunosuppressive agent. Nevertheless, strong se-
lectivity against JAK1/3 versus JAK2 is highly warranted.
JAK2 mediates signaling through EPO receptor, thrombo-
poietin receptor, and cytokine receptors that harbor the
common A-chain, like the IFN-F receptors (29, 30). JAK2 is
essential for pathways that control erythroid, myeloid, and
megakaryocytic development, and JAK2 inhibitors are cur-
rently evaluated for treatment of myeloproliferative neo-
plasms. In clinical trials with the JAK2 inhibitor CEP701,
toxicity included myelosuppression (anemia, thrombocyto-
penia) and gastrointestinal toxicity (diarrhea, nausea,
vomiting) (31, 32), both of which are believed to be avoided
by JAK1/3 selectivity. Also, JAK2 phosphorylation has been
shown to be essential for opioid-induced (33), thrombo-
poietin-induced (34), and leptin-induced (35) cardiopro-
tection, and JAK2 inhibition was associated with an increase
in infarct size after ischemia-reperfusion injury. Avoidance of
JAK2 inhibition may thus be beneficial in the setting of heart
transplantation where ischemia is a major risk factor for early
graft failure. Using confocal immunofluorescence, we could
demonstrate that activated, graft-infiltrating lymphocytes
showed high levels of p-JAK1 and p-JAK3 expression and
thus provide abundant targets for JAK1/3 inhibitors. JAK2
has also been described to mediate lymphocyte cell signaling
like DCYT-cell interaction (36) or the response to IFN-F
receptor activation (37). However, the latter study demon-
strated that only in the presence of functional JAK1 are
JAK2 and Tyk2 activated by IFNs. The functionality of
JAK2 in lymphocytes exposed to JAK1/3 inhibitors remains
to be elucidated.

One JAK inhibitor (CP-690,550), used with IL-2R
antagonist induction and mycophenolate mofetilYsteroid
maintenance, has already been evaluated in clinical trials with
kidney transplant patients. In a phase 2A pilot study, the
efficacy at 15 mg 2 times per day was comparable with that of
Tac, but higher doses of CP-690,550 led to over-
immunosuppression with an increased incidence of polyoma
virus nephropathy and cytomegalovirus infections (38). In a
subsequent phase 2B trial using reduced drug doses, CP-
690,550-treated patients had statistically noninferior acute
rejection rates and improved renal functions as compared
with cyclosporine A but, unfortunately, excessive rates of
infection and myelosuppression (39). Whereas the authors
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FIGURE 5. Graft survival. Allograft survival was evaluated
after a 10-day treatment period. Single-drug and combina-
tion regimens are shown. There were no differences in graft
survival among the 3 HD groups. Of the JAK1/3 inhibitors,
only R507 showed synergistic interaction with Tac.
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claim that further analyses on the optimal dosing of CP-
690,550 were warranted, others question its JAK3 selectivity
(20). The binding preference of CP-690,550 for JAK3 over
JAK2 was recently observed to be only about 2-fold (40). Our
own results are in line with the latter report and show that
both R545 and R507 are more specific inhibitors of JAK1 and
JAK3 with 20-fold or greater selectivity over JAK2 and Tyk2
kinases in cells. We did not observe the development of
anemia with R507 or R545, but our study period was rather
short and may not reflect long-term trends.

Favorable effects on cholesterol levels, with an increase
of high-density lipoprotein and a decrease of LDL, have been
observed with the 2 JAK1/3 inhibitors in our study. The
current state of knowledge let us suspect that inhibition of
JAK1 in the oncostatin M pathway prevents suppression of
the LDR receptor, increases LDL uptake, and decreases LDL
blood level in the R507- and R545-medication groups (41).
That, however, contradicts observations in CP-690,550-
treated patients, who frequently developed hyperlipidemia
(38, 42).

Intragraft inflammatory cytokine expression depends
on the amount of infiltration cells and their release of factors.
IFN-F production by lymphocytes has been shown to be
inhibited by CP-690,550 in a dose-dependent fashion (43),
and we found significantly reduced IFN-F levels in the grafts
of R507 and R545 HD-treated animals. Recent data suggest
that monocyte MCP-1 expression is regulated by the
JAK2YSTAT-5 pathway (44), and the intragraft MCP-1 ex-
pression in our study failed to demonstrate significant
differences.

Recently, STAT-5 and STAT-3 have been considered as
opposing regulators of Treg versus Th17 generation and
function. Whereas STAT-5 promoted Treg and inhibited
Th17 function, STAT-3 had the opposite effect (45). On the
other hand, STAT-3 phosphorylation was shown to be
mandatory for Foxp3 expression, and STAT-3 ablation
inhibited Foxp3 expression and the suppressive functions of
CD4+CD25+ T lymphocytes (46). In a separate rat col-
lagenYinduced arthritis study, we observed that JAK1/3 in-
hibition with R545 treatment reduced the numbers of
effector and regulatory T cells without altering the Tc-to-
Treg ratio (unpublished data). To date, however, we have
limited data to speculate on tolerance induction and long-
term graft acceptance during JAK1/3 inhibitor therapy.

In this head-to-head comparison of 2 novel JAK1/3
inhibitors, R507 and R545 demonstrated comparable overall
immunosuppressive potency. They achieved a comparable
dose-dependent reduction of cardiac allograft infiltration
and intragraft cytokine release, similar alleviation of cellular
graft rejection (mildly favoring R545), and similar prolon-
gation of allograft survival (mildly favoring R507). R507
most potently decreased IL-17 spot frequencies. Although the
Th17 population remains incompletely understood, recent
studies suggest a harmful role of Th17 graft infiltration,
promoting cellular rejection (47Y49). The biggest difference
between R507 and R545 was revealed when combined with
Tac, inasmuch as only R507 interacted synergistically. Cal-
cineurin inhibitorYfree immunosuppression is already being
used in selected patients early after heart transplantation
(50); however, safety remains to be proven. For the time
being, calcineurin inhibitors are indispensable, and favorable

interactions by novel immunosuppressive drugs are re-
quired. R507 will therefore be the focus of further drug
development.

In conclusion, highly selective JAK1/3 inhibition pro-
vides powerful immunosuppression by interrupting signal
transduction of signal 3-cytokines. Although CP-690,550 has
made its way into clinical trials, some side effects may arise
from its lack of selectivity. More selective compounds could
present an improved effect-toYside effect ratio, and R507 is a
very promising candidate.

MATERIALS AND METHODS

Pharmacokinetics
Male Lewis (Lew) rats received either R507 at 60 mg/kg (HD) or 15 mg/kg

(LD) 2 times per day or R545 at 20 mg/kg (HD) or 5 mg/kg (LD) 2 times per

day by oral gavage. The plasma levels of R507 and R545 were quantified using

LC AQ15/MS/MS. In the graft survival study, 2 combination regimens (R507 LD+

Tac LD and R545 LD+Tac LD) were tested to evaluate drug interactions.

Pharmacodynamics
The activity and selectivity of R507 and R545 were assessed in a panel of

cell-based assays and compared with those of CP-690,550 (51). Data for a

nonselective JAK inhibitor from the same chemical series, R369, are shown

for reference.

Mixed Lymphocyte Reactions
MLRs were performed by incubating freshly prepared naive human pe-

ripheral blood lymphocytes with CD80+/CD86+ mature DCs, derived from

a different donor for 5 days. The percentage of CD3+/CD71+ (anti-CD3-

APC, anti-CD71-FITC; BD Biosciences, San Jose, CA) proliferating cells was

assessed by a fluorescence AQ16-activated cell sorter (FACS; BD Biosciences).

Cell Viability Assay
IL-2Ydependent human primary T-cell proliferation was assessed using

Promega’s CellTiter-Glo Luminescent Cell Viability Assay (Promega, Madison,

WI). The EPO-dependent survival of CHEPs was again determined using

Promega’s assay.

Fluorescence-Activated Cell Sorter Analyses
STAT phosphorylation induced by different cytokines in human primary

T cells was measured by intracellular FACS analysis (anti-pY694-STAT-5

AlexaFluor488, anti-pY701-STAT-1 AlexaFluor488, and anti-pY693-STAT-

4 AlexaFluor488; BD Biosciences). STAT phosphorylation induced by dif-

ferent cytokines in whole blood was measured after red blood cell lysis (Lyse/

Fix buffer; BD Biosciences) and methanol permeabilization. IFN-F signaling

was assessed in the U937 monocytic cell line by measuring ICAM-1 surface

expression by FACS (ICAM-1-APC; BD Biosciences). B-cell receptorY
dependent Erk phosphorylation was measured in Ramos cells by intracellular

FACS (anti-pT202/pY204-ERK1/2YAlexaFluor488; BD Biosciences).

Enzyme-Linked Immunosorbent Assays
Human primary T-cell activation was assessed by measuring IL-2 pro-

duction by enzyme-linked immunosorbent assay (R&D Systems, Minneapolis,

MI) after plate-bound anti-CD3 and anti-CD28 stimulation (anti-CD3; BD

Biosciences; anti-CD28; Immunotech, Prague, Czech Republic). Human

umbilical vein endothelial cells were stimulated with VEGF, and VEGFR2

phosphorylation was assessed by enzyme-linked immunosorbent assay

(100 ng/mL VEGF165; R&D Systems; rabbit antiYphospho-VEGFR2 mAb;

Cell Signaling, Danvers, MA).

Tryptase Activity
The enzymatic activity of tryptase released by human cultured mast cells

on stimulation with immunoglobulin E was quantified by fluorescence (MP

Biomedicals, Solon, OH) in tryptase buffer.
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Cell Proliferation Assay
Cell proliferation assays were performed with A549 epithelial cells and

H1299 lung carcinoma cells using nuclear staining to measure cell numbers

(DAPI; Invitrogen, Darmstadt, Germany).

Chemiluminescence
Growth factorYdependent protein phosphorylation was detected in

HeLa cells by staining permeabilized cells with phospho-specific anti-

bodies and quantified by chemiluminescence (Luminator, Wallac Multilabel

Counter; PerkinAQ17 Elmer). Akt phosphorylation was measured after insulin

(1 KM) stimulation, and EGFR phosphorylation was measured after EGF

(200 ng/mL) stimulation (phospho-Akt; Cell Signaling; phospho-EGFR; Cell

Signaling).

Animals and Heterotopic Heart Transplantations
Male Brown Norway (BN) and Lew rats weighing 350 g were purchased

from Charles River (Sulzfeld, Germany) and were housed under conven-

tional conditions at the animal care facilities of the University Hospital

Hamburg, Germany. All animals were fed standard rat chow and water ad

libitum and received humane care in compliance with the Principles of

Laboratory Animal Care. Allogeneic (BN-to-Lew) and syngeneic (Lew-to-

Lew) heterotopic heart transplantations were performed as previously de-

scribed (52).

Immunosuppression and Study Groups
R507 and R545 were provided by Rigel (San Francisco, CA), and Tac by

Astellas (Munich, Germany). All drugs were administrated orally either in

HD suggesting maximal efficacy or LD, which was 25% of the HD. The doses

of R507 and R545 were defined by previous studies in the rat col-

lagenYinduced arthritis model, where R507 HD and R545 HD achieved

100% suppression of disease (unpublished data). Lew recipients of BN hearts

were randomly assigned to their groups; Lew recipients of Lew hearts

remained untreated and served as syngeneic controls (n=6 in each group). In

the 5-day study, animals received their group-specific treatment. Hearts and

spleens were recovered after 5 days, and EDTA and serum were analyzed for

differential blood count and clinical chemistry. Animals in the graft survival

study were treated for a total of 10 days and were followed up by daily ab-

dominal graft palpation. A heart beating score from 4 (strong and regular

contraction) to 0 (no palpable contraction) was defined every day, and the

time of rejection was defined as the last day of palpable cardiac contractions.

In the LD drug combination groups, the quality of drug interaction was

described using the CI introduced by Chou (53). A computer software

(Calcusyn; Biosoft, Cambridge, United Kingdom) was used to determine the

CI values, which indicate synergism for CI less than 1 and additive or an-

tagonistic interaction for CI equal to 1 and CI greater than 1, respectively.

Histology and Immunohistochemistry
Grafts were embedded in paraffin, sliced, and stained with hematoxylin-

eosin (Waldeck, Carl Roth GmbH, Münster, Germany). Slides were exam-

ined by an experienced pathologist (J.V.), and cellular rejection was classified

according to the revised ISHLTAQ18 working formulation (54). Specific anti-

bodies against rat CD3 and CD68 (Serotec, Raleigh, NC) were applied to

identify macrophages and lymphocytes, respectively. Inflammatory cell

densities are expressed as cells per high power field.AQ19 Intragraft lymphocyte

p-JAK1, p-JAK2, and p-JAK3 expression in untreated grafts was stained

using primary antibodies against CD3 (Abcam, Cambridge, United Kingdom)

and JAK1, JAK2, and JAK3 (Santa Cruz Biotechnology, Santa Cruz, CA) with

appropriate AlexaFluor488 secondary antibodies (Invitrogen) and evaluated

by confocal laser scanning microscopy.

Enzyme-Linked Immunospot Assays
and Donor-Specific Antibodies

Lymphocytes were isolated from spleens. Enzyme-linked immunospot

(Elispot) assays with 1 � 107/mL mitomycin-inhibited BN splenocytes and

1 � 106/mL Lew splenocytes were performed according to the manufac-

turer’s protocol (BD Biosciences). Spots were automatically enumerated

using an Elispot plate reader (CTL, Cincinnati, Ohio) for scanning and

analyzing. Donor-specific antibodies were quantified as previously described

(55). Fluorescence data were expressed as mean fluorescence intensity using

Flowjo (Tree Star, Inc, Ashland, OR).

Quantibody Arrays
Cytokine antibody arrays (Raybiotech, Norcross, GA) were performed

according to the manufacturer’s protocol. All values were normalized to the

standard curve.

Statistical Analyses
Data are presented as mean T SD. Comparisons between groups were done

by analysis of variance between groups with least significant difference AQ20post

hoc tests (SPSS 17.0; SPSS, Chicago, IL). PG0.05 was considered significant.
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Abstract
Obliterative airway disease (OAD) is the major complication after lung transplantations that limits long term survival (1-7).

To study the pathophysiology, treatment and prevention of OAD, different animal models of tracheal transplantation in rodents have been developed
(1-7). Here, we use two established models of trachea transplantation, the heterotopic and orthotopic model and demonstrate their advantages and
limitations.

For the heterotopic model, the donor trachea is wrapped into the greater omentum of the recipient, whereas the donor trachea is anastomosed by
end-to-end anastomosis in the orthotopic model.

In both models, the development of obliterative lesions histological similar to clinical OAD has been demonstrated (1-7).

This video shows how to perform both, the heterotopic as well as the orthotopic tracheal transplantation technique in mice, and compares the time
course of OAD development in both models using histology.

Protocol

DONOR PREPARATION

RECIPIENT: HETEROTOPIC TRANSPLANTATION

RECIPIENT: ORTHOTOPIC TRANSPLANTATION
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1. Male Balb/C mice (8-12 weeks) are purchased from Charles River Laboratories (Sulzfeld, Germany). The mice are housed under
conventional conditions, fed standard mice food and water ad libitum.

2. 2% Isofluran is used for anesthesia.

1. Shave the abdominal hair and disinfect the area using betaisodona.
2. Under microscopic view, perform a midline cervical incision from the level of the larynx to the sternum.
3. Remove the subcutaneous fat and the strap muscles to get a clear view of the trachea.
4. Dissect the trachea from any surrounding tissues, like the esophagus, nerves, arteries, and connective tissue.
5. Remove the whole trachea (from the larynx to the bifurcation).
6. Flush the transplant with cold saline and store the graft at 4°C.
7. The donor is euthanized by cervical dislocation following the harvest of the trachea.

1. Shave the abdominal hair in a wide margin around the incision site and disinfect the area three times using betaisodona (betadine) followed
by alcohol. Eyes should be lubricated with an ophthalmic ointment product to prevent the corneas from drying out.

2. Perform a median laparotomy and place the intestine into a sterile, moistured glove.
3. Spread the greater omentum carefully. Place the graft into the center and fixate it with a single suture using 8-0 (Prolene, Ethicon, Germany).
4. Fully cover the transplant with the greater omentum and fix the graft with one single suture 8-0 (Prolene, Ethicon, Germany).
5. Relocate the intestines back into the abdomen and flush with warm, sterile saline prior to closure.
6. Close up in 2 layers - abdominal wall and skin layer with continuous pattern using 7-0 Prolene for the muscle and 7-0 Vicryl for the skin.

1. Shave the abdominal hair in a wide margin around the incision site and disinfect the area three times using betaisodona (betadine) followed
by alcohol. Eyes should be lubricated with an ophthalmic ointment product to prevent the corneas from drying out.

2. Divide the strap muscles to visualize the entire laryngotracheal complex.
3. Carefully dissect the trachea from the surrounding tissues, take care to preserve the recurrent laryngeal nerves.
4. Divide the trachea three rings caudal from the cricoid. The animal maintains physiologic respiration via the tracheostomy.
5. Ensure clean tracheal edges in the recipient as well as in the graft.
6. The graft is interposed between the recipient tracheal defects and orientated to maintain anatomic polarity.
7. Using 8-0 (Prolene, Ethicon, Germany) anastomose the donor graft with the distal (mediastinal) trachea. The posterior aspect of the

anastomosis is performed in continuous running fashion. The anterior aspect is then completed using interrupted stitches.
8. Remove any secretions from the airway.
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Figure 1: Donor trachea.
1A: Donor trachea in situ after preparation.
1B: Excised donor trachea.
1C: Donor trachea after explantation.

Figure 2: Heterotopic Model.
2A: The graft is positioned in the center of the greater omentum.
2B: The graft is fixed on both ends with a single suture.
2C: The graft is wrapped into the greater omentum and fixed with a single suture.

Figure 3: Orthotopic Model.
3A: The graft is interposed between the recipient tracheal defects and the posterior wall is anastomosed in continuous running fashion.
3B: The anterior wall is completed using a single suture.
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9. The proximal anastomosis is then completed in the same way as the distal one.
10. Ensure integrity of the airway and adequate, spontaneous breathing.
11. Relocate the strap muscles and close the subcutaneous tissue and skin layer using 6-0 sutures (Vicryl, Ethicon, Germany) with continuous

pattern.
12. Use injection anesthesia for the recipient, therefore the animal will retain physiological respiration through the trachea. A combination of

75/1/0.2 mg/kg of propofol, medetomidine and fentanyl, respectively, is used for i.p. anaesthesia in mice.
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Figure 4: Histology.
4A: Recovered heterotopic transplanted trachea after 28 days in the H+E staining (15x). Note the 100% luminal obliteration.
4B: Recovered orthotopic transplanted trachea after 60 days in the H+E staining (15x). Maximal achieved luminal obliteration is approximately
45%.

Table 1: Advantages and Disadvantages of Heterotopic and Orthotopic Tracheal Transplantation.

Discussion
Mice are available in different transgeneic and knockout model, and therefore suitable to study mechanistic questions related to OAD (4).
Both models of tracheal transplantation shown in this video can be used as reliable models for studying OAD development.
However, each model demonstrates advantages and limitations.

The heterotopic tracheal transplantation is easy to perform and does not require special surgical training (3, 5). After heterotopic
transplantation, luminal obliteration will occur fast and complete airway occlusion appears after 28 days (3, 4, 6). Animals are not physically
affected by the OAD development, since their organism does not depend on the heterotopic transplanted trachea.

A disadvantage is the lack of ventilation of the transplanted trachea (7, 6), therefore it is not possible to evaluate the influence of inhaled
pathogens (3, 7). Due to the inhibition of mucociliary clearance and retained secretions the results may differ from physiologic reactions seen in
clinical OAD (7). The peritoneal microenvironment differs from the thoracic milieu which may also lead to altered results (3).

To perform the orthotopic tracheal transplantation surgical training is necessary and luminal obliteration of the transplanted trachea appears
after 60 days instead of 28 days in the heterotopic model (3, 7). Also, maximal luminal obliteration achieved is app. 45% instead of 100% in the
heterotopic model (3, 7). However, in the orthotopic model, physiologic ventilation is obtained and inhaled drug administration is possible (3).
Immunological response, such as alloreactive IgM antibody production has been shown to be much stronger in this model than the heterotopic
model (3). The tracheal-tracheal anastomosis and the reactions in this site are more comparable with the anastomosis performed in the clinic (7).

Advantages and limitations of each model are shown in detail in Table 1.

In summary, this video shows that both, the heterotopic as well as the orthotopic tracheal transplantation technique in mice can be used as
reproducible and reliable models to study OAD.

However, the model should be chosen carefully depending on the basic question of the study.
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Heterotopic Tracheal Transplantation Model Orthotopic Tracheal Transplantation Model
Advantages + Easy to perform

+ Luminal obliteration with complete airway occlusion after
28 days
+ No physical affection of animals by OAD

+ Physical ventilation of the graft
+ Inhaled drug administration possible
+ Strong immunological reactions such as alloreactive IgM antibody
production
+ Physiological thoracic milieu
+ Tracheal-tracheal anastomosis imitates the clinical setting

Disadvantag
es

- No ventilation of transplanted trachea
- No evaluation of inhaled pathogens possible
- Inhibition of mucociliary clearance and retained
secretions
- Peritoneal microenvironment instead of thoracic milieu

- Surgical training necessary
- Luminal obliteration with luminal occlusion app. 45% after 60 days
- Animals may develop symptoms of OAD
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Abstract 

Background 

The calcium-activated potassium channel KCa3.1 is critically involved in T cell activation, as 

well as in the proliferation of smooth muscle cells and fibroblasts. We sought to investigate 

whether KCa3.1 contributes to the pathogenesis of obliterative airway disease (OAD) and 

whether knockout or pharmacological blockade would prevent the development of OAD. 

Methods 

Tracheas from CBA donors were heterotopically transplanted into the omentum of C57Bl/6J 

wild-type or KCa3.1-/- mice. C57Bl/6J recipients were either left untreated or received the 

KCa3.1 blocker TRAM-34 (120mg/kg/d). Histopathology and immunological assays were 

performed on postoperative days (POD) 5 or 28.  

Results 

Subepithelial T cell and macrophage infiltration on POD 5, as seen in untreated allografts, 

was significantly reduced in the KCa3.1-/- and TRAM-34 groups. Also, systemic Th1 

activation was significantly, and Th2 mildly reduced by KCa3.1 knockout or blockade. After 

28 days, luminal obliteration of tracheal allografts was reduced from 89±21% in untreated 

recipients to 53±26% (p=0.010) and 59±33% (p=0.032) in KCa3.1-/- and TRAM-34-treated 

animals, respectively. The airway epithelium was mostly preserved in syngeneic grafts, 

mostly destroyed in the KCa3.1-/- and TRAM-34 groups, and absent in untreated allografts. 

Allografts triggered an antibody response in untreated recipients, which was significantly 

reduced in KCa3.1-/- animals. KCa3.1 was detected in T cells, airway epithelial cells and 

myofibroblasts. TRAM-34 dose-dependently suppressed proliferation of wild-type C57B/6J 

splenocytes, but did not show any effect on KCa3.1-/- splenocytes. 

Conclusions 

Our findings suggest that KCa3.1 channels are involved in the pathogenesis of OAD and that 

KCa3.1 blockade holds promise to reduce OAD development. 
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Introduction 

Obliterative airway disease (OAD) remains the most common chronic complication and 

major obstacle to the long-term graft survival in lung transplant recipients (1, 2). 

Alloimmunogeneic T cell activation drives the development of fibroproliferative lesions, but 

the detailed pathogenesis of OAD remains incompletely understood (3-7). No specific or 

effective treatments have been developed yet. 

Recent studies have shown that the intermediate-conductance Ca
2+

-activated potassium 

channel KCa3.1 plays an important role in Ca
2+

-signaling and T cell activation (8, 9). The 

KCa3.1 channel is composed of four -subunits each containing 6 trans-membrane segments 

with calmodulin complexed to its C-terminus as calcium sensor (10). Opening of this channel 

due to elevated intracellular Ca
2+

 leads to K
+
 efflux, membrane hyperpolarization, and 

increases the driving force for store-operated Ca
2+

-entry through calcium-release activated 

calcium (CRAC) channels (11). The resulting increase in cytosolic Ca
2+

 turns on the 

calcineurin pathway and induces T cell activation.. Interestingly, the expression of KCa3.1 

increases from 5-35 channels per cell in resting T cells to 500 channels per cell in activated 

naïve and memory T cells (12), suggesting that activated T cells might be more sensitive to 

selective KCa3.1 blockade. 

Pharmacological KCa3.1 blockade depolarizes T cells, reduces Ca
2+

-influx, and inhibits T cell 

proliferation and cytokine production in vitro (13-15), while in vivo studies have 

demonstrated that KCa3.1 blockers can prevent experimental autoimmune encephalomyelitis 

and anti-collagen antibody-induced arthritis in mice and contribute to the prevention of 

kidney graft rejection in rats (16, 17). Based on the additional involvement of KCa3.1 in 

smooth muscle cell and fibroblast proliferation and the efficacy of the KCa3.1 blocker 

TRAM-34 in models of restenosis (18, 19), atherosclerosis (20), and kidney fibrosis (21), 

KCa3.1 has also been proposed as a possible therapeutic target for cardiovascular diseases. 

However, whether the KCa3.1 channel could be considered as a novel therapeutic target for 

the prevention of OAD has not been investigated before.
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Results 

Tracheas from CBA donors were heterotopically transplanted into the greater omentum of 

C57Bl/6J mice. Recipients in the treatment group received TRAM-34 (120mg/kg/d, i.p.) for 5 

days or 28 days. KCa3.1-/- mice receiving grafts from CBA donors and C57Bl/6J receiving 

syngeneic grafts were used as control (see table 1).  

 

5-day study 

Inflammatory Cell Infiltration 

In untreated heterotopic tracheal allografts harvested on POD5, massive F4/80+ macrophage 

and CD3+ T lymphocyte infiltration occurred in the subepithelial area (Fig. 1A). The degree 

of infiltration was two- to three-fold higher than in the KCa3.1-/- and TRAM-34 groups 

(p<0.001 for both CD3+ and F4/80+ cells, Fig. 1B). Only a few infiltrating cells were found 

in syngeneic grafts and the differences to the KCa3.1-/- and TRAM-34 groups did not reach 

statistical significance. 

 

Elispot 

Elispot assays on POD 5 revealed that knockout (KCa3.1-/-) or pharmacological blockade 

(TRAM-34) of the KCa3.1 channel resulted in decreased cellular immune activation. Spot 

frequencies for IFN-γ in the no medication group were significantly higher than those in the 

KCa3.1-/- (p=0.007) and TRAM-34 groups (p=0.015; Fig. 1C). Spots were lowest in the 

syngeneic group (p=0.004 vs. KCa3.1-/-, p=0.002 vs. TRAM-34, p<0.001 vs. no medication). 

The IL-4 spot frequencies, representing the Th2 response, were significantly lower in the 

TRAM-34 than the no medication group (p=0.005; Fig. 1D). 

 

28-day study 

Luminal obliteration 

In the 28-day study, we observed myoproliferative tissue of high cellularity in the allogeneic 

no medication group causing luminal obliteration of 88.7±20.9% (Fig. 2A). Tracheal grafts in 

the TRAM-34 and KCa3.1-/- groups showed significantly reduced luminal obliteration 

(p=0.032, p=0.010; Fig. 2B). However, KCa3.1 blockade or knockout did not completely 



 6 

prevent obliteration (p=0.014 and p=0.007, respectively vs. the syngeneic group). Only 

syngeneic grafts presented without fibrotic tissue growth in the epithelial or subepithelial 

areas. 

 

Donor-Specific Antibody (DSA) Assay 

DSAs were evaluated on POD 28. The mean value of donor-reactive IgG in the no medication 

group was significantly higher than that of the syngeneic group (p=0.001). DSAs of the 

KCa3.1-/- group (p=0.018) and the TRAM-34 group (p=ns) were lower than those of the no 

medication group (Fig. 2C). 

 

Epithelial coverage 

Tracheal allografts of the no medication group showed a complete loss of epithelial coverage. 

In contrast, the epithelium in the syngeneic group was well preserved for most of the luminal 

circumference, with 91.8% respiratory morphology (p<0.001 vs. no medication). Syngeneic 

transplants using transgenic donors expressing firefly luciferase showed that the epithelium 

was donor-derived and not recipient-type ‘neo-epithelium’ (SDC, Fig. 1). In the KCa3.1-/- 

and TRAM-34 groups, scattered areas of flattened cuboidal epithelia (7.8% and 10.1%, 

respectively) remained (p=0.453 and p=0.356, vs. no medication, respectively), but we did 

not observe any epithelium of respiratory type (p<0.001 for both vs. no medication; Fig. 3). 

 

mRNA-Expression of KCa3.1 in Tracheal Grafts 

Semi-quantitative RT-PCR on POD 28 revealed similar amounts of KCa3.1 mRNA in whole 

grafts from the allogeneic no medication group and the syngeneic group (Fig. 4A), while 

KCa3.1 mRNA was hardly detectable in allografts of KCa3.1-/- recipients (p<0.001 vs. no 

medication; p=0.005 vs. syngeneic). KCa3.1 mRNA amounts were significantly lower in the 

TRAM-34 group than in the no medication group (p=0.008), which most likely reflected 

lower numbers of infiltrating KCa3.1-expressing mononuclear cells, as well as reduced 

luminal obliteration by KCa3.1-expressing fibroblasts. 

 

KCa3.1 Protein Expression in Tracheal Grafts  
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In the no medication group, intense KCa3.1 staining was found in the subepithelial area, 

which was confined mostly to immune cell infiltrates. Within the luminal granulation tissue, 

we observed very intense staining of fibroblast-like cells as well as T lymphocytes and 

macrophages. In the syngeneic group, KCa3.1-staining was most intense within the intact 

respiratory epithelium, which is in line with the reported physiological expression of the 

channel in this tissue (Fig. 4B). Significantly less KCa3.1 staining was observed in the 

KCa3.1-/- and TRAM-34 groups, which showed mostly destroyed epithelium, little 

myoproliferation, and only a few infiltrating cells.  

 

Side Effects 

Mice of all groups recovered well from surgery and there were no significant differences in 

body weight over the study period (data not shown). The mice did not show any obvious signs 

of discomfort, or side effects arising from TRAM-34 treatment or KCa3.1 knockout. 

Complete blood counts and blood biochemistry (AST, ALT, creatinine, and BUN) were in the 

normal range in all groups (data not shown). To screen for epithelial toxicity of TRAM-34, 

native C57B/6J mice and C57B/6J recipients of syngeneic tracheal grafts were treated for 28 

days with TRAM-34 (SDC, Fig. 2). We did not observe any epithelial damage in the native 

lung or GI tract, nor in syngeneic tracheal grafts demonstrating that TRAM-34 does not 

exhibit any epithelial toxicity despite KCa3.1 being expressed in epithelia 

Proliferation Assay in vitro 

In vitro proliferation of ConA-stimulated splenocytes from C57B/6J wild-type (WT) or 

KCa3.1-/- mice under increasing concentrations of TRAM-34 is shown in Fig. 4C. In WT 

splenocytes, TRAM-34 dose-dependently suppressed proliferation (p=0.007 for 100nM 

p=0.006 for 250nM, p=0.0007 for 1µM, and p=0.0006 for 5µM). However, the same 

TRAM-34 concentrations did not affect the proliferation of ConA-stimulated KCa3.1-/- 

splenocytes, confirming that the TRAM-34 effect was mediated through inhibition of KCa3.1 

and not through an unspecific off-target effect. 

 

KCa3.1 in human OAD 

To assess the relevance of the KCa3.1 channel in human disease, tissue specimens retrieved 
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from lung transplant patients with OAD were studied (SDC, Fig. 3). KCa3.1 staining was 

abundant in human lung tissue, most prominent in the epithelium and myoproliferative areas.
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Discussion 

Based on previous studies showing that KCa3.1 is involved in the activation and proliferation 

of inflammatory cells (14, 22) the channel has been proposed as a novel target for 

imunomudulation (8). In this study, we demonstrate that KCa3.1 is also involved in the 

pathogenesis of OAD, and that KCa3.1 blockade or knockout slows disease progression. 

KCa3.1 protein expression was observed in different cell populations of tracheal grafts, 

mainly infiltrating mononuclear cells, proliferating myofibroblasts, and respiratory epithelium. 

Semi-quantitative RT-PCR showed only negligible amounts of KCa3.1-mRNA in the 

KCa3.1-/- recipients. In keeping with the previously reported increased expression of KCa3.1 

in activataed T cells (23), we observedhigh amounts of KCa3.1-mRNA and intensive KCa3.1 

protein staining on inflammatory cells in the no medication group demonstrating marked 

KCa3.1 channel up-regulation in this allogeneic transplant setting. Compared to the no 

medication group, KCa3.1-mRNA expression was significantly lower in the TRAM-34 group, 

most likely due to lower numbers of KCa3.1-expressing inflammatory cells (14), destruction 

of the epithelium, and reduced myoproliferation. 

OAD development has been shown to be mediated by alloimmune-activated T cells (24-26). 

Macrophages play a role in further recruiting inflammatory cells (27, 28) and producing 

pro-proliferative cytokines and growth factors (29, 30). We observed dense CD3+ T cell and 

F4/80+ macrophage infiltration in the subepithelial areas of untreated allografts, which were 

significantly reduced in both the KCa3.1-/- and TRAM-34 groups. Also, IFN-γ Elispot 

frequencies, reflecting the degree of cellular immune activation, were significantly reduced in 

both groups. IFN-γ increases the expressions of MHC-I and -II, adhesion molecules, and 

co-stimulatory ligands on APCs after lung transplantation (31, 32), and is considered a central 

cytokine in cellular rejection. Pharmacologic blockade or knockout of KCa3.1 alone was 

sufficient to mitigate allo-immune Th1 activation. However, it was reported that the functions 

of Th17 and regulatory T cells in KCa3.1-/- mice seemed unchanged (33). Furthermore, while 

Ca
2+

 influx and IL-2 production following TCR ligation was reduced in KCa3.1-/- T cells, the 

absolute numbers of peripheral T cells and the CD4/CD8 ratio, as well as the macroscopic 

appearance of all lymphoid organs was normal. KCa3.1-deficiency may either be 

compensated for by the up-regulation of other channels or KCa3.1 may not be crucial for 
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maintaining T cell numbers. The specificity of TRAM-34 for KCa3.1 was confirmed in vitro. 

Proliferation assays showed that TRAM-34 dose-dependently reduced cell proliferation in 

WT, but not KCa3.1-/- splenocytes. 

The DSA assays revealed reduced donor-specific IgG production in the KCa3.1-/- group 

compared to untreated animals. Cumulating evidence suggests that allogeneic antibody 

responses play an important role in acute lung graft rejection as well as in the development of 

OAD. Lung transplant recipients with pre-existing anti-HLA antibodies show a significantly 

higher risk for early graft dysfunction and have a poor prognosis (26, 34). The reduced 

antibody response of the KCa3.1-/- group may result from impaired T cell-mediated B cell 

activation. 

The donor airway epithelium is considered to be the primary target for the allogeneic immune 

response (35), and epithelial injury plays a pivotal role in triggering rejection and OAD 

formation (36, 37). Preserved epithelial coverage of the airway lumen was found to slow the 

progression of OAD (7, 38). In our study, no airway epithelial was found in untreated animals 

after 28 days. In KCa3.1-/- and TRAM-34-treated animals, there were some scattered, 

flattened cuboidal epithelial cells visible, which occupied less than 10% of the whole 

circumference, while the syngeneic group exhibited well preserved ciliated epithelium. It 

therefore seems that neither KCa3.1 channel knockout nor blockade protect the epithelium 

from being destroyed or facilitate epithelial recovery. Because this is a non-ventilated model, 

the airway epithelium is more prone to injury and destruction and our results may exaggerate 

the epithelial damage with KCa3.1 blockade. In the clinical setting and ventilated trachea 

transplant models, the airway epithelium is preserved despite OAD development (39). 

TRAM-34 treatment induced no significant side-effects in keeping with previous studies 

(18-20, 40). We also did not observe any differences between the KCa3.1-/- mice and the WT 

animals before or after transplantation and the KCa3.1-/- mouse strain is viable and fertile 

(41). Senicapoc, another potent and selective KCa3.1 blocker, already passed through clinical 

phase I to III trials for sickle cell disease and proved efficacy in its biological endpoint of 

reducing hemolysis (42, 43). Although, senicapoc did not prevent clinically-relevant 

vaso-occlusive pain crises, these studies showed that KCa3.1 blockade was safe and 

well-tolerated in humans (44). 
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Human OAD is a form of chronic lung allograft dysfunction from allo- and innate immune 

injury, autoimmunity, environmental pathogens, and contributing conditions like acid reflux 

disease. Its aggressiveness and clinical course are likely related to the extent of immunologic 

and non-immunologic insults (45). It is pathohistologically characterized by collagen-rich 

myoproliferative tissue that progressively obliterates the small airway lumen in the terminal 

and respiratory bronchioles (46, 47). Current treatment strategies involve switching to other 

calcineurin (48) or mTOR inhibitors (49), the addition of azithromycin (50) or statins (51), 

and extracorporeal photopheresis (52). Some patients with more active immune responses 

seem to be better amenable to the treatment of OAD, while the disease progresses steadily 

despite aggressive therapy in others. Although the heterotopic murine tracheal transplant 

model may not well represent human OAD in its whole complexity, it nicely mimics immune 

activation, graft infiltration, epithelial damage, and mice also mount a DSA response. The 

lack of environmental and viral challenges as well as the lack of airway clearance from 

secretions, however, somewhat restrict the transferability of results to the lung transplant 

setting. 

To link our results to the human disease, we demonstrated similar KCa3.1 channel expression 

in mouse and human lung tissue. In accordance with the murine distribution, human KCa3.1 

expression was most prominent in epithelial and myofibrotic cells. KCa3.1 blockade might 

therefore also benefit patients with OAD in the clinic Because KCa3.1 channel blockers are 

mild immunosuppressants that double up as anti-proliferative agents, they are unlikely to 

replace current immunosuppressive agents, but may be useful additions for long-term 

maintenance therapy. 

In conclusion, the present study demonstrates that KCa3.1 blockade or knockout significantly 

decreases T cell activation and reduces the development of OAD suggesting KCa3.1 blockade 

as an additional maintenance strategy for patients after lung transplantation.  
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Materials and Methods 

Animals 

Male CBA mice were used as allogeneic and C57Bl/6J mice as syngeneic trachea donors, and 

male C57Bl/6J mice, or KCa3.1-/- mice on C57Bl/6J background, were used as recipients. 

Mice weighing 25 to 35 g were purchased from Charles River Laboratories (Sulzfeld, 

Germany) and KCa3.1-/- mice derived from our own breeding colonies were genotyped as 

described previously (53). All animals received humane care in compliance with the guide for 

the principles of laboratory animals, prepared by the Institute of Laboratory Animal 

Resources, and published by the National Institutes of Health. The animals were maintained 

in the animal care facilities of the University Hospital Hamburg-Eppendorf. 

 

Heterotopic Tracheal Transplantations, Graft Recovery, and Tissue Processing 

The heterotopic tracheal transplant model in mice was chosen because of its reliability in 

presenting the characteristics of OAD pathogenesis and its high reproducibility (54, 55). 

Transplantations were performed as previously described (55). For analysis, tracheal grafts 

were recovered from the greater omentum and cut into two segments. One segment was fixed 

in 4% paraformaldehyde solution, dehydrated, and embedded in paraffin. The second segment 

was snap-frozen in liquid nitrogen and stored at -80°C. 

 

Experimental Groups 

Eight groups were involved in this study (see table 1). All animals were randomly assigned to 

one of the groups prior to tracheal transplantation and there were no animal deaths due to 

technical failures. Mice in groups 4 and 8 were treated with 120mg/kg TRAM-34 intra 

peritoneally (18, 56) once daily. TRAM-34 was freshly dissolved in Miglyol 812 (Pharmacy 

of University Hospital Hamburg-Eppendorf) prior to use. Grafts were recovered 5 days after 

transplantation to investigate cellular rejection and immune activation (groups 1-4) or 28 days 

after transplantation for the study of OAD (groups 5-8). 
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Side Effect Screening 

Blood was drawn during graft recovery for complete blood count, liver, and kidney toxicity. 

All recipients were examined daily for signs of discomfort or diarrhea. 

 

Histology 

General Histology 

Sections of 5μm were cut and stained with hematoxylin and eosin (H&E) or Masson-Goldner 

trichrome. Histologic analyses were done using image-processing software (Leica, Bensheim, 

Germany). Luminal obliteration was quantified as previously described (57). Since the tissue 

inside the tracheal cartilage contains submucosal and epithelial tissue, the value for luminal 

obliteration in native tracheas is approximately 10% (58). The airway epithelium was 

classified as intact respiratory epithelium or flattened cuboidal epithelium. By computerized 

morphometry, the length of the respective epithelium along the whole luminal circumference 

was measured and calculated in percent. Mononuclear infiltrating cells were identified using 

monoclonal antibodies against CD3 (DakoCytomation, Glostrup, Denmark) and the 

macrophage marker F4/80 (Clone BM8, BMA Biomedicals, Augst, Switzerland). Antigens 

were retrieved in epitope-retrieval solution (Dako, pH 9) by the heating method in a steamer, 

or by trypsin digestion (Dako), respectively. After overnight incubation with the primary 

antibody at 4˚C, the biotinylated rabbit-anti-rat secondary antibody (Dako) was used if 

necessary. These antibodies were further bound with alkaline phosphatase conjugated enzyme 

polymer (AP Polymer Kit, Zytomed Systems, Berlin, Germany) and finally visualized by 

New Fuchsin Substrate System (Dako). Sections were counterstained with hematoxylin. 

Three high power fields were analyzed per animal to quantify cell infiltration (expressed as 

cells/mm
2
). 

 

KCa3.1 channel expression 

After antigen retrieval in sodium citrate (10mM, pH 6), KCa3.1 channel proteins were 

identified by an anti-KCNN4 antibody (Sigma-Aldrich, St. Louis, MO). A biotinylated 

secondary antibody was further labeled by horseradish peroxidase-conjugated avidin complex 

(Vector Laboratories, CA) and finally visualized by DAB (Vector Laboratories) as previously 
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described (40). 

 

Elispot Assays 

The cellular immune response was investigated on POD5. Recipient spleens were harvested 

and splenocytes were isolated and freshly used. Elispot assays using 1×10
5
 

mitomycin-inhibited donor splenocytes as stimulator cells and 1×10
6
 recipient splenocytes as 

responder cells were performed according to the manufacturer’s protocol (BD Biosciences, 

CA) using IFN-γ and IL-4-coated plates. Duplicates or quadruplicates were done for each 

animal. Spots were counted automatically by an ELISPOT plate reader (CTL, St. Louis, OH) 

for scanning and analyzing. 

 

DSA Assay 

On POD28, sera from recipient mice were decomplemented by heating to 56°C for 30 min. 

Equal amounts of sera and donor splenocyte suspensions (5×10
6
/ml) were incubated for 30 

min at 37°C. Bound allogeneic IgG antibodies were labelled with the FITC-conjugated goat 

anti-mouse IgG F(ab’)2 fragment (Sigma-Aldrich) and analyzed by flow cytometry (BD 

Bioscience). 

 

KCa3.1 mRNA-Expression 

mRNA was extracted and purified from tracheal transplants using the RNeasy Mini Kit 

(Qiagen). Semi-quantitative RT-PCR was conducted using iQ™ CYBR® Green Supermix 

(Bio-Rad) and a Stratagene MX3000p cycler. Primer sequences were as follows: mKCa3.1: F, 

GTGGCCAAGCTGTACATGA; R, GCCACAGTGTGTCTGTGAGG; mGAPDH: F, 

CAATGAATACGGCTACAGCAAC; R, AGGGAGATGCTCAGTGTTGG. Expression levels 

were normalized to the house keeping gene, glyceraldehyde-3-phosphate dehydrogenase 

(GAPDH) as reference gene by calculating the ΔCt values (ΔCt = Ct(target) – Ct(GAPDH)) 

and the ratios to GAPDH (ratio = 2^-ΔCt). Results were expressed as percentage of GAPDH (% 

GAPDH). 
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Proliferation Assay in vitro 

Proliferation assays were performed by stimulating 1×10
5 

splenocytes from either C57Bl/6J 

WT or KCa3.1-/- mice with 5µg/ml ConA (Sigma-Aldrich). Cells were incubated with 

different concentrations of TRAM-34 in flat-bottom 96 well plates for 48 hours. [
3
H]-TdR 

incorporation was measured, normalized to ConA-activated controls, and the background was 

subtracted. 

 

Statistical analysis 

Data are presented as mean ± standard deviation. Comparisons between groups were 

performed by analysis of variance (ANOVA) between groups with Fisher’s Least Significant 

Difference (LSD) post hoc tests. Probability values (p) smaller than 0.05 were considered 

significant. Statistical analysis was performed using the SPSS statistical software package 

17.0 for Windows (SPSS Inc., Chicago, IL).
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Tables 

 

Study No. Group Donor Recipients Treatment 

Grafts recovered on POD5 

 1 no medication CBA C57Bl6 - 

2 syngeneic C57Bl6 C57Bl6 - 

3 knockout CBA KCa3.1 -/- - 

4 TRAM-34 CBA C57Bl6 TRAM-34  

Grafts recovered on POD28 

 5 no medication CBA C57Bl6 - 

 6 syngeneic C57Bl6 C57Bl6 - 

 7 knockout CBA KCa3.1 -/- - 

 8 TRAM-34 CBA C57Bl6 TRAM-34  

 

Table 1. Study groups. Grafts were recovered on POD5 in groups 1-4 to investigate acute 

rejection and immune activation, or after 28 days in groups 5-8 to assess OAD development 
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Figure Legends 

Figure 1: Graft infiltrating cells and systemic cellular immune response. 

 

 

Graft infiltration of F4/80+ macrophages and CD3+ lymphocytes within the subepithelial area 

on POD5 is shown by immunohistochemistry (A; magnification 400×). Mean numbers of 

F4/80+ macrophages (N=5 for no medication, N=6 for syngeneic, N=6 for KCa3.1-/-, N=5 

for TRAM-34) and CD3+ T cells (N=4 for all groups) are expressed as cells/mm
2
 (B; 

†p<0.001 vs. no medication). On POD5, Elispot assays revealed attenuated systemic 

responses of IFN-γ producing Th1 cells (C) and IL-4 producing Th2 cells (D) in the KCa3.1 

-/- (N=4) and TRAM-34 (N=5) groups (*p<0.05 vs. no medication; †p<0.001 vs. no 

medication (N=3), N=3 for syngeneic).  
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Figure 2: Histopathology, luminal obliteration, and donor-reactive antibodies. 

 

 

 

Representative cross sections of tracheal grafts on POD 28 stained with Masson-Goldner 

Trichrome at a magnification 75× are depicted (A). The average percent luminal obliteration 

is shown (B; *p<0.05 vs. no medication; †p<0.001 vs. no medication; N=7 for no medication 

and TRAM-34, N=5 for syngeneic, N=8 for KCa3.1 -/-). Mean fluorescence of IgG 

demonstrates a significant reduction in DSAs in the syngeneic (N=5) and KCa3.1 -/- (N=9) 

groups (C; p=0.001 and p=0.018, respectively, vs. no medication (n=7); N=7 for TRAM-34). 
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Figure 3: Airway epithelium. 

 

 

 

Representative sections of the tracheal epithelia on POD 28, stained with Masson-Goldner 

trichrome, are shown at a magnification of 400× (A). The respiratory epithelium of the 

syngeneic group (N=5) is widely preserved (B). The KCa3.1-/- (N=10) and TRAM-34 (N=8) 

groups show cuboidal or flattened epithelia, whereas the epithelium in the no medication 

group (N=8) is totally destroyed.  
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Figure 4: KCa3.1 expression and in vitro proliferation assay.  

 

 

 

KCa3.1 mRNA-expression in tracheal grafts was analyzed by semi-quantitative RT-PCR (A; 

*p<0.008; †p<0.001 vs. no medication (N=6), N=4 for syngeneic, N=8 for KCa3.1-/-, N=5 

for TRAM-34). Representative stainings for the KCa3.1 channel in tracheal graft are shown at 

a magnification of 400× (B). The results of the in vitro proliferation assay for WT or 

KCa3.1-/- splenocytes are shown as [
3
H]-TdR incorporation normalized to the 

ConA-stimulated controls (C; *p<0.05 vs.controls). 

  



Sustained Inhibition of � Protein Kinase C Inhibits Vascular
Restenosis After Balloon Injury and Stenting

Tobias Deuse, MD; Tomoyoshi Koyanagi, MD; Reinhold G. Erben, MD; Xiaoqin Hua, MD;
Joachim Velden, MD; Fumiaki Ikeno, MD; Hermann Reichenspurner, MD; Robert C. Robbins, MD;

Daria Mochly-Rosen, MD; Sonja Schrepfer, MD, PhD

Background—� Protein kinase C (�PKC) is involved in vascular smooth muscle cell (VSMC) activation, but little is
known about its function in vascular pathology. We aimed at assessing the role of �PKC in the development of
restenosis.

Methods and Results—Rat models of aortic balloon injury with or without subsequent stenting were used. Rats were
treated with the selective �PKC activator �� receptor for activated protein kinase C (��RACK), the selective �PKC
inhibitor �V1–2, or saline. Both down-stream cascades of the platelet-derived growth factor receptor via extracellular
signal-regulated kinase and Akt, respectively, were evaluated in vivo and in VSMC cultures. Intimal hyperplasia with
luminal obliteration developed in saline-treated balloon-injured rat aortas (20.3�8.0%), and ��RACK significantly
promoted neointima development (32.4�4.9%, P�0.033), whereas �V1–2 significantly inhibited luminal narrowing
(9.2�4.3%, P�0.039). �PKC inhibition led to significantly reduced VSMC extracellular signal-regulated kinase
phosphorylation in vivo, whereas Akt phosphorylation was not markedly affected. Neointimal proliferation in vivo and
platelet-derived growth factor-induced VSMC proliferation/migration in vitro were significantly inhibited by �V1–2.
The inhibition of the platelet-derived growth factor pathway was mediated by inhibiting down-stream extracellular
signal-regulated kinase and Akt phosphorylation. In vitro, �V1–2 showed inhibitory properties on endothelial cell
proliferation, but that did not prevent reendothelialization in vivo. �V1–2 showed proapoptotic effects on VSMC in
vitro. After stent implantation, luminal restenosis (quantified by optical coherence tomography imaging) was
significantly reduced with �V1–2 (8.0�2.0%) compared with saline (20.2�9.8%, P�0.028).

Conclusions—�PKC seems to be centrally involved in the development of neointimal hyperplasia. We suggest that �PKC
inhibition may be mediated via inhibition of extracellular signal-regulated kinase and Akt activation. �PKC modulation
may become a new therapeutic target against vascular restenosis. (Circulation. 2010;122[suppl 1]:S170–S178.)

Key Words: � protein kinase C � vascular restenosis � platelet-derived growth factor pathway

Eleven related serine/threonine protein kinases form the
protein kinase C (PKC) family.1 Recent developments of

isozyme-specific activators and inhibitors provided us with
tools to differentially study isozyme-specific functions. It
appears that �PKC and �PKC, together with the atypical
PKCs, mediate cell proliferation and survival, whereas �PKC
and �PKC are important regulator of apoptosis.2 �PKC has
been shown to play a role in promoting early medial infiltra-
tion in a carotid artery balloon injury model, thus aiding in
controlling neointimal inflammation and growth.3 The �PKC
and �PKC isozymes have been shown to play opposing roles
in cardiac ischemia and reperfusion, with �PKC mediating
cardioprotection against ischemic injury and �PKC mediating

reperfusion-induced cell damage.2,4 Selective sustained
�PKC inhibition has been shown to suppress chronic inflam-
mation and the development of perivascular fibrosis in a
murine cardiac transplantation model.5 In hypertensive rats,
�PKC inhibition prolonged survival, reduced cardiac hyper-
trophy, excessive fibrosis, vascular remodeling, inflamma-
tion, and corrected cardiac dysfunction.6 However, the selec-
tive �PKC activator �� receptor for activated protein kinase
C (��RACK) conferred cardioprotection from ischemia-
reperfusion injury under cell culture conditions and in animal
models of acute myocardial infarction, when delivered
acutely before the ischemic event.4,7,8 �PKC activation may
appear as a “double-edged sword”, acutely increasing mito-
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chondrial function and preventing cell death, but chronically
increasing inflammatory responses. The complex involve-
ment of PKC isozymes in cardiovascular physiology needs
further research before targets for therapeutic interventions
can be identified. Especially the role of �PKC on vascular
remodeling is not known. In this study, we sought to
investigate the role of �PKC on the development of intimal
hyperplasia after mechanical injury.

Methods
Rat Restenosis Models
Male Sprague–Dawley rats weighing 550 to 600 g were purchased
from Harlan. All rats were housed under conventional conditions in
the animal care facilities. All animals received humane care in
compliance with the Principles of Laboratory Animal Care formu-
lated by the National Society for Medical Research and the Guide for
the Care and Use of Laboratory Animals. Aortic endothelial denu-
dation and stent placement (Yukon Plus, 2.5�12 mm; Translumina)
was performed as previously reported9 and described in the supple-
mental data, available online at http://circ.ahajournals.org.

Animals were treated with the selective �PKC activator,
��RACK,7 the selective �PKC inhibitor, �V1–2,10 the cell-
penetrating TAT carrier peptide (TAT47–57), or saline. Both PKC
modifying peptides were conjugated to TAT47–57, which greatly
enhances cell permeation of these intracellularly acting peptides in
vivo and in vitro. The selectivity of the peptides to �PKC was
previously reported in many independent studies in vitro7,10 and in
vivo.11 All drugs were administered in a sustained fashion via
implanted osmotic pumps (Alzet), which were replaced every second
week. Peptides were each delivered at 3 mg/kg per day. Denuded
aortas were harvested after 4 weeks and stented aortas after 6 weeks.

Histology
Cross-sections of denuded aortas were stained with Elastica van
Giesson and Masson–Goldner trichrome (Merck). Cell proliferation
was detected by PCNA staining (Dako) after antigen retrieval (Dako)
using the AP development system (Zytomed). Paraffin sections were
stained for �-actin (red; Sigma), 4�,6-diamidino-2-phenylindole
(DAPI) (blue; Invitrogen), and elastin (green; Abcam). Quantifica-
tion of neointimal fibrosis and cell density was performed as outlined
in supplemental data. Reendothelialization was determined by
RECA-1 immunofluorescence stainings (Serotec). Aortas housing
stents were processed as previously reported,9 sectioned at 5-�m
thickness, and stained with hematoxylin and eosin. For details,
please see supplemental data.

Optical Coherence Tomography (OCT) Imaging
OCT images were obtained with the M2 OCT imaging system
(LightLab Imaging). Motorized pullback was performed at a rate of
1.0 mm per second as described in the supplemental data. Neointimal
cross-sectional areas were measured, and luminal obliteration was
calculated.

Western Blot Analysis
Rat aortic tissue was homogenized in homogenization buffer
(50 mmol/L Tris�HCl, pH 7.5/150 mmol/L NaCl/1% SDS/pro-
tease inhibitor cocktail [Sigma-Aldrich]). After removal of tissue
debris by centrifugation, 20 or 50 �g of proteins were separated
on an 8 or 10% SDS-PAGE and were transferred to immobilon-P
transfer membrane (Millipore). Antibodies against platelet-
derived growth factor (PDGF) receptor-�, phosphorylated Akt
(S453) and extracellular signal-regulated kinase (ERK), and
�-actin (Santa Cruz Biotechnology, Inc; Cell Signaling Technol-
ogy) were used for immunoblotting followed by HRP-conjugated
antimouse, rabbit or goat IgG antibodies (GE Healthcare; Santa
Cruz Biotechnology, Inc). All samples were loaded equally for
each gel based on protein concentration.

In Vitro VSMC and Endothelial Cell (EC)
Culture Assays
Proliferation assays with mitogen-stimulated rat aortic VSMC
(PDGF 25 ng/mL) and EC (VEGF 10 ng/mL) were performed in the
presence of TAT47–57 only (control), ��RACK, or �V1–2 (1 �mol/L
each). To assess VSMC migration, a standard scratch was made
across a VSMC culture slide, and the number of cells that migrated
into this “wound” within 4 days was counted. The TUNEL assay
(Invitrogen) was used to detect apoptotic cells. For details, please see
supplemental data.

In Vitro PKC Translocation Assay and Western
Blot Analysis
Levels of active �PKC in VSMC were determined by cell fraction-
ation and Western blot analysis. Cells were pretreated with �V1–2 or
TAT47–57 and stimulated with 25 ng/mL PDGF as outlined in
supplemental data. Cells were homogenized, spun, and supernatants
were collected. All samples were separated by 10% SDS-PAGE, and
the proteins were transferred to immobilon-P transfer membranes for
immunoblotting. Akt, ERK, phosphorylated Akt, and ERK levels
were measured as described above.

Statistical Analysis
Data are presented as mean�SD. Comparisons were done by
ANOVA between groups with Bonferroni post hoc tests (SPSS).
P�0.05 was considered significant.

Results
Rat Restenosis Models
All denudation and stenting procedures were tolerated well
by the animals and no stent-related complications occurred.
All animals survived the study period, and all stents were
suitable for OCT imaging and histological evaluation.

Intimal Hyperplasia in Balloon-Injured Aortas
Intimal hyperplasia developed in denuded rat aortas as
determined 4 weeks after aortic balloon injury (Figure 1A).
Histology revealed a high density of spindle-shaped cells and
only very few mononuclear inflammation cells. Trichrome
staining showed a cell-rich neointima containing fibrotic
connective tissue (Figure 1B). Cell proliferation, detected by
PCNA staining, was observed in 19�6, 25�4, and 20�4% of
neointimal cells in the saline, ��RACK, and TAT47–57

groups, respectively, and was significantly reduced by �V1–2
(9�3%, P�0.003 versus saline) (Figure 1C). Planimetric
measurements showed that luminal obliteration in saline-
treated animals was approximately 20% and was not
affected by the carrier peptide TAT47–57. Interestingly,
sustained treatment with the �PKC activator, ��RACK,
significantly promoted neointima development, whereas
sustained �PKC inhibition with �V1–2 significantly inhib-
ited luminal narrowing (Figure 1D). Accordingly, the
maximal plaque thickness in the ��RACK group was sig-
nificantly greater than with �V1–2 (Figure 1E). Although the
total neointimal areas differed among groups, the fractional
areas of neointimal fibrosis (35�5, 36�5, 36�6, and
33�5%; P�0.704) and the VSMC densities (24�5, 28�10,
23�5, and 22�5 VSMCs per 100 �m2 of neointimal cross-
sectional area; P�0.643) (Figure 1F) were similar for saline,
��RACK, TAT47 to 57, and �V1–2, respectively. We found
virtually complete reendothelialization 4 weeks after denuda-
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Figure 1. Intimal hyperplasia in balloon-injured aortas. Aortic cross-sections in hematoxylin and eosin staining are shown depicting the
degree of intimal hyperplasia 4 weeks after balloon injury (magnification, �15; n�6 animals per group) (A). Neointimal fibrosis was visu-
alized by trichrome staining (magnification, �400) (B), and cell proliferation was detected by PCNA staining (magnification, �600) (C).
Mean percentage luminal obliteration (D) and maximal plaque thickness (E) of the aortas are presented. Treatment with the �PKC acti-
vator ��RACK significantly promoted neointima development, whereas �PKC inhibition with �V1–2 significantly inhibited luminal narrow-
ing. Sections were stained for �-actin (red), DAPI (blue), and elastin (green) (F). Reendothelialization (RECA-1, green; DAPI, blue) was
complete in all groups (G).
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tion in all slides without differences related to the treatment
with �PKC modulators (Figure 1G).

In Vivo VSMC PDGF Pathway Activation
Both down-stream cascades of the PDGF pathway controlling
VSMC cell cycle (Figure 2A) were explored. The levels of
PDGF receptor expression were not affected by �PKC mod-
ulation (Figure 2B). �V1–2 administration led to a signifi-
cantly reduced ERK phosphorylation, suggesting an involve-
ment of �PKC in ERK activation (Figure 2C). Neither
��RACK nor �V1–2 markedly affected Akt phosphorylation
(Figure 2D).

In Vitro VSMC and EC Culture Assays
We set out to determine whether �PKC plays a direct role in
VSMC and EC proliferation and VSMC migration. First,
PDGF-induced �PKC activation was determined. PKC trans-
location (or movement from the cell soluble to the cell
particulate fraction) is an established method to assess PKC
activation.12 We found that PDGF stimulation significantly
activated �PKC (Figure 3A) and that this activation was
blocked by pretreatment of the cells with �V1–2. We further
show that VSMC proliferation induced by PDGF treatment
was moderately stimulated by ��RACK and significantly
inhibited by �V1–2 treatment (Figure 3B). We also per-
formed the assay with 100 ng/mL of PDGF stimulation and
observed similar magnitudes of growth enhancement and
significant inhibition by treatment with �V1–2 (data not

shown). VSMC migration was assessed in culture slide
scratch assays (Figure 3C) and revealed that VSMC
migration was similarly influenced by �PKC modulation.
We found significant stimulation of VSMC migration by
��RACK in vitro and significant inhibition by �V1–2
(Figure 3D). Cell proliferation of VEGF-stimulated EC in
vitro is quantified in Figure 3E and depicted in Figure 3F.
EC proliferation was significantly stimulated by ��RACK
and significantly inhibited with �V1–2. A possible impli-
cation of �PKC modulators on VSMC apoptosis was
further investigated using the TUNEL assay (Figure 3G).
There was mild reduction of apoptosis by ��RACK, but
we found significantly increased numbers of apoptotic
VSMCs with �V1–2 treatment (Figure 3H).

Effect of �V1–2 Treatment on Down-Stream
Signaling of PDGF
To investigate the molecular mechanism of VSMC growth
inhibition by �V1–2 treatment, we next determined ERK and
Akt activation, which are postulated to play a role in VSMC
proliferation.13 As demonstrated by Western blot analysis, 5
minutes of PDGF stimulation significantly increased the
levels of phosphorylated ERK and Akt, but �V1–2 treatment
did not have a significant effect at this time point (Figure 4A).
However, after 6 hours of �V1–2 treatment, there was a
significant decrease in phosphorylated ERK levels in cells
treated with or without PDGF as compared with cells treated
with control peptide (Figure 4B). Similar effects of �V1–2 on

Figure 2. In vivo VSMC PDGF pathway activation. PDGF pathway-mediated VSMC cell cycle control involves the ERK/MEK and phos-
phatidylinositol 3-kinase/Akt down-stream cascades (A). PDGF receptor expression was not affected by �PKC modulation (B). A signifi-
cant reduction of ERK phosphorylation (C), but not for Akt phosphorylation (D), could be shown after the administration of �V1–2.
Western blot analysis images from the same gel are rearranged in the presented order (n�6 samples per group).
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Akt and phosphorylated Akt were also found. Although there
was no effect of �V1–2 treatment after 5 minutes with PDGF,
there was a significant decrease in the levels of phosphory-
lation ratio of Akt after 6 hours. Because PDGF signaling is
long lasting in injured vessels, such changes may be physio-
logically relevant. Together, our data suggest that �PKC
inhibition of PDGF-induced VSMC proliferation is likely
mediated, at least in part, through inhibition of ERK and Akt
activation.

Intimal Hyperplasia in Stented Aortas
Figure 5A shows histological cross-sections of the stented
aortas. The stent struts were eliminated during the processing,
leaving behind open spaces at their former locations. The
systemic release of �V1–2 significantly reduced the develop-
ment of the neointimal plaque area from 1.0�0.4 to
0.5�0.8 mm2 (P�0.047) (Figure 5B). Representative OCT
frames are shown in Figure 5C. OCT-derived luminal oblit-
eration (Figure 5D) was 12.2�9.8% in saline-treated rats and

Figure 3. In vitro VSMC and EC culture
assays. �PKC translocation from the cell
soluble (S) to the cell particulate fraction
(TS) was observed after PDGF stimula-
tion, and this activation was blocked by
�V1–2 (n�3 per group) (A). PDGF-
induced VSMC proliferation was signifi-
cantly inhibited by �V1–2 treatment (B).
A standard scratch (600 �m wide) was
made into VSMC monolayers and, 4
days later, 1080-�m-long segments of
the scratch were photographed (DAPI
staining; original magnification, �100)
(C), and the amount of PDGF-stimulated
VSMCs that had migrated into the
scratch was counted (n�8 per group)
(D). ��RACK significantly promoted
VSMC migration, whereas it was signifi-
cantly inhibited by �V1–2. In vitro EC
proliferation was quantified (n�3 per
group) (E) in EC cultures (phalloidin [red],
DAPI [blue]; original magnification, �600)
(F). EC proliferation was significantly
stimulated by ��RACK and inhibited by
�V1–2. In vitro VSMC apoptosis was
determined using the TUNEL test (n�6
per group; original magnification, �600)
(G). Cell nuclei were stained with
Hoechst 33342 (blue), and fragmented
DNA is labeled with Alexa Fluor 488
(green). The percentage of apoptotic
cells was determined (H). Apoptosis was
only very mildly reduced with ��RACK
but significantly increased with �V1–2.
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was significantly reduced by a 6-week treatment with �V1–2
to 8.0�2.0% (P�0.028).

Discussion
Clinical results of percutaneous coronary interventions with
or without stenting have been limited by restenosis and
patients frequently require repeat revascularization proce-
dures. VSMC proliferation and migration with subsequent
synthesis of extracellular matrix are central cellular events

resulting in neointimal formation. Rat models of aortic
balloon injury with14 and without15 subsequent stent place-
ment are established models for the development of arterial
restenosis and have been used in this study.

Role of �PKC in the Development of
Intimal Hyperplasia
Although the importance of PKC signaling for VSMC growth
and restenosis has been shown previously,16 the specific roles

Figure 4. Effect of �V1–2 treatment on down-
stream signaling of PDGF. Five minutes of PDGF
stimulation (25 ng/mL) significantly increased ERK
and Akt phosphorylation (n�3 per group). �V1–2
treatment did not show a significant early effect on
these cascades (*P�0.05 vs TAT; †P�0.05 vs
�V1–2) (A). However, after 6 hours, there was a
significant decrease in phosphorylated ERK and
Akt levels (*P�0.05 vs TAT; †P�0.05 vs �V1–2;
§P�0.05 vs TAT�PDGF) (B), suggesting that
�PKC inhibition of PDGF-induced VSMC prolifera-
tion may be mediated via inhibition of ERK and Akt
activation.
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of its isoforms remained unknown. We used a selective �PKC
activator and inhibitor, respectively, to elucidate the role of
�PKC in vascular restenosis. In a rat model of balloon injury,
we here show that sustained �PKC activation significantly
increases neointimal hyperplasia, whereas it is reduced with
sustained �PKC inhibition. The suppression of neointimal
development by �PKC inhibition could be shown to result
from an antiproliferative capacity of �V1–2 in vivo. The
cellularity of the neointima and the neointimal fractional area
of fibrosis were found to be similar among groups. Therefore,
both cellular proliferation and the increase of extracellular
fibrosis seem to be affected to similar extents by �PKC
modulation. Reendothelialization is crucial for physiological
healing of mechanically injured arteries. �V1–2 treatment,
although shown to inhibit in vitro EC proliferation, did not
prevent reendothelialization until 4 weeks after injury. Our
data, however, cannot determine whether endothelial healing
was slowed down by �PKC inhibition, because only 1 time
point was assessed.

Molecular Basis of �PKC Inhibition on
PDGF-Stimulated VSMC Proliferation
PDGF induces VSMC proliferation by triggering the activation
of both the ERK/mitogen-activated protein kinase and phospha-
tidylinositol 3-kinase-Akt pathways.17 To further examine the
molecular basis for the inhibition of VSMC proliferation in rat
aortas treated with �V1–2, we used VSMC in primary cultures.
�V1–2 treatment decreased PDGF-induced �PKC activation and
cell proliferation in VSMC cultures in vitro. ERK is a key
transducer of extracellular signals and promotes cell growth and
migration. ERK1 and ERK2 play pivotal roles in proliferation of
VSMC in vitro and in vivo. PDGF-induced proliferation is
inhibited by dominant negative mutants18 or antisense oligonu-
cleotides19 of ERKs. In addition, dominant negative mutation of
Akt causes delays in G1/2 exit in the cell cycle and controls
proliferation of primary rat aortic VSMC.20 Independent but
synergistic effects of the phosphatidylinositol 3-kinase-Akt path-
way and the MEK1/2-ERK pathway in PDGF-induced re-
sponses were observed using inhibitors of these kinases,

LY294002 and PD98059, respectively.13 In addition to the
relationship between ERK activity and VSMC proliferation, a
correlation between ERK and neointimal hyperplasia in rat aorta
has been previously observed following balloon angioplasty-
induced injury.18,21 Mechanical injury-induced VSMC prolifer-
ation involves ERK phosphorylation,22 and ERK activation is
among the earliest of biochemical changes detected after arterial
injury.23 ERK transmits mitogenic signals by translocation to the
nucleus where multiple genes implicated in the pathogenesis of
atherosclerosis and restenosis are induced.24

Here, we showed that the �PKC inhibitor �V1–2 did not
affect early PDGF-induced ERK and Akt activation, suggest-
ing that �PKC is probably not an immediate upstream
regulator of these enzymes. However, after 6 hours of PDGF
stimulation, ERK levels were significantly decreased follow-
ing �V1–2 treatment, which resulted in decreased amounts of
active ERKs in PDGF-stimulated VSMC. �PKC activation
may also control ERK activity by reducing protein stability
and/or decreasing its expression in VSMC. Saito et al25

reported involvement of �PKC in the activation of Grb2-
associated binder-1, an adapter protein related to the insulin
receptor substrate family. Because ERK2 is downstream of
Grb2-associated binder-1, the �PKC-mediated PDGF effect
that we observed may be due to inhibition of the �PKC-
mediated PDGF-Grb2-associated binder-1 pathway activa-
tion. Although we only found mild decreases of Akt levels by
�PKC inhibition in vivo, Akt phosphorylation levels were
significantly decreased in vitro by �V1–2 treatment when
determined 6 hours after PDGF treatment. These data suggest
that �PKC also controls Akt activity by direct or indirect
phosphorylation in VSMC. However, the moderate �12%
(versus saline) to 29% (versus TAT47–57) reduction of Akt
activity observed in our �V1–2-treated balloon-denuded aor-
tas failed to reach significance.

�PKC inhibition may also attenuate VSMC chemotaxis
following stimulation with PDGF. ERK activation is required
for PDGF-induced VSMC chemotaxis26 as well as for
hyperglycemia-induced chemotaxis of VSMC and cross-talk
between ERK and Akt signals.27 Therefore, although not

Figure 5. Intimal hyperplasia in stented
aortas. Histological cross-sections of
stented aortas are shown 6 weeks after
implantation subsequent to mechanical
injury (n�6 animals per group) (A). �V1–2
treatment significantly reduced neointi-
mal plaque development (B). Luminal
obliteration, quantified by OCT (C), was
also significantly reduced in �V1–2-
treated animals (D).
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assessed directly in this study, inhibition of chemotaxis of
VSMC may also contribute to the benefit of �V1–2 treatment
on neointimal hyperplasia.

�PKC is the only PKC isozyme that has been considered an
oncogene, because it collaborates with Ras/Raf/ERK and Akt
pathways to regulate cell survival and death.28 Reverse, cytosolic
translocation of �PKC was shown to correlate with ceramide-
induced apoptosis in leukemic cells.29 �PKC knockout mice
exhibited significantly decreased survival,30 whereas overex-
pression of �PKC in rat embryo fibroblasts inhibited apoptosis
induced by cisplatin.31 Antiapoptotic �PKC further enhances
antiapoptotic Bcl-2 members while inhibiting the proapoptotic
members of the family.32 Our results reveal mild antiapoptotic
effects of �PKC activation in VSMC and demonstrate that
�PKC inhibition by �V1–2 significantly increases apoptosis. In
the context of postangioplasty restenosis, the inhibition of
VSMC proliferation and the induction of VSMC apoptosis is
appealing and has led to regression of experimental vascular
lesions.33 However, VSMC apoptosis in advanced plaques may
also contribute to fibrous cap weakening and thereby promote
plaque rupture and vessel thrombosis.

�PKC Inhibition for the Prevention of Restenosis
After Stent Placement
Driven by the success of reducing arterial restenosis with �PKC
inhibition, we next determined whether the effect would repro-
duce in a model of restenosis following stent placement. Be-
cause the �PKC inhibitor �V1–2 is a peptide, we could not use
it for stent coating, and the drug delivery again was performed
systemically via SC pumps. �V1–2 significantly reduced both
neointimal plaque area as determined by histology and luminal
obliteration quantified by OCT. Similarly, the first studies
demonstrating inhibition of restenosis by sirolimus were done
using systemic drug administration.34

In conclusion, �PKC seems to be centrally involved in the
development of neointimal hyperplasia, because contrarious
modulations of �PKC activation result in opposing effects.
Interference with �PKC-mediated activation of downstream
PDGF pathway enzymes by �V1–2 may be the mechanism of
action. Targeting �PKC may be a novel approach to control
arterial restenosis.
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Abstract

Preclinical in vivo research models to investigate pathobiological and pathophysiological processes in the development of intimal hyperplasia
after vessel stenting are crucial for translational approaches1,2.

The commonly used animal models include mice, rats, rabbits, and pigs3-5. However, the translation of these models into clinical settings remains
difficult, since those biological processes are already studied in animal vessels but never performed before in human research models6,7. In this
video we demonstrate a new humanized model to overcome this translational gap. The shown procedure is reproducible, easy, and fast to
perform and is suitable to study the development of intimal hyperplasia and the applicability of diverse stents.

This video shows how to perform the stent technique in human vessels followed by transplantation into immunodeficient rats, and identifies the
origin of proliferating cells as human.

Video Link

The video component of this article can be found at http://www.jove.com/video/3663/

Protocol

1. IMA preparation

2. Animal preparation

RNU Nude (Crl:NIH-Foxn1rnu) rats (300-350 g) are housed under conventional conditions in scantainer ventilated cabinets, fed standard rat
chow and autoclaved water ad libidum.
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1. The arterial endothelium is denuded by the passage of a 2-french Fogarty arterial embolectomy catheter (Baxter Healthcare, Deerfield, IL,
USA). The catheter is pulled through the whole vessel length twice to ensure endothelial damage.

2. Use any human stent of 8mm length and 2.5 mm-3 mm in diameter (e.g. Translumina, Yukon stent). CAUTION: The diameter of the stent
should not exceed the vessel diameter by more than 10% to avoid pre- and post-stent stenosis. CAUTION: Don't switch the length of the
stent within the same study.

3. Deploy the stent using the appropriate balloon pressure (which is noted on the stent package) to achieve the desired diameter.
4. Store stented IMA in 4 °C RPMI + heparin (500 IE/10 ml) on ice until transplantation.

1. Anesthetize rat with isoflurane (2.5-3%) using an induction chamber.
2. Shave the abdominal hair and place the rat on its back and place a facemask over its nose and mouth to keep up the anesthesia.
3. Disinfect the abdominal area widely using Provo-Iodine, next use 80% ethanol - repeat this step twice. Check reflexes pinching the hind feet

to be sure that the rat is sufficient anesthetized.
4. Under microscopic view, perform an upper median laparotomy to expose the infrarenal abdominal aorta.
5. Place the intestines in a saline moisturized glove. Fold the glove around the intestines to prevent loss of moisture.
6. Dissect the aorta from the infrarenal region to the bifurcation, carefully not to cause damage on the branches of the vessels.
7. Use micro clamps to stop the aortic blood flow. Place the proximal clamp first, followed by the distal clamp.

http://www.jove.com/video/3663/
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Discussion

3. Representative Results

For histology, the specimens were fixed in 4% formalin, dehydrated in a graded series of alcohol, and infiltrated in a mixture (MMA I) of 80%
methylmethacrylate and 20% dibutylphthalate for 1 day, MMA I with 1% dry benzoyl peroxide for 1 day, and MMA I with 3% dry benzoyl peroxide
(MMA III) for 1-2 days at 4 °C. Thereafter, the specimens were polymerized in fresh MMA III in glass vials in a water bath on a pre-polymerized
base. Slow polymerization was achieved by keeping the vials at 26 °C overnight, increasing the temperature to 28 °C the next morning, and then
increasing the temperature gradually by 0.5 °C over 12 h until polymerization occurred. The polymerized blocks were sectioned at 5 μm thickness
using a MICROM HM 360 microtome equipped with a tungsten carbide knife.

To identify the origin of proliferating cells (figure 1), slides were stained with antibodies identifying either the green fluorescent protein (GFP) or rat
MHC-I and human smooth muscle cells. For these studies, human IMA was incubated with the reporter gene GFP overnight using lentiviral
particles for stable transduction of IMA cells. Dividing daughter cells from human origin could be identified by expressing GFP. After
deparaffinization, heat-induced epitope retrieval is performed by heating the slides in antigen retrieval solution using a steamer. The Image-iT FX
signal enhancer can be used for the blocking step. Cells of human origin are identified using the mouse monoclonal antibodies against GFP
(1:100 diluted in primary antibody diluent (Dako)), and further labeled with goat-anti-mouse IgG, Alexa Fluor 488 (1:1000 diluted in secondary
antibody diluent). The smooth muscle cells were marked with the rabbit polycolonal anti-smooth muscle α-actin (1:100 diluted in primary antibody
diluent), followed by goat-anti-rabbit IgG, Alexa Fluor 555 (1:1000 diluted in secondary antibody diluents). Each antibody incubation step is
performed at 37 °C for 1 hour with three times PBS washing in between. Nuclei are stained with DAPI for 10 minutes. After mounting of the slides
using Prolong Gold antifade reagent, samples were analyzed using confocal microscopy.

 
Figure 1. the neointimal cells as human smooth muscle cells.
 
A: Green= anti GFP, labeling cells of human origin; red=anti human smooth muscle cell actin; blue=DAPI, identifying cell nuclei.
 
B: Green= anti rat MHC-I, labeling cells of rat origin; red=anti human smooth muscle cell actin; blue=DAPI, identifying cell nuclei.
 
Proliferating cells are identified as smooth muscle cells and positive for GFP, but negative for the rat MHC-I molecule. Therefore, proliferating
cells are human origin.

Although different in vivo research models are existing to investigate the development of intimal hyperplasia after stent placement, these models
still facing translational hurdles to overcome. Furthermore, large animal models are expensive and special housing conditions as well as surgical
equipment is not available for all laboratories.

Using a human IMA to study the development of human intimal proliferation and in-stent restenosis was studied before ex situ in organ cultures
8,9. The new humanized IMA model constitutes a translational approach to address the issue of in stent re-stenosis in vivo, by implanting the
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8. Remove an app. 0.5-0.7 mm aortic segment and flush the remaining aorta with heparin (200 units).
9. Take the stented IMA and shorten it to the adequate length and position it into the gap.10. Connect the IMA to the recipient aorta, by running

sutures using 8-0 prolene suture (Ethicon, Norderstedt, Germany).
10. Connect the IMA to the recipient aorta, by running sutures using 8-0 prolene suture (Ethicon, Norderstedt, Germany).
11. Carefully open the cranial clamp.
12. There should be a visible pulse in the transplanted IMA and at the distal end of the aorta.
13. Place the intestines back into the abdomen.
14. Flush the abdomen with prewarmed sterile saline.
15. Close the muscle layer of the abdominal wall using 6-0 prolene running sutures (Ethicon, Norderstedt, Germany).
16. While the rat is still in anesthesia, inject 4-5 mg/kg Carprofen subcutaneously.
17. Metamizol is added to the drinking water (50mg Metamizol per 100 mL) for pain medication for 3 days post surgery.
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human IMA into the abdominal aortic position of immunodeficient rats. Human IMA's are a perfect match to the size of the abdominal aorta of
rats. Therefore, our presented model is reproducible, easy and fast to perform, does not require special surgical training, and is inexpensive.

The identification of the neointimal cells as human smooth muscle cells closes the translational gap to clinical settings and shows the opportunity
to investigate human pathophysiological processes in vivo.
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Cellular Biology

Localization of Islet-1–Positive Cells in the Healthy and
Infarcted Adult Murine Heart

Florian Weinberger,* Dennis Mehrkens,* Felix W. Friedrich, Mandy Stubbendorff, Xiaoqin Hua,
Jana Christina Müller, Sonja Schrepfer, Sylvia M. Evans, Lucie Carrier, Thomas Eschenhagen

Rationale: The transcription factor Islet-1 is a marker of cardiovascular progenitors during embryogenesis. The
isolation of Islet-1–positive (Islet-1�) cells from early postnatal hearts suggested that Islet-1 also marks cardiac
progenitors in adult life.

Objective: We investigated the distribution and identity of Islet-1� cells in adult murine heart and evaluated
whether their number or distribution change with age or after myocardial infarction.

Methods and Results: Distribution of Islet-1� cells in adult heart was investigated using gene targeted mice with
nuclear �-galactosidase inserted into the Islet-1 locus. nLacZ-positive cells were only present in 3 regions of the adult
heart: clusters in the interatrial septum and around the pulmonary veins, scattered within the wall of the great vessels,
and a strictly delimited cluster between the right atrium and superior vena cava. Islet-1� cells in the first type of
clusters coexpressed markers for parasympathetic neurons. Positive cells in the great arteries coexpressed smooth
muscle actin and myosin heavy chain, indicating a smooth muscle cell identity. Very few Islet-1� cells within the
outflow tract expressed the cardiomyocyte marker �-actinin. Islet-1� cells in the right atrium coexpressed the
sinoatrial node pacemaker cell marker HCN4. Cell number and localization remained unchanged between 1 to 18
months of age. Consistently Islet-1 mRNA was detected in human sinoatrial node. Islet-1� cells could not be detected
in the infarct zone 2 to 28 days after myocardial infarction, aside from 10 questionable cells in 1/13 hearts.

Conclusions: Our results identify Islet-1 as a novel marker of the adult sinoatrial node and do not provide
evidence for Islet-1� cells to serve as cardiac progenitors. (Circ Res. 2012;110:1303-1310.)

Key Words: cardiac transcription factors � cardiac progenitor cells � sinoatrial node

Myocardial damage after myocardial infarction or other
cardiac diseases results in loss of working myocardium

and subsequent heart failure. Within the past years, improved
revascularization strategies have enabled more patients to sur-
vive myocardial infarction, thereby increasing the incidence of
heart failure.1 Despite new pharmacological and device-
based therapies prognosis for heart failure remains poor,
and new therapeutic options are urgently needed. In this
context, regenerative approaches have gained increasing
attention. Adult cardiac myocytes were classically re-
garded as withdrawn from the cell cycle. This dogma has
been challenged by recent findings suggesting that a very
small fraction of adult cardiomyocytes in human heart is
regenerated.2 Fate-mapping experiments in mice provided

evidence that cells from an unknown source differentiate
into cardiomyocytes after myocardial injury, but not in
healthy hearts.3 A subsequent study showed that this effect
can be stimulated by bone marrow cell therapy, probably
due to stimulation of endogenous cardiac progenitors.4 A
study using a feline model also suggested cardiac regen-
eration by endogenous progenitor cells.5 These data lend
support to the concept of resident cardiac stem or progen-
itor cells as proposed earlier.6 These cell types have been
characterized by the expression of general (c-kit,7 and
sca-18) or more restricted (Islet-19) stem or progenitor cell
marker proteins. Their stimulation might be a particularly
attractive therapeutic strategy as it avoids immunologic
problems and could be achieved pharmacologically. Yet,
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the existence, relevance and character of resident cardiac
progenitors remain ambiguous.10

Editorial, see p 1267
In This Issue, see p 1265

Cells that express the transcription factor Islet-1 are attractive
candidates as resident cardiac progenitors because the role of Islet-1
in early cardiac development has been unambiguously demon-
strated. Islet-1 is a transcription factor of the LIM-homeodomain
family, which was first identified in the �-cells of the pancreas as an
enhancer of the insulin gene.11 It has been extensively studied in the
nervous system, where it is essential for the differentiation of motor
neurons.12,13 Islet-1 became popular in the field of cardiovascular
research after the discovery of severe cardiac malformation in
Islet-1–deficient mice. These animals lack the outflow tract, the
right ventricle, and most of the atria. Lineage tracing studies
revealed that these structures originate from Islet-1 positive (Islet-
1�) precursors.14 Islet-1� cells do not only differentiate into cardiac
myocytes but also contribute to the formation of the sinoatrial node
(SAN), the atrioventricular node (AVN), and smooth muscle cells
of the coronary arteries.15 Importantly, murine Islet-1� cells retain
this wide cardiovascular differential potential in vitro when isolated

from embryonic and neonatal hearts16,17 or from murine or human
embryonic stem cells.9,16 Islet-1� cells from embryonic and neona-
tal hearts can therefore be regarded as real cardiac progenitors.
Recently, small numbers of Islet-1� cells were identified in adult
heart.18,19 Khattar et al differentiated 2 clusters of Islet-1� cells in
adult murine hearts,18 and Genead et al detected Islet-1� cells in
hearts of young adult rats.19 Both studies relied on immunofluores-
cent methods, which are subject to ambiguity because of the
extremely low expression level of Islet-1. Furthermore, they are not
well suited to analyze the exact anatomic localization of scattered
cells in 3D. The present study used a genetic approach to improve
the sensitivity and specificity of detection of Islet-1� cells and
evaluated their localization and number throughout adult life and
after myocardial infarction.

Methods
An expanded Methods section is available in the Online
Data Supplement.

Animals
The investigation conforms to the Guide for the Care and Use of
Laboratory Animals published by the NIH (Publication No. 85–23,
revised 1985). Isl-1–nLacZ-mice were created by targeted insertion
of a DNA cassette containing nLacZ in exon 1 of the Islet-1 gene.13

Final investigations were done in heterozygous Isl-1–nLacZ-mice on
a mixed Blackswiss and C57BL/6J background, and wild-type
littermates were used as controls.

Bromo-Chloro-Indolyl-Galactopyranoside Staining
Hearts were perfusion-fixed with 4% paraformaldehyde, washed in
0.9% NaCl, and afterward incubated in a staining solution containing

Figure 1. nLacZ� cells in an Isl-1–nLacZ adult mouse heart.
A, Anterior view, and B, posterior view of a 20-week-old Isl-1–
nLacZ-mouse heart after X-gal staining. C, Magnification of the
nLacZ� structures marked with asterisks in A and B. AO indi-
cates aorta; CG, cardiac ganglion; PA, pulmonary artery; RA,
right atrium; RV, right ventricle; and SVC, superior vena cava.

Figure 2. Characterization of nLacZ� cells in the interatrial
septum and around the pulmonary veins. AChE� (brown) and
nLacZ� cells (blue nucleus) in a cardiac parasympathetic ganglion
in A, low magnification, and B, high magnification. C, Single
nLacZ� cell around a pulmonary vein. Asterisks in A mark struc-
tures showed in higher magnification in B and C. D, Brightfield and
confocal microscopy showing coexpression of ChAT (green) and
�-gal in a parasympathetic ganglion. Nuclei are stained red
(DRAQ5). CG indicates cardiac ganglion; PV, pulmonary vein.
Scale bars: 500 �m (A), 20 �m (B), and 10 �m (C and D).

Non-standard Abbreviations and Acronyms

AChE acetylcholinesterase

AVN atrioventricular node

ChAT choline acetyltranferase

HCN4 potassium/sodium hyperpolarization-activated cyclic
nucleotide-gated channel 4

SAN sinoatrial node

X-gal bromo-chloro-indolyl-galactopyranoside
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potassium ferrocyanide (5 mmol/L), potassium ferricyanide
(5 mmol/L), MgCl2 (2 mmol/L), 0.02% NP-40, 0.01% sodium
deoxycholate, Tris pH 7.4 (20 mmol/L), and 1 mg/mL bromo-chloro-
indolyl-galactopyranoside (X-Gal) in phosphate-buffered saline for 2
hours at 37°C. Cells were fixed in 0.05% glutaraldehyde for 10
minutes at 4°C and afterward incubated in the staining solution over
night. Islet-1� cells could be visualized by a blue nuclear signal.

Histology
Serial cryosections (10 �m) were either performed in a 4-chamber
view or a transversal short-axis view. All sections were collected.
Sections were postfixed in 4% paraformaldehyde for 10 minutes at
room temperature and eosin-counterstained to allow for an overview.
Consecutive sections were used for immunofluorescence, immuno-
histochemistry, and staining for cholinesterase activity.

Isolation of Smooth Muscle Cells
The ascending aorta and the pulmonary artery were excised, cleared of
connective tissue, and longitudinally opened. Aorta and pulmonary artery
were cut into 5 to 10 pieces, which were transferred onto 35-mm cell culture
plates. These pieces were cultured in DMEM containing 10% FCS, and 1%
penicillin/streptomycin and immunofluorescence was performed before the
cells formed a confluent monolayer.

Preparation of mRNA From Murine and Human
SAN Tissue
Mice were euthanized by cervical dislocation. Hearts were quickly
removed and placed in modified Tyrode solution (NaCl
119.8 mmol/L, KCl 5.4 mmol/L, CaCl2 0.2 mmol/L, MgCl2
1.05 mmol/L, NaHCO3 22.6 mmol/L, NaH2PO4 0.42 mmol/L,
glucose 5.05 mmol/L, Na2EDTA 0.05 mmol/L, ascorbic acid
0.56 mmol/L). The SAN region (approximately 1�1 mm) was
carefully dissected using a Stemi SV6 stereo microscope (Zeiss). We
obtained human SAN tissue, which was routinely prepared from
postmortem human hearts, as described by Hudson,20 during scien-
tific autopsy (between 1–3 days postmortem). RNA was isolated
using the High-Capacity cDNA RT-Kit (Applied Biosystem).

Isolation of Mouse SAN Cells
Isolation of SAN cells was performed according to Mangoni et al.21

The SAN region was dissected as described above and isolation of

SAN cells was achieved by digestion using Liberase TH (Roche
Applied Science) and manual agitation.

Results
The distribution of Islet-1� cells was investigated in 30
heterozygous Isl-1–LacZ mice at different time points after birth
(10 weeks to 18 months). After light perfusion-fixation and
X-gal staining, nLacZ� cells were easily recognizable by eye or
stereo microscopy when present in clusters. Microscopic iden-
tification of even single isolated nLacZ� cells was unambiguous
due to the nuclear restriction of the blue signal and immunohis-
tology showed that nLacZ� cells expressed Islet-1 (Online
Figure I and Sun et al15). Hearts from 6 nontransgenic littermates
that were subjected to identical fixation and staining procedures
did not show any comparable signal (Online Figure II).

nLacZ� cells were not randomly distributed within the heart
but were strictly confined to certain anatomic structures. There
was no macroscopic or microscopic evidence for nLacZ� cells
in the muscular layer of the left or right ventricular walls (Online
Figure III; n�20, �500–600 slices per heart). In contrast, we
consistently identified three different regions of nLacZ� cells in
adult heart (Figure 1A through 1C). Two regions were visible in
an anterior view of the heart (Figure 1A) and a third region was
located at the back of the heart (Figure 1B). A cluster of nLacZ�

cells was located in the border zone between right atrium and the
superior vena cava. nLacZ� cells were also scattered around the
proximal part of the great vessels (aorta and pulmonary artery).
The additional clusters on the back of the heart contained only
few nLacZ� cells (2–50 cells). These small clusters were located
around the pulmonary veins and inside the interatrial septum.
Very few single nLacZ� cells were localized along the wall of
the pulmonary veins. We identified positive cells in these 3
anatomic regions in all transgenic animals that were analyzed
and did not observe alterations of localization or cell number
with age.

Figure 3. Characterization of nLacZ� cells in
the proximal aorta and pulmonary artery. A
through C, nLacZ� cells in the muscular layer
of the proximal aorta after X-gal staining and eosin
counterstaining. D and E, nLacZ� cells cultured
after isolation from the proximal pulmonary artery,
stained with X-gal and antibodies against smooth
muscle �-actin (D, green) and smooth muscle
myosin heavy chain (E, green). Nuclei are stained
red (DRAQ5). Visualization by differential interfer-
ence contrast confocal microscopy (DIC) and
confocal fluorescent microscopy. Note the black
nucleus in DIC as sign of nLacZ positivity. AO
indicates aorta; LV, left ventricle; RA, right atrium;
RV, right ventricle; and SVC, superior vena cava.
Scale bars: 500 �m (A), 100 �m (B), and 10 �m
(C through E).
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The clusters of nLacZ� cells on the posterior side of the
heart consisted of round, large cells. Further characterization
revealed that these were cardiac ganglia, as shown by the
coexpression of acetylcholinesterase (AChE; Figure 2A
through 2C). Coexpression of �-galactosidase (�-gal) and the
parasympathetic marker choline acetyltransferase (ChAT)
characterized them as parasympathetic ganglia (Figure 2D).
Very few single nLacZ� neurons were located in the nervous
plexus surrounding the pulmonary veins (Figure 2C).

nLacZ� cells were also detected in the proximal part of the
aorta and the trunk of the pulmonary artery (Figure 1 and
Figure 3A through 3C). The absolute majority of these cells
were located in the muscular layer above the aortic and
pulmonary valve. We isolated these cells for further charac-
terization. They coexpressed �-gal and the smooth muscle
markers smooth muscle actin and smooth muscle myosin
heavy chain (Figure 3D and 3E). Very few single nLacZ�

cells were present in the aortic valve leaflets (Figure 4A and
4C). A third type of nLacZ� cells existed in the left
ventricular outflow tract region (Figure 4A through 4E),
where a small number of nLacZ� cells coexpressed �-gal and
the cardiomyocyte marker �-actinin, indicating that these
were cardiomyocytes.

A fourth type of nLacZ� cells was located in the muscular
wall of the right atrium. These cells were aligned along the
border zone between the right atrium and the vena cava
superior (Figure 1 and Online Figure IV) and expressed the
cardiomyocyte marker �-actinin (Figure 5A and 5D). Be-
cause of the peculiar localization between right atrium and
vena cava superior and the typical “comma-shaped” form, we
performed staining for the SAN marker hyperpolarization-ac-
tivated cyclic nucleotide-gated channel 4 (HCN4). Costaining
for HCN4 and X-gal indicated that these cells were SAN cells
(Figure 5B, 5C, 5E, and 5F). Interestingly, only a subpopulation
(approximately 50%) of HCN4-positive cells stained positive for
nLacZ. The AChE-positive and HCN4-positive AVN was con-
sistently negative for nLacZ� cells (Online Figure V). Isolation
of cells from the SAN region resulted in single cells showing
typical heterogeneous morphology (spindle-shaped, elongated
spindle-shaped, atrial-like). Compared with whole-mount histol-
ogies, a much smaller subpopulation (0.1% to 5%) of the
isolated cells stained positive for �-gal (Figure 6).

To investigate whether Islet-1 is also expressed in murine
wild-type and human SAN, we isolated RNA from murine
and postmortem human SAN tissue. Islet-1 mRNA was
detectable in all tissue samples containing the SAN in
C57BL/6J from 12 to 44 weeks of age (n�31), but not from
the corresponding atrial or ventricular myocardium (Figure
7A). Islet-1 mRNA was also detectable in human postmortem
samples containing the SAN, but not from the corresponding
ventricular myocardium (n�4; Figure 7B).

To investigate the role of lslet-1� cells after myocardial
injury, we subjected a group of Isl-1–LacZ mice to myocardial
infarction and examined the hearts at different time points after
ischemic injury (2, 7, 14, and 28 days after left anterior
descending artery ligation, n�3–4; Figure 8A through 8D).
nLacZ� cells could still be detected in the SAN, the trunk of the
great vessels, and cardiac ganglia (Online VI, A through C) but
were not present in the infarct region in 12 of 13 examined hearts

2, 14, and 28 days after myocardial infarction (in �4000
analyzed sections). However, in 1 heart examined 7 days after
myocardial infarction, we observed 10 questionable cells in the
infarct area showing atypical but clearly nuclear LacZ staining
(Online Figure VII, A).

Discussion
The transcription factor Islet-1 marks a population of cardiovas-
cular progenitors of the second heart field in early murine
development.14 The observation that few Islet-1� cells are also
present in the early postnatal heart and can differentiate into cells
of all 3 cardiovascular cell types in vitro16,17 led to the idea that
Islet-1� cells represent a resident cardiac progenitor cell popu-
lation with therapeutic potential.22 By using gene targeted Islet-1
nLacZ knock-in mice we provide evidence that the postnatal
(1–18 months) murine heart is essentially devoid of Islet-1�

cells except well defined and consistent populations in the SAN,
a fraction of cardiac ganglia, the media of the proximal aspects
of the aorta, and pulmonary artery and very few single cells in
the outflow tract area. Given the high sensitivity and specificity
of nLacZ staining and the consistency of the staining pattern we
believe that the findings are unambiguous.

Figure 4. nLacZ� cells in the outflow tract and the aortic
valve. A, Histological overview, showing the localization of
nLacZ� cells in the muscular layer of the outflow tract, and B,
high magnification after X-gal staining. C, Asterisk marks a sin-
gle nLacZ� cell in the aortic valve in high magnification. D,
Brightfield visualization of nLacZ� cells scattered in the myocar-
dium of the outflow tract and the muscular layer of the proximal
aorta. Corresponding staining for �-actinin (E, green), showing
the typical cross-striation in a nLacZ� cell in the myocardium of
the outflow tract. AO indicates aorta; AV, aortic valve; LV, left
ventricle; RA, right atrium; RV, right ventricle; and SAN, sino-
atrial node. Scale bars: 500 �m (A), 100 �m (B), and 10 �m (C).
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Our results are mainly consistent with 2 recent findings and
significantly expand them.18,19 Khattar et al described Islet-1–
expressing cells in 2 types of clusters in close proximity to the
heart basis. One consisted of neuronal cells and a second one
was formed by cardiomyocytes. In a longitudinal study, Genead
et al identified single Islet-1� cells in the outflow tract of young
adult rats that expressed the cardiomyocyte marker troponin T.
Both studies mainly relied on classic immunohistological tech-
niques. The difference between these findings may indicate species
differences. On the other hand they might also be due to technical
limitations. In the light of the present findings, the first cluster most
likely represented parasympathetic ganglia, the second one the SAN
and the troponin T�/Islet-1� cells in the outflow tract of rats
correspond to the few nLacZ� cardiomyocytes in our model.

The first, also macroscopically visible clusters of nLacZ� cells,
were located in the posterior aspects of the atria and around the
pulmonary veins. These cells were marked as parasympathetic
neurons by their coexpression of AChE and ChAT. AChE marks
neuronal structures in general, whereas ChAT almost exclusively
marks parasympathetic neurons.23,24 The finding of Islet-1 expres-
sion in differentiated neurons was not surprising since it was known
from chicken embryos that Islet-1 expression persists in neurons
after leaving the cell cycle.25 Additionally, recent studies by Sun et
al have demonstrated a key role for Islet-1 in sensory neuron
development.26 Interestingly, not all cardiac ganglia contained
nLacZ� cells. Rysevaite et al described about twenty AChE-
positive cardiac ganglia in the adult murine heart.27 Similar to their
results, we observed cardiac ganglia of different size and cell

Figure 5. nLacZ� cells in the sinoatrial node. A, Differential interference contrast confocal microscopy, and B and C, brightfield
microscopy. D through F, Corresponding immunofluorescence staining for �-actinin (D, green) and HCN4 (E and F, green). Nuclei are
stained red (DRAQ5). Scale bars: 20 �m (A and B) and 10 �m (C).

Figure 6. Isolated sinoatrial
node cells after X-gal stain-
ing. A through E, Isolated cells
from murine SAN with hetero-
geneous cellular morphology.
Brightfield microscopy of elon-
gated spindle-shaped cells (A
and D), spindle-shaped cells (B
and E), and atrial-like–shaped
cells (C and F) showing
nLacZ� (A through C) and
nLAcZ� cells (D through F),
respectively. Scale bars: 5 �m.
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number (2–50 cells), most of them being localized around the
pulmonary veins. These nLacZ� ganglia were detectable in up to
1.5-year-old mice, which had a mixed genetic background of
Blackswiss and C57BL/6J. In this respect, our findings are identical
to the clusters of Islet-1� cells observed in 129SvJ�C57BL/6J and
in 129SvJ mice by Khattar et al.18

The second cluster of Islet-1� cells clearly marks the SAN.
Approximately 50% of the HCN4 and �-actinin–positive cells of
the SAN were also nLacZ�, suggesting the existence of at least
2 populations of pacemaker cells in the adult murine SAN, an
Islet-1� and an Islet-1� subpopulation. In all likelihood, the
Islet-1� subpopulation of the SAN is identical to the second
cluster of cells described by Khattar et al.18 The authors
described this cluster to be located in the right atrium and the
interatrial septum. We were not able to detect any nLacZ�

cardiomyocytes in the interatrial septum. The difference might
be species- or even strain-dependent, as Khattar et al showed
differences between mouse strains. Alternatively, it may be a
question of labeling techniques. In any case, the existence of a
robust Islet-1� SAN subpopulation is in agreement with recent
data from Mommersteg et al28 showing that the SAN develops
partly from cells that coexpress Islet-1 and Tbx18. This is a very
small population, resulting from an overlap of Islet-1� progen-
itors from the second heart field and Tbx18� sinus venosus
progenitors. These cells maintain Islet-1 positivity after myocar-
dial differentiation during embryonic development. Further-

more, it fits to the data by Sun et al,15 who showed that even
though the Islet-1 expression in the right atria becomes more and
more locally confined during embryonic development, it persists
in the SAN up to 3 days postnatally (the latest time point
evaluated in their study). Sun et al15 described attenuation of
Islet-1 expression during this process, suggesting that Islet-1
expression would diminish within weeks. Our data now show
that Islet-1 positivity of the SAN remains unaltered for at least
18 months, indicating that it serves a continuous, as yet uniden-
tified, function in pacemaker cells. After isolation of SAN cells
we observed that only a small subpopulation of sinoatrial node
cells stained positive for �-gal. nLacZ� cells were not restricted
to one of the previously described SAN cell types.21 The proportion
of nLacZ� cells varied markedly between the different preparations
(0.1% to 5%) but was always much lower than that observed in
histology. The low proportion of nLacZ� cells probably is due to
the technical difficulties in obtaining isolated single SAN cells and
suggests that nLacZ� SAN cells were more susceptible to the
digestion process. In any case, it confirms the existence of a subset
of Islet-1� SAN pacemaker cells. These results are in accordance
with previous findings of Sun et al,15 who observed colocalization
of Islet-1 and GFP in a HCN4-H2B-GFP knock-in mouse model
during cardiac development. Of note, Islet-1 was also expressed in
AVN during cardiac development, whereas we could not detect
nLacZ� cells within the AVN of adult animals. The mRNA data

Figure 7. Islet-1 mRNA in murine and
human sinoatrial node tissue. A, Quali-
tative detection of Islet-1 mRNA by
RT-PCR in murine SAN tissue from four
C57/BL6J wild-type animals (12 and 32
weeks), and B, human SAN tissue sam-
ples from 4 different patients. LV indicates
left ventricular tissue; RV, right ventricular
tissue; LA, left atrial tissue; RA, right atrial
tissue; and SAN, sinoatrial node tissue.

Figure 8. Isl-1–nLacZ-hearts after myocardial infarction. Histological overview, showing nLacZ-hearts 2 days (A) and 28 days (C) after left
anterior descending artery ligation. Insets mark the regions shown in higher magnification (B and D). Examples of the infarct border zone 2
days (B) (hematoxylin and eosin staining) and 28 days (D) after myocardial infarction (sirius red staining). Scale bars: 50 �m.
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from human heart samples suggest that the murine findings extend
to the human SAN as well.

Besides the 2 compact clusters of Islet-1� cells, we identified
significant numbers of more disseminated nLacZ� smooth
muscle cells in the proximal aorta and the trunk of the pulmo-
nary artery. Since Islet-1 progenitors can give rise to smooth
muscle cells14–15 and Sun et al showed persistent Islet-1 expression
in this particular region of the heart on the third postnatal day,15 we
were not surprised by this finding. Again, the specific function of
Islet-1� compared with the majority of Islet-1� smooth muscle cells
in the media of the great vessels remains unknown at present.

In contrast to adult newt hearts, which contain Islet-1–expressing
cardiomyocytes,29 Islet-1 expression was considered to be down-
regulated during murine cardiac differentiation.12,13,16,21 Therefore,
we were surprised by the finding that a small number of ventricular
cardiomyocytes exhibit Islet-1 positivity, all of them located in the
outflow tract area. This could suggest that these cells are cardiomyo-
genic progenitors. Indeed, Smart et al showed that by priming mice
with thymosin �4, cardiac progenitors marked by the expression of
Wilms tumor 1 gain Islet-1 expression during cardiac differentia-
tion30 after myocardial injury. However, although our study cannot
exclude the possibility that Islet-1 plays a role during cardiac
regeneration, several findings argue against the proposed role of
Islet-1� cardiovascular progenitors remaining in the adult heart.
Recent data in mice, in contrast to zebrafish,31 support the hypoth-
esis that cardiac regeneration occurs from an undifferentiated
precursor rather than from cardiac myocytes.3 We found different
cell types that expressed Islet-1, all of them highly differentiated.
Furthermore, the localization of these cells and especially the
absence of Islet-1� cells from the working myocardium of the left
and right ventricle (except for the very few cells in the outflow tract)
make it unlikely that these cells play a significant role for myocar-
dial regeneration. When analyzing �4000 sections (and thereby
more than 100 Mio cells) we found that 12 of 13 hearts did not
contain any nLAcZ� cells after myocardial infarction. In 1 heart
with a very large myocardial infarction, we detected 10 cells that
showed an atypical but nuclear LacZ staining in the subendocardial
infarct region 7 days after myocardial infarction. Whether the
staining in these cells really reflects Islet-1 is unknown at present,
but the frequency would then account for 10 of �25 Mio analyzed
cells at this time point and therefore is unlikely to be of biological
relevance.

Limitations
Genetic models such as the one used in our study have the inherent
limitation that the expression of the marker is never present in 100%
of the cells intended for transgene expression and that the expres-
sion pattern may vary between different lines of mice. Moreover,
we had to use heterozygous Isl-1–LacZ-mice because insertion of
nLacZ into the Islet-1 gene locus caused disruption of the endoge-
nous Islet-1 gene and homozygous knockout of Islet-1 is lethal.
Therefore, the mice were functionally heterozygous Islet-1 knock-
out mice. This was not associated with apparent abnormalities, but
unrecognized pathologies cannot be excluded completely. On the
other hand, partial allele usage may have caused underestimation of
the number of Islet-1� cells. The fact that we found very consistent
distribution of nLacZ� cells in 25 animals of different ages suggests
that such error, if existing, was minor. In addition, costaining with
an Islet-1 antibody confirmed that nLacZ� cells were indeed Islet-1

positive (Online Figure I). Staining for �-gal can also give rise to
nonspecific positivity, but nontransgenic littermate controls were
consistently negative and the strict nuclear localization of the signal
facilitated discrimination between a true signal and noise in almost
all cases. Nevertheless, we observed 10 cells in the subendocardial
infarct region of 1 heart 7 days after myocardial infarction that
showed an atypical but nuclear LacZ staining (Online Figure VII,
A). We could not definitely discriminate between a true positive
signal and false positivity (eg, caused by macrophages that are able
to catalyze X-gal32). Although it might be possible that Islet-1 was
expressed between the analyzed time points, the long half-life of
�-gal protein of �30 hours33 render it unlikely that such transient
expression would go unnoticed.

In conclusion, our results identify Islet-1 as a novel marker
of a subpopulation of SAN cells, parasympathetic neurons, a
subpopulation of smooth muscle cells in the proximal aspects
of the great arteries and few cardiac myocytes in the outflow
tract of the adult heart. The role of Islet-1 in these distinct
heart regions deserves further studies.
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Novelty and Significance

What Is Known?

● In early cardiac development, cells expressing the transcription factor
Islet-1 form the right ventricle, the outflow tract, parts of the atria
(the “second heart field”) and the sinoatrial node (SAN) and
atrioventricular node (AVN).

● Islet-1� cells from fetal hearts or embryonic stem cells form cardiac
myocytes, smooth muscle and endothelial cells when placed in
cell culture, suggesting that Islet-1� cells may also serve a
cardiovascular progenitor role in the adult heart.

● In the adult mouse heart, Islet-1 positivity was detected by antibody
staining in distinct clusters in the heart basis whose identity
remained unclear.

What New Information Does This Article Contribute?

● Genetic labeling experiments showed that Islet-1 in the adult mouse
heart is expressed in HCN4� pacemaker cells of the SAN, but not
the AVN, parasympathetic nervous ganglia, smooth muscle cells of
the proximal part of the great arteries, and few cardiac myocytes
of the outflow tract area.

● The expression pattern was highly reproducible and stable for up to
18 months.

● No Islet-1� cells were found in healthy ventricular myocardium.
These cells were found only in an atypical form in 10/
�100 000 000 cells in �4000 sections of hearts 2 to 28 days
after myocardial infarction.

Islet-1 is an established marker of early cardiovascular development;
however, its role in the adult heart, specifically its progenitor role,
remains obscure. Given the technical difficulties in studying Islet-1
distribution in the heart by immunologic means, we used a genetic
approach, that is, a mouse in which Islet-1 expression drives a
nuclearly localized �-galactosidase. This technique allows not only
histological identification of Islet-1� cells with high sensitivity and
specificity but even the macroscopic identification in the whole heart,
facilitating the analysis of regional distribution. Islet-1� cells were
undetectable in �5000 sections from normal or injured myocardium.
This is important because it provides strong evidence against the idea
that Islet-1� cells could serve a progenitor role in the normal or injured
postnatal heart. Stable Islet-1� expression in very distinct and func-
tionally specialized cells suggest that Islet-1� expression in the
postnatal heart is not a spurious “left-over” from development but
serves an important role that warrants further studies. The findings of
this study also establish Islet-1 as a new and, compared with HCN4, a
specific marker of a subpopulation of SAN pacemaker cells.
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Cell Therapy and Tissue Generation

Human Leukocyte Antigen I Knockdown Human
Embryonic Stem Cells Induce Host Ignorance and Achieve

Prolonged Xenogeneic Survival
Tobias Deuse, MD; Martina Seifert, PhD; Neil Phillips, PhD; Andrew Fire, PhD;

Dolly Tyan, PhD; Mark Kay, PhD; Philip S. Tsao, PhD; Xiaoqin Hua, MD; Joachim Velden, MD;
Thomas Eiermann, MD; Hans-Dieter Volk, MD; Hermann Reichenspurner, MD, PhD;

Robert C. Robbins, MD; Sonja Schrepfer, MD, PhD

Background—Although human embryonic stem cells (hESC) have enormous potential for cell replacement therapy of
heart failure, immune rejection of hESC derivatives inevitably would occur after transplantation. We therefore aimed
to generate a hypoantigeneic hESC line with improved survival characteristics.

Methods and Results—Using various in vivo, nonischemic, hindlimb xenotransplant models (immunocompetent and
defined immunodefective mouse strains) as well as human in vitro T-cell and natural killer (NK)-cell assays, we
revealed a central role for T cells in mediating hESC rejection. The NK-cell susceptibility of hESC in vivo was found
to be low, and the NK response to hESC challenge in vitro was negligible. To reduce the antigenicity of hESC, we
successfully generated human leukocyte antigen (HLA) I knockdown cells (hESCsiRNA�IB) using both HLA I RNA
interference (siRNA) and intrabody (IB) technology. HLA I expression was �99% reduced after 7 days and remained
low for weeks. Cellular immune recognition of these hESCsiRNA�IB was strongly reduced in both xenogeneic and
allogeneic settings. Immune rejection was profoundly mitigated after hESCsiRNA�IB transplantation into immunocom-
petent mice, and even long-term graft survival was achieved in one third of the animals without any immunosuppression.
The survival benefit of hESCsiRNA�IB was further confirmed under ischemic conditions in a left anterior descending
coronary artery ligation model.

Conclusions—HLA I knockdown hESCsiRNA�IB provoke T-cell ignorance and experience largely mitigated xenogeneic
rejection. By generating hypoantigeneic hESC lines, the generation of acceptable hESC derivatives may become a
practical concept and push cell replacement strategies forward. (Circulation. 2011;124[suppl 1]:S3–S9.)

Key Words: cells � gene therapy � immunology

Human embryonic stem cells (hESC) display true pluri-
potency and have the capacity to propagate indefinitely

without senescence. These characteristics make them valu-
able candidates for cell replacement therapy in the treatment
of degenerative diseases, especially heart failure. With trans-
plantation of hESC-derived cardiac progenitor cells that form
contractile intracardiac grafts1 or functional, in vitro-
generated engineered heart tissue from hESC,2 substantial
improvements in cardiac function have been reported. How-
ever, because of the human leukocyte antigen (HLA) dispar-
ity between hESC-derived donor cells and recipients, immune
rejection inevitably occurs. Therefore, improvement of rodent
cardiac function after acute myocardial infarction so far has
only been achieved by transplanting hESC-derived cardio-

myocytes into either immunodeficient3 or heavily immuno-
suppressed4 recipients. Immunosuppressive drugs, however,
are associated with severe morbidity and may hamper cell
engraftment and cell survival.5

We and others6 believe that the best way to overcome
immune rejection is to generate hypoimmunogeneic pluripo-
tent cell lines that are barely visible to the immune system
and, thereby, can serve as universal cell sources for generat-
ing off-the-shelf cellular grafts or tissues. Herein, we present
a strategy to generate hypoimmunogeneic hESC by HLA I
knockdown. The results demonstrate that HLA I knockdown
is both necessary and sufficient to diminish graft rejection
and to achieve long-term survival, even in a stringent xeno-
geneic model.
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Methods

Animals
Male BALB/c, SCID Beige (CB17.Cg-PrkdcscidLystbg/Crl), nude
(Cby.Cg-Foxn1nu/J), beige (C57BL/6J-Lystbg-J/J), and perforin�/�
mice (C57BL/6-Pfptm1Sdz) were purchased from Charles River
Laboratories (Sulzfeld, Germany) and received humane care in
compliance with the Guide for the Principles of Laboratory
Animals. Myocardial infarctions were induced by ligation of the
left anterior descending coronary artery (LAD) through an an-
terolateral thoracotomy.

ESC Culture and Cell Transplantation
H9 hESC (Wicell; Madison, WI) were maintained on inactivated
murine embryonic fibroblast feeder layers (Millipore; Billerica, MA)
in hESC medium. The hESC colonies were separated from the
murine embryonic fibroblasts by incubation with dispase (Invitro-
gen; Frederick, MD) and subcultured on feeder-free matrigel-coated
(BD Biosciences; San Jose, CA) plates before their use. HLA I
surface expression was assessed on a FACSCalibur system (Becton
Dickinson; Heidelberg, Germany) [HLA A/B/C (clone DX17) from
BD Biosciences]. Mean fluorescence intensity of HLA I was
compared to that of the associated negative isotype control. Normal-
ized expression was calculated as the mean fluorescence intensity of
the molecule divided by the mean fluorescence intensity of the
isotype control. Therefore, a normalized expression of 1 corresponds
to no (0%) molecule expression. Before transplantation, hESC were
trypsinated and resuspended in sterile PBS at 1�106 cells per 50 �L.
The hESC viability was �95% as determined by trypan blue
staining. The hESC were transplanted either into the right-side
gastrocnemius muscle (nonischemic hindlimb model) or into the
border zone of an acute myocardial infarction (LAD ligation model,
divided into 4 injections) using a 27-gauge syringe.

Bioluminescence Imaging
Bioluminescence imaging (BLI) was performed using the Xenogen
in vivo imaging system (Caliper Life Sciences; Hopkinton, MA) as
reported earlier7 (online-only Data Supplement). The recipient mice
were scanned repetitively on days 0, 1, 3, 5, 7, 14, 21, 28, 35, and 42
or until the signal dropped into the background. BLI signals were
quantified in units of photons per second (total flux) and are
presented on a logarithmic scale.

Immune Response Assays

Elispot Assays
Allogeneic Elispot assays were done with 5�105 hESC and 5�105

human peripheral blood mononuclear cells (PBMC) or natural killer
(NK) cells (Lonza; Cologne, Germany) according to the manufac-
turer’s (BD Biosciences) protocol using interferon-� (IFN-�) and
interleukin-4 (IL-4)-coated plates. Spots were automatically enumer-
ated using an Elispot plate reader (CTL; Shaker Heights, OH) for
scanning and analyzing.

Degranulation Assay With NK Cells
Cell-mediated cytotoxicity of human NK cells was evaluated in a
CD107a degranulation assay. This assay sensitively detects the
surface expression of CD107a as a result of activation-induced
degranulation and secretion of the lytic granule contents. NK cells
were incubated for 6 hours with FITC-labeled anti-CD107a mono-
clonal antibody (BD Biosciences). K562, hESC, or hESCsiRNA�IB

were added at ratios of 1:10, and surface expression of CD107a was
determined by FACS (BD Biosciences).

HLA I Knockdown Technologies
Both technologies of gene silencing using small interfering RNA
(siRNA) at the posttranscriptional level8 and intrabody (IB)
protein knockout at the posttranslational level9 were used sepa-
rately (hESCsiRNA and hESCIB) or in combination (hESCsiRNA�IB).
For details, see the online-only Data Supplement.

Statistical Analysis
Data are presented as mean�SD, unless otherwise indicated. Com-
parisons between groups were done by independent sample t tests or
ANOVA with Bonferroni post hoc tests where appropriate. Differ-
ences were considered significant for P�0.05. Statistical analysis
was performed using SPSS for Windows (SPSS Inc; Chicago, IL)
software.

Results
hESC Survival After Xenogeneic Transplantation
A total of 1�106 hESC were injected into the gastrocnemius
muscles of immunocompetent BALB/c or various immuno-
compromised mouse strains and were followed by BLI
(Figure 1A). There was an early decline in cell numbers over
the first few days, which occurred in all strains and, therefore,
seemed not to be immune mediated. At later time points, the
survival curves rapidly diverged (Figure 1B through 1E). The
BLI signals dropped into the background in BALB/c mice by
day 5, and all cell transplants were rejected. In immunodefi-
cient SCID Beige mice, which lack lymphocytes and NK
function, BLI signals steadily increased to regain their initial
value by day 21 (Figure 1B). Up to day 80, total BLI flux
increased �50 times, and macroscopic tumor growth was
observed at the site of injection. In nude mice lacking only T
cells, 7 of 9 cell transplants survived (Figure 1C), and after 80
days, tumor growth also was observed. Mice with the beige
mutation (Figure 1D) and perforin�/� mice (Figure 1E) both
had defective cytotoxic NK activity but still rejected all
cellular hESC transplants at a similar pace compared with
immunocompetent BALB/c mice. Adoptive transfer of beige
splenocytes into SCID Beige recipients on days �2, 0, 5, and
14 was sufficient to cause hESC rejection in otherwise
accepting mice (Figure 1F). When the HLA I-deficient
human erythroleukemia cell line K562 was transplanted,
all cells were quickly rejected in immunocompetent
BALB/c mice but formed tumors in SCID Beige recipients
(Figure 1G). The highly NK-susceptible K562 cells were
rapidly killed in athymic nude mice devoid of T cells but
harboring functional NK cells (Figure 1H). The suscepti-
bility of hESC to Fas-induced cytotoxicity was evaluated.
Fas expression was negligible on hESC (1.3�0.1) but
could be significantly upregulated by in vitro IFN-�
stimulation (3.9�0.4, P�0.001). Blocking of both NK
killing (in beige mice [Figure 1I] or perforin�/� mice
[Figure 1J]) and Fas-dependent cytotoxicity (using the
Fas-blocking antibody ANT-205) did not markedly im-
prove hESC survival.

Allogeneic Cytotoxic Killing of hESC
Human PBMC were incubated with hESC or hESCsiRNA�IB

in vitro (Figure 2A and 2B). Only hESC (P�0.001 and
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P�0.002) but not hESCsiRNA�IB (P�1.0 and P�0.428)
significantly increased the spot frequencies for IFN-� and
IL-4, respectively, compared to resting responder PBMC.
Elispots also were then done with NK cells instead of PBMC
(Figure 2C). NK-susceptible K562-induced substantial NK-
cell activation that was similar to the effect of PMA/
ionomycin incubation. Neither hESC (P�0.001 versus K562)
nor hESCsiRNA�IB (P�0.001 versus K562) induced relevant
IFN-� release. Additionally, only NK cells incubated with
K562 but not hESC (P�0.001 versus K562) or hESCsiRNA�IB

(P�0.001 versus K562) showed increased CD107a surface
expression (Figure 2D).

Generation and Transplantation of
Hypoantigeneic hESC
The siRNA and IB transfection was achieved with an efficacy
of �74�12% and 82�11%, respectively, and the transduc-
tion efficacy of siRNA�IB was 88�9%. After 7 days,
siRNA and IB significantly lowered HLA I surface expres-
sion from 11.1�3.1 on hESC to 2.6�0.8 (P�0.005) and
2.1�0.7 (P�0.004), respectively. Combined use of siRNA
and IB even reduced HLA I down to 1.1�0.1 (P�0.002)
(Figure 3A), which corresponds to �99% HLA I reduction.
Between days 7 and 42, the lowered HLA I expression
remained stable in all 3 groups. After 42 days, HLA I
expression in the hESCsiRNA�IB group was still significantly

Figure 1. Survival of hESC after xenoge-
neic transplantation. A total of 106 hESC
or K562 cells were transplanted into the
gastrocnemius muscles of either immuno-
competent BALB/c mice or mouse strains
carrying different immune defects. Cell
survival was longitudinally followed by
bioluminescence imaging. All BALB/c
mice rapidly rejected the hESC trans-
plants, whereas the cells survived in
severely immunodeficient SCID Beige
mice (A and B). Whereas in athymic
BALB/c nude mice only 2 of 9 hESC
transplants were rejected (C), all hESC
grafts were rejected in natural killer-cell-
defective beige mice (D) and perforin�/�
mice (E). Repetitive adoptive transfers of
beige splenocytes (arrows) were sufficient
to cause hESC rejection in SCID Beige
mice (F). K562 formed tumors in SCID
Beige recipients but were rejected in
BALB/c (G) and nude mice (H). The sur-
vival of hESC was not markedly improved
by Fas blockade with ANT-205 in beige (I)
or perforin�/� mice (J). Data are present-
ed as mean�SEM. Ab indicates antibody;
hESC, human embryonic stem cells.
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lower than in either the hESCsiRNA or the hESCIB group
(P�0.003).

The survival of the 3 generated hESC groups in an immuno-
competent host was assessed next. Five days after transplanta-
tion into the hindlimb of BALB/c mice, the Elispot assays
(Figure 3B) showed that IFN-� spot frequencies were highest
for hESC and were significantly reduced with hESCsiRNA

(P�0.048), hESCIB (P�0.002), and hESCsiRNA�IB (P�0.002).
Similarly, IL-4 spot frequencies were significantly reduced
for hESCIB and hESCsiRNA�IB (P�0.001 each). Longitudinal
follow-up on cell survival showed that the last detectable BLI
signals for hESCsiRNA and hESCIB were found after 10 and 14
days, respectively, and all grafts were rejected (Figure 3C).
The rejection of hESCsiRNA�IB, however, was profoundly
mitigated, and the survival was markedly prolonged. In two
thirds of the animals, the BLI signals slowly dropped into the
background after 28 days, but in one third of the animals, the
signals remained stable and showed a slight upward slope
after 4 weeks. In these animals carrying long-term surviving
grafts, BLI signals were still detectable after 2 months. Thus,
with hESCsiRNA�IB, we were able to achieve long-term cell
survival in a stringent xenogeneic setting.

Survival of hESC was further evaluated in a more clini-
cally relevant model of acute myocardial infarction (Figure
4A through 4C). Similar to the results of the hindlimb model,
hESC were rapidly rejected within 5 days in BALB/c mice
but achieved long-term survival with the development of
local teratomas in immunodeficient SCID Beige recipients
(Figure 4D). The survival of hESCsiRNA�IB in immunocom-
petent BALB/c mice was greatly prolonged compared to

hESC, with 2 of 7 animals presenting steady BLI signals
beyond 42 days.

Discussion
In the present study, we have described the fate of hESC after
transplantation into several immunologically well-established
mouse models. The survival of hESC in severely immunode-
ficient SCID Beige recipients exhibiting defective T-cell,
B-cell, and NK-cell responses contrasted the rapid cell death
in immunocompetent BALB/c mice and underlines the im-
munologic nature of cell death. Cell stress and injury from
needle injection were universally seen in all recipient strains
and may be accountable for nonimmunologic early cell losses
over the first 5 days. Nude mice lacking T cells but possess-
ing regular NK-cell, B-cell, and antigen-presenting cell ac-
tivity were unable to reject the majority of hESC transplants.
In contrast, in mice with NK-cell impairment because of
either the beige mutation or lack of the perforin gene,
T-cell-mediated hESC rejection reliably occurred. Addition-
ally, adoptive transfer of beige splenocytes into SCID Beige
recipients was sufficient to induce rapid hESC rejection. As
previously reported by our group,10 T-cell-specific immuno-
suppression significantly prolongs xenogeneic hESC survival
in immunocompetent mice. It has been demonstrated earlier
that hESC11 or their derivatives12 can be recognized by
human T cells and that T-cell recognition is strongly facili-
tated by inflammatory cytokines. The absence of HLA II and
costimulatory molecules on hESC excludes direct antigen
presentation,13 and hESC uniformly escaped rejection in a

Figure 2. Cytotoxic killing of hESC. Allo-
geneic in vitro IFN-� (A) and IL-4 (B)
Elispot assays with human PBMC and
hESC or hESCsiRNA�IB revealed elevated
spot frequencies for hESC only (*P�0.05
versus responder PBMC). K562 but not
hESC or hESCsiRNA�IB induced significant
natural killer (NK)-cell activation (C)
(*P�0.05 versus PMA/ionomycin) in allo-
geneic in vitro NK Elispot assays, and
only K562 induced significant NK-cell
CD107a expression (D) (*P�0.05 versus
K562). IB indicates intrabody; IFN-�,
interferon-�; IL-4, interleukin-4; siRNA,
small interfering RNA. Other abbreviation
as in Figure 1.
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humanized mouse model with defective indirect immune
recognition pathway.11

Although T cells clearly seem to be required for hESC
recognition, other effector cells may participate in the killing.
Blocking both perforin- and FasL-dependent killing, 2 major
cytotoxic effector mechanisms of T cells, did not prevent
hESC rejection. Similarly, allogeneic leukemia cells were
shown previously to be rejected in perforin/FasL double-
deficient mice with macrophages identified as the effector
cell population.14 Komatsu et al15 further demonstrated that
T cells can mediate rejection of allogeneic marrow progenitor
cells through alternative effector pathways independent of
perforin-, FasL-, TWEAK (tumor necrosis factor-like weak
inducer of apoptosis)-, and TRAIL (tumor necrosis factor-
related apoptosis-inducing ligand)-dependent cytotoxicity.15

Effector mechanisms involving antibodies16 and comple-
ment17 have been suggested to contribute to hESC killing in
vivo.

The naturally low HLA I expression of hESC could make
them susceptible to NK killing, but in our experiments, only
T-cell-deficient animals failed to reject hESC, whereas the
lack of NK cells did not prevent vigorous hESC rejection.
Other groups using murine ESCs reported substantial18 or
negligible19 in vitro NK responses, presumably depending on
the experimental conditions. Murine ESCs uniformly have

been reported to form teratomas in syngeneic17,20 but not
allogeneic17,20 or xenogeneic hosts,20 throwing into question
the relevance of NK rejection in immunocompetent hosts.
The hESC were shown not to be effectively recognized by
human NK cells in vitro, only after additional in vitro NK
stimulation.21 The present allogeneic in vitro results con-
firmed that human NK cells barely responded to hESC
challenge and that NK susceptibility did not increase with
HLA I knockdown.

Strategies involving the gene transfer of an anti-HLA I
single-chain IB9 or plasmids containing siRNA22 recently
were introduced to downregulate surface HLA I. Although
we could demonstrate in the present study that either tech-
nique worked with hESC, only their combination provided
the needed level of HLA I knockdown to generate hypoanti-
geneic hESCsiRNA�IB. To our knowledge, our hESCsiRNA�IB

is the first human cell line to achieve long-term survival in a
stringent xenogeneic model without any immunosuppression.
The results further demonstrate that the kinetics of immune
rejection are similar in the nonischemic hindlimb and ische-
mic LAD ligation models. The ischemic conditions also may
hamper cell engraftment but do not narrow the survival
benefit of HLA I knockdown hESCsiRNA�IB. Differences in
the level and endurance of HLA I knockdown still may
determine which graft undergoes slow rejection or proceeds

Figure 3. Generation and transplantation
of hypoantigeneic hESC. Flow cytometry
was used to assess hESC HLA I surface
expression before and after HLA I knock-
down using siRNA, IB, or both. A, Longi-
tudinal analyses demonstrated that once
maximal knockdown was achieved after
�7 days, the lowered HLA I expression
remained stable for 42 days in all 3
knockdown groups. Data are presented
as mean�SEM. *P�0.05 versus hESC.
§P�0.05 versus hESCIB and hESCsiRNA.
B, Cell transplants of hESC hESCsiRNA,
hESCIB, or hESCsiRNA�IB were trans-
planted into immunocompetent BALB/c
mice. After 5 days, IFN-� and IL-4 spot
frequencies were reduced in the knock-
down groups. The last time points of
above-background bioluminescence
imaging signals were days 10 and 14 for
hESCsiRNA and hESCIB, respectively.
*P�0.05 versus hESC. C, Two of 6
hESCsiRNA�IB injections became long-
term surviving cellular grafts. Data are
presented as mean�SEM. HLA, indicates
human leukocyte antigen. Other abbrevia-
tions as in Figures 1 and 2.
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to long-term survival. Future efforts will focus on engineering
a reliable level of HLA I knockdown to facilitate routine
long-term survival.

In summary, we herein highlight a central role for T cells
in the rejection of hESC and demonstrate that hypoantigeneic
HLA I knockdown hESCsiRNA�IB experience strongly dimin-
ished T-cell responses without triggering substantial NK
activity. We provide proof of concept that HLA I knockdown
on hESC is both necessary and sufficient to achieve long-
term graft survival. As progress is made toward the use of
hESC therapeutics in human systems, it will be of great
interest to determine the effect of HLA I knockdown in an
allogeneic human setting.
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Summary
Human embryonic stem cells (hESCs) can serve as a universal cell source for emerging cell or tissue replacement strategies, but immune
rejection of hESC derivatives remains an unsolved problem. Here, we sought to describe the mechanisms of rejection for naı̈ve hESCs

and upon HLA class I (HLA I) knockdown (hESCKD). hESCs were HLA I-positive but negative for HLA II and co-stimulatory
molecules. Transplantation of naı̈ve hESC into immunocompetent Balb/c mice induced substantial T helper cell 1 and 2 (Th1 and Th2)
responses with rapid cell death, but hESCs survived in immunodeficient SCID-beige recipients. Histology revealed mainly macrophages

and T cells, but only scattered natural killer (NK) cells. A surge of hESC-specific antibodies against hESC class I, but not class II
antigens, was observed. Using HLA I RNA interference and intrabody technology, HLA I surface expression of hESCKD was 88%–99%
reduced. T cell activation after hESCKD transplantation into Balb/c was significantly diminished, antibody production was substantially

alleviated, the levels of graft-infiltrating immune cells were reduced and the survival of hESCKD was prolonged. Because of their very
low expression of stimulatory NK ligands, NK-susceptibility of naı̈ve hESCs and hESCKD was negligible. Thus, HLA I recognition by T
cells seems to be the primary mechanism of hESC recognition, and T cells, macrophages and hESC-specific antibodies participate in

hESC killing.

Key words: Human embryonic stem cells, Immunology, Rejection, HLA class I knockdown

Introduction
Human embryonic stem cells (hESCs) are pluripotent with the

capacity to differentiate into any cell line. It is therefore

conceivable that complex tissues can be rebuilt by hESC-based

therapy after tissue injury. In the case of myocardial damage,

therapeutic strategies currently pursued include the transplantation

of hESC-derived cardiac progenitor cells to form contractile

intracardiac grafts (Laflamme et al., 2007; Xue et al., 2005) and the

transplantation of functional in-vitro-generated engineered heart

tissue from hESCs (Domian et al., 2009). Both approaches have

already shown substantial improvements in cardiac function. The

reestablishment of contractile cells contributing to the cardiac

mechanics is aspired, and great progress has recently been

achieved in differentiating hESCs into cardiomyocytes (Burridge

et al., 2007; Passier et al., 2005) and in sorting highly purified

hESC-derived cardiomyocyte populations (Anderson et al., 2007;

Hattori et al., 2010; Mummery, 2010). However, it has to be

emphasized that improvements of cardiac function in experimental

settings have so far only been achieved by transplanting hESC-

derived cardiomyocytes into either immunodeficient (van Laake

et al., 2007) or heavily immunosuppressed recipients (Caspi et al.,

2007). Former beliefs of an immune privilege of hESCs or hESC-

derived tissues have been thoroughly disproven (Drukker et al.,

2006; Swijnenburg et al., 2008a) and human leukocyte antigen

[HLA; the major histocompatibility complex (MHC) in humans]

disparity between the hESC-derived donor cells and the recipient’s

immune cells during transplantation inevitably provokes immune

rejection (Chidgey et al., 2008; Lui et al., 2009).

Although autologous induced pluripotent stem (iPS) cells can

be generated from adult somatic cells as a potential pluripotent

cell source for patients, thereby avoiding immune barriers, the

generation of individualized cellular grafts for every patient

might be impractical. This is because of the complexity of stem

cell generation, requirements for quality assurance, timely and

costly manufacturing process, the possibility of genetic

abnormalities in donor cells and the uncertain availability at

the time of need (Daley and Scadden, 2008). iPS-derived cells or

tissues will more probably, at least in part, be transplanted in an
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allogeneic setting. Therefore, efforts are currently being

undertaken to establish both hESC (Lin et al., 2009) and iPS

cell banks (Tamaoki et al., 2010) in order to achieve at least

partial HLA matching and reduce the risk for rejection. However,

immunosuppressive protocols might still be needed at various

levels.

Our group aims at generating hypoimmunogeneic hESC lines

that would conserve immune non-responsiveness and might

therefore serve as cell sources for generating universally

compatible ‘off-the-shelf’ cell grafts or tissues. We herein

present our studies evaluating the contributions of cellular and

humoral immune components to the killing of hESCs and

demonstrate that HLA class I (HLA I)-knockdown hESCs

(hESCKD) induce a substantially reduced immune activation

and show extended survival.

Results
Characterization of hESCs and hESCKD

hESCs showed modest HLA I and b2-microglobulin surface

expression, whereas these antigens were dramatically reduced in

7-day hESCKD (Fig. 1). Both hESCs and hESCKD were negative

for HLA II and the co-stimulatory molecules CD80, CD86 and

CD40. They were also negative for SSEA-1, a marker for

maturity, but positive for SSEA-4 and the embryonic stem cell

markers Oct-4, Sox-2, SSEA-3 and TRA-1-60. HLA phenotyping

revealed the presence of A2, A3, B35, B44, Cw4, Cw7, DR15,

DR16, DQ5 and DQ6.

Transplantation of hypoantigeneic hESCKD

The mean HLA I expression on hESCKD over time was followed

by fluorescence-activated cell sorting (FACS) (Fig. 2a). After

around 7 days, HLA I expression reached its trough at 1.1¡0.1

(P,0.001 compared with hESCs), which corresponds to ,1% of

the surface expression of naı̈ve hESCs. Between days 7 and 42,

the lowered HLA I expression remained stable, at between

1.1¡0.1 and 2.1¡0.4.

To reveal whether the lowered HLA I surface expression was

due to retainment of intracellular HLA I, the intracellular HLA I

accumulation was quantified (supplementary material Fig. S1).

Intracellular HLA I was hardly detectable in naı̈ve hESCs and

was not increased in hESCs after small interfering RNA (siRNA)

application. In hESCs treated with intrabody (IB), however,

accumulated intracellular HLA I was found. When IB was used

as an adjunct to siRNA in hESCKD, retainment of HLA I was not

observed.

An early decline in BLI signals over the first few days was

observed in Balb/c and SCID-beige recipients of hESCs

(Fig. 2b). This initial decrease in cell viability was attributed to

the transplant procedure itself, whereas the subsequent course of

the bioluminescence imaging (BLI) signal reflected the impact of

immune rejection on the proliferating viable hESC fraction. All

hESCs were rapidly rejected in Balb/c mice and BLI signals were

lost beyond the fifth day. In immunodeficient SCID-beige mice,

which lack both lymphocytic and natural killer (NK) cell killing,

BLI signals steadily increased to regain their initial values by

around day 21. On day 80, macroscopic tumor growth was

observed at the site of injection (supplementary material Fig.

S2a) with ,50 times increased BLI signals (supplementary

material Fig. S2b). Upon histological evaluation, the local tumors

that had formed were clearly identified as teratomas, containing

tissues from all three germ layers (supplementary material Fig.

S2c). The rejection of hESCKD in Balb/c recipients was

profoundly mitigated compared with that of naı̈ve hESC and

their survival was markedly prolonged (Fig. 2b). In six of the ten

animals, the BLI signals slowly dropped into the background at

around day 28, but in four animals the signals remained stable

Fig. 1. Characterization of hESC and hESCKD. Normalized surface molecule expression was assessed by flow cytometry. HLA I and b2-microglobulin were

modestly expressed on hESCs and were successfully knocked down after 7 days in hESCKD. Both hESC and hESCKD were negative for HLA II and co-stimulatory

molecules. They were also negative for SSEA-1 but positive for SSEA-4. Prominent expression of Oct-4, Sox-2, SSEA-3 and Tra-1-60 was confirmed by

immunofluorescence (right-hand panel).
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and lasted for more than 42 days. Therefore, long-term cell

survival in a stringent xenogeneic setting was achieved with

hESCKD in 40% of the animals.

At 5 days after the transplantation, the BLI signals from hESCs

in SCID-beige mice and hESCKD in Balb/c mice were similar,

whereas signals from hESCs in Balb/c mice were hardly

detectable (Fig. 2c). Because SCID-beige mice lack

lymphocytes and NK cells, Elispot assays cannot be performed.

Balb/c Elispot assays performed on day 5 were strikingly

different between the naı̈ve hESC and hESCKD groups

(Fig. 2d). Interferon (IFN)-c (P50.002) and interleukin (IL)-4

spot frequencies (P,0.001) were significantly lower after

hESCKD transplantation. Within the regional lymph nodes, the

regulatory T cell (Treg) fraction (CD25+ Foxp3+) of CD4+ cells

significantly increased 5 days after transplantation of hESCs

(P50.002) or hESCKD (P50.010) compared with control mice.

After 14 days, a substantial time after all hESC grafts had been

rejected, the Treg population had decreased to basal values.

However, all hESCKD grafts still showed viable BLI signals and

the Treg fraction remained elevated (P50.033 among the 14-day

groups). No differences were observed after 42 days (Fig. 2e).

Histology of hESC rejection

Gastrocnemius muscles of Balb/c mice were harvested on day 5

after hESC or hESCKD transplantation and the composition of the

cellular infiltrates was analyzed by immunohistochemistry. hESC

grafts had a mainly round cell morphology and were identified by

their firefly luciferase (Fluc) positivity (Fig. 3a–c). The main cell

populations were macrophages and CD3+ lymphocytes, and only

scarce KLRA1+ NK cells were found (Fig. 3d). All inflammatory

cell populations were significantly lower within hESCKD grafts

(Fig. 3e; P,0.001 each compared with hESC).

Antibody response after hESC transplantation

Untreated Balb/c mice (before transplantation) showed negligible

amounts of naturally occurring anti-hESC xenoantibodies, but

cell transplantation rapidly induced IgM donor-specific antibody

(DSA) production (Fig. 4a). However, the percentage of IgM-

antibody-loaded cells was found to be significantly higher after

hESC transplantation compared with hESCKD transplantation

(P,0.001). Next, the specificity of these antibodies was

determined in Luminex single-antigen assays for HLA I and II.

Class I antibody production was only induced after hESC

transplantation (P50.021 compared with native animals), but not

after transplantation of hypoantigeneic hESCKD (Fig. 4b). There

was no significant induction of class II antibodies in both

transplant groups. hESC re-injection 1 week after the first hESC

transplantation resulted in a massive boost of class I (P50.007

compared with hESCs), but not class II, antibodies, verifying the

specificity of the antibody response. In recipients of hESC, the

mean Z-score of hESC-specific class I antibodies was

significantly higher than that of non-hESC-specific antibodies

(Fig. 4c; P50.049) and all of the six hESC-specific HLA-A, -B

and -C antibody Z-scores were above a threshold of three

(Fig. 4d). In recipients of hESCKD, no hESC-specific class I

antibodies were significantly induced. All HLA-DR and -DQ

antibody Z-scores remained far below the threshold after both

hESC and hESCKD transplantation.

Fig. 2. Transplantation of hypoantigeneic hESC. (a) HLA I knockdown in hESCKD was followed by flow cytometry and showed levels between 1% and

12% of those of naı̈ve hESC between days 7 and 42 (means ¡ s.e.m.). (b) A total of 106 hESCs or hESCKD were transplanted into the gastrocnemius muscle of

either immunocompetent Balb/c or severely immunocompromised SCID-beige mice. All Balb/c mice rapidly rejected the hESC transplants, whereas the cells

survived in SCID-beige recipients. Rejection of hESCKD was markedly attenuated and four out of ten hESCKD grafts achieved long-term survival. (c) On day 5,

BLI signals from hESCs in SCID-beige and hESCKD in Balb/c were similarly strong, whereas signals from hESCs in Balb/c were negligible. (d) Balb/c cellular

immune activation on the same day was significantly stronger after hESC rather than hESCKD transplantation. *P,0.05 compared with hESCs; {P,0.001

compared with hESCs. (e) The percentage of Treg cells (CD25+ Foxp3+ cells) among the CD4+ population in inguinal lymph nodes was monitored over time.

The Treg fraction increased after both hESC and hESCKD transplantation (*P,0.05 compared with native Balb/c) but remained elevated only in the hESCKD

group (§P,0.01 compared with hESC after 14 days).
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Allogeneic cytotoxic killing of hESC

After incubation with CD3+ CD56– lymphocytes, hESCs

(P50.001 and P50.002), but not hESCKD (P51.0 and

P50.428), significantly increased the spot frequencies for IFN-

c (Fig. 5a) and IL-4 (Fig. 5b), respectively, compared with

resting responder lymphocytes. hESCKD were therefore incapable

of inducing relevant in vitro lymphocyte activation. Elispots were

then performed with CD3– CD56+ NK cells. NK-susceptible

K562 cells (P,0.001 compared with responder NK cells)

induced substantial NK cell activation that was similar to the

effect of incubation with PMA plus ionomycin (P,0.001

compared with responder NK). Neither hESCs nor hESCKD

induced relevant IFN-c release (Fig. 5c). Similarly, CD107a

surface expression on NK cells was only significantly increased

upon either incubation with PMA plus ionomycin (P,0.001) or

K562 challenge (P50.001). hESC and hESCKD incubation

(P51.0 compared with responder NK cells) did not alter

CD107a expression (Fig. 5d).

Differences in expression patterns of stimulatory and

inhibitory NK ligands, more than differences in HLA I

expression, might account for the differences in NK

cytotoxicity between K562 cells and hESCKD (Table 1). The

stimulatory danger signals MHC class I polypeptide-related

sequence A (MICA) (P50.012), MICB (P,0.001) and, most

obviously, Hsp70 (P,0.001) were expressed at significantly

higher levels on K562 cells. The stimulatory NK ligands ULBP1,

2 and 3 and the NK inhibitory ligands HLA-E and HLA-G were

similarly low on hESC, hESCKD and K562 cells and might

therefore not account for the different NK susceptibilities of these

cells.

Discussion
The present study aimed at revealing the mechanisms of hESC

rejection and describing the survival benefits of HLA I

knockdown (hESCKD). The immunological nature of cell fate

after xenogeneic transplantation could be demonstrated by the

rapid hESC death in immunocompetent Balb/c mice and the

survival in severely immunodeficient SCID-beige recipients,

exhibiting defective T cell, B cell and NK cell responses. We

could clearly demonstrate strong Th1 (IFNc release) and Th2

(IL-4 release) responses in Balb/c recipients of hESC transplants.

In addition, we showed that those T cell activations were mainly

triggered by hESC HLA I expression because hESCKD largely

failed to induce T cell responses. Differences in the completeness

and durability of HLA I knockdown might therefore determine

which graft undergoes slowed rejection or proceeds to long-term

survival. We could further show that stem cell transplantation

increased the fraction of CD4+ CD25+ Foxp3+ Tregs in regional

lymph nodes and that only recipients of hESCKD showed a

prolonged polarization of T cells toward a regulatory phenotype.

The induction of transplantation tolerance for ESCs by host

conditioning with antibodies specific for the CD4 and CD8

receptors (Robertson et al., 2007) or by costimulatory blockade

(Grinnemo et al., 2008; Pearl et al., 2011) has been successful in

prolonging cell survival. Tregs have been identified as central

regulators for this state of acquired immune privilege.

Interestingly, hESCKD seem to induce similar tolerogenic

responses in non-conditioned immunocompetent hosts. The

regulatory properties of Tregs might be most crucial in the

induction phase of tolerance early after cell transplantation

(Muller et al., 2010).

Strategies involving the gene transfer of an anti-HLA I single

chain IB (Beyer et al., 2004) or plasmids containing siRNA

(Gonzalez et al., 2005) were recently developed to downregulate

surface HLA I. Using the IB technology as a second line of

capture mechanism for the very few HLA I molecules that still

were synthesized despite the use of siRNA caused no retainment

of intracellular HLA I molecules. Such retainment has been

reported with IB alone (Busch et al., 2004) and might

paradoxically increase the antigenicity of cell transplants.

Fig. 3. Histology of hESC transplants. Intramuscularly-injected hESCs

were identified according to their morphology in hematoxylin and eosin (a,b)

and their Fluc-positivity (c). At 5 days after transplantation, hESC grafts

showed markedly more dense infiltrates of MAC2+ macrophages and CD3+

lymphocytes than hESCKD grafts (d). Only a few KLRA1+ NK cells were

found after hESC or hESCKD transplantation. (e) Cell numbers of all three cell

populations were significantly lower within hESCKD rather than hESC grafts.
{P,0.001 compared with hESCs.

Table 1. Stimulatory and inhibitory ligands for NK activation

Ligand hESCs hESCKD K562
P-value

(ANOVA)

MICA 1.1¡0.1 1.2¡0.1 4.9¡2.1 0.012
MICB 1.2¡0.2 1.1¡0.1 4.0¡0.5 ,0.001
Hsp70 2.2¡0.2 2.1¡0.3 12.2¡1.4 ,0.001
ULBP-1 1.5¡0.3 1.4¡0.5 1.3¡0.2 0.792
ULBP-2 1.6¡0.6 1.6¡0.3 1.7¡0.4 0.926
ULBP-3 1.8¡0.6 1.8¡0.3 1.3¡0.1 0.236
HLA class I 9.9¡5.9 1.8¡0.3 1.0¡0.0 0.017
HLA-E 1.4¡0.4 1.4¡0.6 1.4¡0.4 0.995
HLA-G 1.6¡0.9 1.5¡0.6 1.1¡0.2 0.589
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Although T cells are crucial for hESC recognition (the afferent

limb of immune activation), other effector cells might participate

in the killing. In a study with allogeneic leukemia cells, the

blocking of both perforin- and FasL-dependent killing, two major

cytotoxic effector mechanisms of T cells, did not prevent cell

rejection. Macrophages had been identified as the effector cell

population (Nomi et al., 2007). It has been further demonstrated

that T cells can mediate rejection of allogeneic marrow

progenitor cells through alternative effector pathways

independent of perforin-, FasL-, TNF-like weak inducer of

apoptosis (TWEAK)-, and TNF-related apoptosis-inducing ligand

(TRAIL)-dependent cytotoxicity (Komatsu et al., 2003;

Zimmerman et al., 2005). Other cytolytic mechanisms

involving antibodies (Drukker and Benvenisty, 2004) and

complement (Koch et al., 2006) have also been suggested to

contribute to the killing of hESCs in vivo.

The importance of antibody-mediated rejection after cell

transplantation is gaining increasing awareness and has already

been reported for hematopoietic (Spellman et al., 2010) and

mesenchymal stem cell (MSC) transplantation (Beggs et al.,

2006; Cho et al., 2008) and for islet transplantation

(Mohanakumar et al., 2006). FACS-based DSA quantification

using living cells identifies all bound antibodies both against

HLA and non-HLA epitopes. In our murine model, we did not

find naturally occurring anti-hESC antibodies, but cell

transplantation induced a rapid surge of DSAs. Antibody

production after hESC transplantation was restricted to the

HLA class I and was mostly specific for hESC HLA I. HLA II

was absent on hESCs and could not be induced by stimulation.

Consequently, there was no significant antibody production

against HLA II. hESC re-injection induced a boost in HLA I IgG

antibodies, as has been reported after MSC transplantation in

swine (Cho et al., 2008). Even non-cytotoxic alloantibodies

detected by flow cross-match, which are negative in conventional

complement-dependent lymphocytotoxic cross-match, have been

reported to be sufficient to cause immunologic damage of

transplanted islets (Mohanakumar et al., 2006). The antibody

surge in our study occurred rapidly (within 5 days) and

accompanied the strong cellular immune activation. Reports

that short-term T-cell-specific immunosuppression prevented the

antibody response against transplanted MSCs support the

hypothesis of a T-cell-driven humoral response against cellular

grafts (Poncelet et al., 2008). Ongoing humoral rejection of islet

grafts was successfully treated with an anti-CD20 monoclonal

antibody (Kessler et al., 2009). Epitope spreading might have

caused some concomitant increase of non-hESC-specific

antibodies in our study and has also been recognized after

clinical hematopoietic stem cell transplantation (Leffell et al.,

2009; Papassavas et al., 2002). The antigenicity of hESCKD was

low enough to prevent the induction of hESC-specific antibody

production.

The naturally low HLA I expression of hESCs could make

them susceptible to NK killing. However, the histological

sections of immunocompetent hESC-rejecting Balb/c mice

revealed macrophages as the dominant cell population,

followed by CD3+ lymphocytes and revealed only scattered

NK cells. The early surge of hESC-specific antibodies and the

direct correlation between the level of HLA I knockdown and the

Fig. 4. Antibody response after hESC transplantation. (a) At 5 days after transplantation into Balb/ mice, flow cytometry showed a significantly stronger

hESC-specific antibody production for hESCs compared with hESCKD. *P,0.05 compared with both before transplantation and with hESCKD transplantation.

(b) Luminex single-antigen assays revealed HLA class I-specific antibody induction by hESCs but not hESCKD, which was massively boosted by hESC

re-injection. *P,0.05 compared with native Balb/c; §P,0.05 compared with hESCs. HLA class II antibody induction was not observed. (c,d) In recipients of

hESC grafts, the mean Z-score of hESC-specific class I antibodies was significantly higher than that of non-hESC-specific antibodies and all of the six

hESC-specific HLA-A, -B and -C antibody Z-scores were above a threshold of 3 s.d. #P,0.05. The recipients of hESCKD did not significantly induce

hESC-specific class I antibody production, and recipients of both groups did not develop relevant hESC-specific class II antibodies.
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strength of the T cell response, as well as the pace of cell

rejection, are further proof of an adaptive T-cell-directed immune

response. There are reports of substantial (Dressel et al., 2010;

Dressel et al., 2008) and negligible (Bonde and Zavazava, 2006;

Koch et al., 2008; Mammolenti et al., 2004) in vitro NK

responses against murine ESCs, presumably depending on the

experimental conditions. Although even syngeneic NK cells have

been reported to kill murine ESCs after adequate stimulation in

vitro (Dressel et al., 2010), murine ESCs have uniformly been

reported to form teratomas in syngeneic (Dressel et al., 2008;

Koch et al., 2006; Kolossov et al., 2006) but not allogeneic

(Dressel et al., 2008; Koch et al., 2006) or xenogeneic recipients

(Dressel et al., 2008). Because the cytotoxic activity of mouse

NK cells in vitro strongly depended on sufficient activation,

SCID mice, deficient in T and B cells but with functional NK

cells, were treated with poly(I:C) and were used as recipients for

murine ESCs. The in vivo NK activity was found to be increased

and the frequency of teratoma formation significantly reduced

(Dressel et al., 2010). In vivo rejection of murine ESC derivatives

by NK cells has also been reported in Rag2–/– mice (Tabayoyong

et al., 2009). Both mouse models lack functional lymphocytes

and contain greatly increased numbers of NK cells (Tabayoyong

et al., 2009). The impact of NK cells in immunocompetent hosts

might, however, be less important. hESCs have been shown not

to be effectively recognized by human NK cells in vitro (Drukker

et al., 2002) but only after additional in vitro NK stimulation

(Tseng et al., 2010). Besides the lack of MHC I on target cells,

the activation of additional stimulatory NK receptors is necessary

to trigger NK killing (Bryceson et al., 2006), and the expression

of stimulating NK ligands can lead to lysis even in the presence

of MHC I (Cerwenka et al., 2001). Murine ESCs have been

shown to express high levels of the NKG2D ligands REA-1, H60,

MULT-1 (Bonde and Zavazava, 2006; Dressel et al., 2008;

Frenzel et al., 2009) and ICAM-1 (Frenzel et al., 2009), and

blocking of these receptors prevents cell lysis (Frenzel et al.,

2009; Preynat-Seauve et al., 2009). Murine ESC-derived

cardiomyocytes, however, which are negative for MHC I but

also negative for NKG2D ligands, were spared by NK cells

(Frenzel et al., 2009). Human equivalents for NKG2D ligands are

MICA and MICB and ULBP1, 2 and 3. Here, we have shown that

hESCs and hESCKD express NKG2D ligands at negligible levels

and might therefore be less susceptible to human and murine NK

killing (Drukker et al., 2006) than their murine counterparts.

Furthermore, hESC and hESCKD express Hsp70 at much lower

levels than the HLA-I-negative and NK-susceptible

erythroleukemia cell line K562. Hsp70-blocking experiments

with K562 cells strongly reduced NK cytotoxicity (Stangl et al.,

2008), demonstrating the important activating role of Hsp70.

Because of the 94.5% homology between human and mouse

Hsp70, murine NK cells have been previously shown to kill

Fig. 5. Allogeneic cytotoxic killing of hESC. Human PBMCs

were separated into lymphocytes (CD3+ CD56–) and NK cells

(CD3– CD56+). IFN-c (a) and IL-4 (b) Elispot assays revealed

that only hESCs, and not hESCKD, significantly induced

allogeneic lymphocyte activation in vitro. *P,0.05 compared

with responder lymphocytes. NK cell activation (c) and

CD107a surface expression (d) was provoked by either PMA

plus ionomycin stimulation or K562 incubation. *P,0.05 and
{P,0.001 compared with responder NK cells. Both hESCs and

hESCKD did not induce significant NK cell activation.
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Hsp70-expressing MICA-positive human tumors (Elsner et al.,
2007). NK depletion in nude mice has been demonstrated to

facilitate tumor growth of K562 xenografts and the development of
metastases (Yoshimura et al., 1996). hESCs have been shown
previously to only very weakly express ligands for the natural

cytotoxicity receptor (NCR) NKp44, and ligands for NKp30,
NKp46 and CD16 were not found (Drukker et al., 2002). Blocking
experiments with NCR antibodies did not inhibit in vitro NK
killing of hESC derivatives and made NCR appear less important

for NK activation of hESCs (Preynat-Seauve et al., 2009). The low
levels of HLA-E and HLA-G on hESCs and hESCKD do not
support an NK-protective role in these cell populations. However,

HLA-G is upregulated in hESC-derived mesenchymal progenitor
cells and has been shown to contribute to the immunosuppressive
properties of the mesenchymal stem cell phenotype (Yen et al.,

2009).

Conclusions

We demonstrate a central role for HLA I in the recognition of
hESCs by xenogeneic or allogeneic T cells. The HLA-I-

knockdown hESCKD experience strongly diminished cellular
and antibody responses. Despite HLA-I-knockdown, hESCKD do
not trigger substantial NK activity, which might be related to
their negligible expression of stimulating NK ligands. We believe

the generation of hypoantigeneic cell sources is a requisite for
future ex vivo generation of hypoantigeneic tissues for cell
replacement therapies.

Materials and Methods
Animals

Male Balb/c (n572) and SCID-beige (CB17.Cg-PrkdcscidLystbg/Crl; n58) mice
were purchased from Charles River Laboratories (Sulzfeld, Germany) and received
humane care in compliance with the Guide for the Principles of Laboratory
Animals.

hESCs

H9 hESCs (Wicell, Madison, WI) were maintained on inactivated murine
embryonic fibroblast (MEF) feeder layers (Millipore, Billerica, MA) in hESC
medium. hESC colonies were separated from MEF feeders by incubation with
dispase (Invitrogen) and subcultured on feeder-free Matrigel-coated plates
(Matrigel from BD Biosciences) before use. The hESC and iPS cell
characterization kit (Applied StemCell, Sunnyvale, USA) was used to
demonstrate the expression of Oct-4, Sox-2, SSEA-3 and TRA-1-60. HLA
immunotyping was performed by using LiPA HLA-DRB1, -DQB1, -A, -B and -C
kits according to the manufacturer’s protocol (Innogenetics, Alpharetta, GA).

HLA I knockdown

Gene silencing both at the post-transcriptional level using small interfering RNA
(siRNA) (Caplen et al., 2001) and at the post-translational level with intrabody
(IB) technology (Beyer et al., 2004) were used to generate HLA-I-knockdown
hESCs (hESCKD).

siRNA technique

HLA class I siRNA (Ambion, Darmstadt, Germany), a target-specific 20–25
nucleotide siRNA, was used at a concentration of 20 mM. A total of 10 ml of
20 mM siRNA solution was incubated with 200 ml OptiMEM (Invitrogen)
containing 0.3 ml DharmaFECT 1 (Thermo Scientific). Then, 1.2 ml of prepared
siRNA in OptiMEM was added into each hESC well and incubated for 24 hours.
To assess the efficiency of siRNA delivery into cells, the localization of the siGLO
green transfection indicator (Thermo Scientific), which localizes to the nucleus,
was checked. hESC were transfected with siGLO green (20 nM), complexed with
DharmaFECT 1 transfection reagent (0.1 ml/well), fixed with 3.7% formaldehyde
solution and stained with phalloidin–Alexa-Fluor-546.

Intrabody technique

E1-deleted human Ad5 recombinant adenovirus containing the anti-human-HLA-I
single-chain intrabody fragment (AdScFv), driven by the cytomegalovirus (CMV)
promoter, was constructed, purified and assayed for plaque forming units (pfu) per
ml, as described previously (Kolls et al., 1994). The intrabodies recognize a non-

polymorphic HLA I epitope. Transduction of cells was performed with a
multiplicity of infection (MOI) of 150 pfu. To assess transduction efficiency, E1-
deleted, human Ad5 recombinant adenovirus encoding for the enhanced green
fluorescent protein (AdvGFP), as a reporter construct, was generated and served as
the control construct. The AdvGFP transduction dilutions were prepared at a MOI
of 150 pfu.

hESC surface molecule expression

hESCs were dissociated by trypsinization, and 56105 cells were stained for
45 minutes at 4 C̊ in 100 ml of 0.1% BSA in PBS containing an appropriate
dilution of a desired phycoerythrin (PE)-conjugated antibody. Primary antibodies
used were against: human-SSEA-1 (clone MC-480), SSEA-4 (clone MC813-70),
IgG3 isotype control from R&D Systems (Minneapolis, MN), HLA DR/DP/DQ
(clone WR18), IgG2a isotype control from Abcam (Cambridge, MA), b2-
microglobulin (clone TÜ99), HLA -A, -B and -C (clone DX17), CD80 (clone
L307.4), CD40 (clone 5C3), CD86 [clone 2331(FUN-1)] and IgG1 (clone MOPC-
21) from BD Biosciences. Sample measurement was performed on a FACSCalibur
system (Becton Dickinson, Heidelberg, Germany) and analysis was performed
using FlowJo (Tree Star, Ashland, OR). In the histograms, the isotype controls are
represented by solid gray areas and the antigens of interest by black lines. To
quantify surface molecule expression, mean fluorescence intensities (MFI) of the
above molecules were compared to those of the associated negative isotype
controls. Normalized expression was calculated as (MFI of molecule) divided by
(MFI of isotype control). Therefore, a normalized expression of 1 corresponds to
no molecule expression.

Cell transplantation

Before transplantation, hESCs were trypsinated and resuspended in sterile PBS at
16106 cells per 50 ml. Previous studies have shown that injections of 16106

hESCs provide reliable signals for in vivo imaging and are sufficient to form stable
grafts in immunocompromised recipients (Lee et al., 2009). hESCs viability was
,95% as determined by Trypan Blue staining. hESC transplantation was
performed by direct injection into the right gastrocnemius muscle of recipient
mice using a 27-gauge syringe. For histology, gastrocnemius muscle or teratomas
were formalin-fixed and paraffin-embedded. Hematoxylin and eosin (H&E) or
periodic acid Schiff (PAS) stained slides were interpreted by an expert pathologist
(J.V.) blinded to the study. The density of MAC2+ macrophages, CD3+
lymphocytes and KLRA1+ NK cells was quantified in eight animals receiving
hESC or hESCKD, respectively using Image J (NIH, Bethesda, MD).

Bioluminescence imaging (BLI)

hESCs were transduced with pLenti CMV/TO V5-LUC Puro reporter gene at a
multiplicity of infection (MOI) of 10 to stably express firefly luciferase (Fluc).
Viral aliquots were kindly provided by Eric Campeau (Campeau et al., 2009). The
Fluc-tagged hESC line is resistant to puromycin and cells were purified using a
concentration of 0.2 mg/ml puromycin for 5 days followed by plating on feeder
layer cells for culturing. BLI was performed using the Xenogen in vivo imaging
system (Caliper Life Sciences, Hopkinton, MA) as reported earlier (Cao et al.,
2006). This imaging modality allows for quantitative, longitudinal and non-
invasive studies of cell viability and location within the same animals (Sun et al.,
2009; Swijnenburg et al., 2008b). Mice were anesthetized with 2% isoflurane and
D-luciferin (Caliper Life Sciences) was administered intraperitoneally at a dose of
375 mg per kg of body weight. At the time of imaging, animals were placed in a
light-tight chamber, and photons emitted from Fluc-expressing hESCs were
counted. The recipient mice were scanned repetitively on days 0, 1, 3, 5, 7, 14, 21,
28, 35 and 42, or until the signal dropped to background levels. BLI signals were
quantified in units of photons per second (total flux) and are presented on a
logarithmic scale.

Immune response assays (xenogeneic in vivo immune response)

Elispot assays
The spleen of recipient animals was harvested 5 days after hESC transplantation,
to isolate recipient splenocytes. Elispot assays using 16105 mitomycin-treated
hESC as stimulator cells and 16106 recipient splenocytes as responder cells were
performed according to the manufacturer’s protocol (BD Biosciences) using IFN-c
and IL-4-coated plates. Spots were automatically enumerated using an Elispot
plate reader (CTL, Ohio, USA) for scanning and analyzing.

Tregs
Inguinal lymph nodes were harvested from untreated Balb/c control mice and from
recipients of hESC or hESCKD transplants after 5, 14 and 42 days. The percentage
of CD25+ Foxp3+ cells among the CD4+ population was assessed by FACS
analysis using the FoxP3 Staining Kit (BD Biosciences).

Donor-specific antibodies (DSAs)
hESC-specific mouse xenoantibodies were detected by FACS analysis. The serum
of Balb/c mice before and 5 days after transplantation of hESCs or hESCKD was
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incubated with graft cells and the binding of graft-specific antibodies was
quantified. Only IgM antibodies were analysed because of their known rapid surge
within 5 days upon allogeneic stimulation. Sera from 6 recipient mice per group
were decomplemented and equal amounts of sera and hESC suspensions (16106

cells per ml) were incubated. IgM antibodies were stained by incubation of the
cells with a PE-conjugated goat antibody specific for the Fc portion of mouse IgM
(BD Biosciences). Cells were washed and then analyzed on a FACSCalibur system
(BD Biosciences). Fluorescence data were expressed as MFI.

Single antigen bead technology
Sera from untreated native Balb/c mice or Balb/c recipients of hESC or hESCKD 5
days after cell transplantation were centrifuged (8,000–10,000g) for 10 min. Then,
20 ml of undiluted serum supernatant per test well was incubated with 5 ml of
LABScreen single antigen beads (HLA Class I, LS1A04 Lot 006 and HLA Class
II, LS2A01 Lot 008, One Lambda, Canoga Park, CA) for 30 minutes in the dark at
20–25 C̊. The specimens were then washed before being incubated with PE-
conjugated anti-mouse IgG for a further 30 minutes at room temperature. Beads
were washed again and re-suspended by adding 80 ml of PBS to each well.
Fluorescence was measured with the Luminex100 flow analyzer (Luminex, Austin,
TX) in six animals per group and the data were expressed as MFI. A MFI Z-score,
indicating how many standard deviations a specific antibody was above or below
the mean of native mice was introduced to describe the humoral response.

Allogeneic in vitro immune response (Elispot assays)

For allogeneic in vitro Elispot assays, human peripheral blood mononuclear cells
(PBMCs) were separated from 50 ml peripheral blood drawn from healthy blood
donors and CD3+ CD56– lymphocytes and CD3– CD56+ NK cells were purified
by MACS sorting (Miltenyi, Auburn, CA). Elispot assays were performed with
56105 hESCs and 56105 human CD3+ CD56– lymphocytes or CD3– CD56+ NK
cells.

Degranulation assay with NK cells

The cell-mediated cytotoxicity of sorted CD3– CD56+ human NK cells was
evaluated in a CD107a degranulation assay. This is a sensitive assay for the surface
expression of CD107a as a result of activation-induced degranulation and secretion
of the lytic granule contents. NK cells were incubated for 6 hours with FITC-
labeled anti-CD107a monoclonal antibody (BD Biosciences). K562, hESCs or
hESCKD at ratios of 1:10, or PMA+ionomycin was added and the surface
expression of CD107a was determined by FACS.

Statistical analysis

Data are presented as means ¡ s.d. unless stated otherwise. Comparisons between
groups were performed by independent sample Student’s t-tests or ANOVA with
Bonferroni post-hoc tests, where appropriate. Differences were considered
significant for P,0.05. Statistical analysis was performed using SPSS statistical
software for Windows (SPSS, Chicago, IL, USA).

Supplementary material available online at

http://jcs.biologists.org/lookup/suppl/doi:10.1242/jcs.087718/-/DC1
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