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Abstract. the tissue kallikrein-kinin system (KKS) is an 
endogenous multiprotein metabolic cascade which is impli-
cated in the homeostasis of the cardiovascular, renal and 
central nervous system. Human tissue kallikrein (KlK1) is a 
serine protease, component of the KKS that has been demon-
strated to exert pleiotropic beneficial effects in protection from 
tissue injury through its anti‑inflammatory, anti‑apoptotic, 
anti‑fibrotic and anti‑oxidative actions. Mesenchymal stem 
cells (mScs) or endothelial progenitor cells (ePcs) consti-
tute populations of well-characterized, readily obtainable 
multipotent cells with special immunomodulatory, migratory 
and paracrine properties rendering them appealing poten-
tial therapeutics in experimental animal models of various 
diseases. Genetic modification enhances their inherent proper-
ties. mScs or ePcs are competent cellular vehicles for drug 
and/or gene delivery in the targeted treatment of diseases. 
KLK1 gene delivery using adenoviral vectors or KlK1 protein 
infusion into injured tissues of animal models has provided 
particularly encouraging results in attenuating or reversing 
myocardial, renal and cerebrovascular ischemic phenotype 
and tissue damage, thus paving the way for the administra-
tion of genetically modified MSCs or EPCs with the human 
tissue KLK1 gene. engraftment of KLK1-modified mScs 
and/or KLK1‑modified EPCs resulted in advanced beneficial 
outcome regarding heart and kidney protection and recovery 
from ischemic insults. Collectively, findings from pre‑clinical 
studies raise the possibility that tissue KlK1 may be a novel 
future therapeutic target in the treatment of a wide range of 
cardiovascular, cerebrovascular and renal disorders.
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1. Introduction

the tissue kallikrein-kinin system (KKS) is an endogenous 
multiprotein metabolic cascade which is implicated in a 
plethora of biological processes such as inflammation, vasodi-
lation, blood coagulation, fibrinolysis, blood pressure control, 
vascular permeability, cardioprotection, smooth muscle 
contraction, electrolyte balance and pain induction. activation 
of KKS leads to synthesis of the vasoactive peptides kinins by 
enzymatic hydrolysis of precursor kininogens including high 
molecular weight kininogen (HmWK) and low molecular 
weight kininogen (lmWK) (1,2). Kininogens are physiological 
substrates for proteolytic cleavage by a family of serine prote-
ases consisting of kallikreins (KlKs) originating from plasma 
(pKlK) and tissue (tKlK) (3). Human plasma kallikrein 
(KlKB1) is a serine protease synthesized predominantly in 
the liver that possesses a high affinity binding site for HMWK, 
which is cleaved to produce the nonapeptide bradykinin. Human 
tissue kallikrein (KlK1) is a serine protease of the S1 serine 
protease superfamily which cleaves lmWK to produce the 
decapeptide lys-bradykinin (kallidin) that is further processed 
to bradykinin by a second aminopeptidase cleavage. Bradykinin 
is the basic vasoactive peptide of the KKS involved in the 
regulation of blood pressure as well as flow. Bradykinin‑related 
peptides bind to B1 and B2 bradykinin receptors in order to 
activate a number of downstream targets such as nitric oxide 
(no), cGmP, prostacyclin and camP, which in turn induce 
numerous biological processes implicated in angiogenesis 
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by stimulation of vascular endothelial growth factor (veGf) 
formation through binding to B2 receptor, increase of vascular 
permeability, vasodilation, smooth muscle contraction/relax-
ation, inflammation and pain (4‑8). In addition, KLK1 protease 
showing both trypsin- and chymotrypsin-like specificity, 
appears to have many physiological protein substrates including 
pro-insulin, pro-renin, low-density lipoprotein, and the matrix 
metalloproteinases (mmPs) pro-gelatinase (mmP-2) and 
pro-collagenase (mmP-9) (9,10).

Human mesenchymal stem cells (mScs) are multipotent 
fibroblast-like somatic cells with the ability to self-renew, 
proliferate and differentiate in order to give rise to tissue- or 
organ‑specific cells of the mesodermal lineage (e.g., osteoblasts, 
chondrocytes, adipocytes, stroma cells, skeletal myoblasts 
and endothelial cells). mScs are a heterogeneous subset of 
stromal stem cells that can be isolated from many different adult 
or fetal tissue sources including bone marrow, adipose tissue, 
umbilical cord blood, amniotic fluid, synovial fluid, periph-
eral blood, dermis, liver, skin and skeletal muscle (11-14). as 
determined by the international Society for cellular therapy 
(iSct), human mScs must meet the following minimum 
criteria: adherence to tissue culture plastic under standard 
culture conditions, expression of cell surface molecules cd105, 
cd73 and cd90 and lack of expression of cd45, cd34, cd14 
or cd11b, cd79α or cd19 and Hla class ii and capability 
of differentiating into adipocytes, osteocytes and chondrocytes 
under standard experimental conditions in vitro (15).

another stem cell population which has been proposed as 
remarkable candidate for stem cell therapy is human endothe-
lial progenitor cells (ePcs). ePcs are precursor cells that have 
the potential to differentiate into mature endothelial cells and 
can be isolated from bone marrow aspirate or peripheral blood 
of adult organisms. ePcs participate in the processes of post-
natal formation of new blood vessels and recovery of damaged 
tissues by incorporating into the vasculature and by secreting 
vasculogenic cytokines and proangiogenic factors such as 
veGf, angiopoietin-1 (ang1), hepatocyte growth factor 
(HGf), platelet-derived growth factor (PdGf), monocyte 
chemoattractant protein‑1 (MCP‑1), and macrophage inflam-
matory protein-1 (miP-1) (16-20). vasculogenic cytokines 
recruit ePcs to the process of healing in response to hypoxia 
or ischemia, whereas proangiogenic cytokines regulate ePc 
mobilization, homing, proliferation, and differentiation. the 
angiogenic potency of ePcs is also demonstrated through their 
tube formation capacity in in vitro assays or when injected 
to murine models. ePcs also contribute to neovasculariza-
tion and tissue repair of musculoskeletal and neural tissue 
including the bone and spinal cord. transplantation of ePcs 
has been used to treat ischemic diseases in animal models and 
clinical trials (20-22).

2. Stem cell properties

Key properties of human mScs are their immunomodulatory 
capability and their marked propensity to migrate towards sites 
of injury or inflammation (tropism). Due to these special char-
acteristics, mScs have been highlighted as promising tools for 
clinical use in regenerative medicine as well as targeted cell 
therapy of various diseases including cardiovascular, cerebro-
vascular, renal, autoimmune disorders and cancer (13,23,24). 

mScs of various origin can be readily extracted from adult 
tissues and expanded in vitro without the loss of their potential 
for clinical applications or differentiation into multiple cell 
lineages (14,25).

one of the most intriguing features of mScs is that they 
can interact with cells of both the innate and adaptive immune 
systems and modulate their effector functions by secreting 
several cytokines. interleukins 10 (il-10) and 8 (il-8) and 
transforming growth factor-β (tGf-β) produced by mScs lead 
to repression of immune responses and promotion of tissue 
healing. mSc-mediated immunomodulation results in mSc 
escape from host immunological recognition and rejection in 
allogeneic injection due to lack of major histocompatibility 
complex mHc-ii and only minimal mHc-i protein expres-
sion (13,24,26).

the other crucial feature of mScs is that they can physi-
ologically perfuse into the peripheral blood and migrate to 
injured or inflamed tissues (tropism), where they can inhibit 
the release of pro‑inflammatory cytokines and promote the 
survival of damaged cells (24,27). mSc tropism is mediated 
through paracrine signaling between the site of injury and 
corresponding receptor expression on mScs (23). for example, 
stromal cell-derived factor-1 (Sdf-1) is one of the main 
chemokines mediating the mobilization and homing of stem 
cells to damaged tissues and was found to improve repairing 
efficiency (28). These unique properties render MSCs ideal 
vehicles for cellular gene transfer.

interestingly, there is an mSc population that has been 
particularly highlighted for its unique characteristics: The 
mScs derived from the Wharton's jelly (Wj-mScs) - an 
anatomic region within the umbilical cord. Wj-mScs are 
primitive cells categorized somewhere between embryonic 
stem cells (eScs) and adult stem cells. due to their immu-
nogenic and functional superiority to other mScs, a special 
mention of Wj-mScs should be made. Similar to eScs and 
unlike adult mScs, they are consistently positive for pluri-
potency and self-renewal markers (29). importantly, they 
are safer to use since they do not form teratomas in vivo (in 
contrast to eScs) and sustain high proliferation rates for 
extended periods in culture with no signs of transformation, 
in contrast to adult mScs that have been linked to transforma-
tion events as a result of replicative senescence (30). the most 
remarkable feature of Wj-mScs is their hypo-immunogenic 
profile (a key requirement for allogeneic transplantation) and 
their capacity for immunomodulation (31). Wj-mScs are 
capable of evading immune recognition due to their lack of 
co-stimulatory molecule expression, which is normally impli-
cated in activation of t and B cell responses and they can also 
suppress allogeneically stimulated t cells to a greater extent 
than adult mScs (32).

3. Therapeutic implications of naïve stem cells

clinical trials using human mScs of various origin as well as 
ePcs are currently underway to treat cardiovascular, cerebro-
vascular, renal, intestinal and autoimmune diseases.

Implications in cardiovascular disorders. accumulating 
evidence from a variety of animal models of acute myocar-
dial infarction (mi) injected or transplanted with mScs, has 
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demonstrated that mScs constitute promising therapeutic tools 
for repairing and regenerating cardiac cells, interrupting the 
progress of left ventricular remodeling following acute mi and 
restoring heart structure and function by reducing infarct size 
and enhancing angiogenesis and arteriogenesis in the ischemic 
tissue (11,33-39). their effects are attributed to their special 
properties of homing to injured tissues, self-proliferating and 
differentiating into cardiomyocytes in the damaged area. 
indeed, mScs are able to differentiate into cells that exhibit 
cardiomyocyte features in vitro, however, the proportion of 
mScs that differentiate into cardiomyocytes in vivo and those 
that actually survive for a long period is very small (40,41). 
as known, ischemia induces the production of reactive oxygen 
species (roS) and a number of inflammatory molecules, 
such as tumor necrosis factor (tnf)-α, intercellular adhesion 
molecule-1 (icam-1) and mcP-1 (42). after transplantation 
into the body, mScs exhibit paracrine activity by secreting 
various cytokines including growth factors (e.g., veGf) 
that produce anti‑inflammatory as well as reparative effects. 
these molecules can decrease gene expression of inflam-
matory agents such as tnf-α and il-1β and il-6 and they 
can also promote survival, growth, or differentiation of other 
cells in the area of the mi, and this is considered the major 
contribution of MSCs in treatment efficacy (37,41,43,44). The 
functionally superior Wj-mScs transplanted by direct injec-
tion into the infarcted area of myocardium could survive and 
differentiate into cardiomyocytes and endothelial cells and 
also promoted recruitment and differentiation of cardiac stem 
cells in a porcine model. in addition, Wj-mSc transplanta-
tion was shown to reduce apoptosis and fibrosis, enhance 
viable myocardium, and improve ventricular remodeling and 
function (45). Scheduled and ongoing clinical trials test the 
efficacy and safety of these cells in patients with MI (e.g., 
clinicaltrials.gov; nct01291329).

Implications in neurological disorders. mScs have been  
reported as having significant neural differentiation poten-
tial in culture and being neurogenic after transplantation 
in rodent models, therefore they have gained interest in 
their potential usefulness in cell-based therapy strategies 
for neurodegenerative diseases and traumatic injuries of 
the nervous system (11,46,47). indeed, prolonged cultured 
bone marrow-derived mScs can differentiate into 
neuron-like cells (48). transplantation of bone marrow-derived 
mScs to animal models of neurodegenerative disorders 
including Parkinson's disease and ischemic brain injury has 
been reported to ameliorate functional deficits (49,50). The 
main challenge to stem cell therapy of central nervous system 
(cnS) diseases is getting mScs into the cnS through the 
blood-brain barrier (51). When transplanted into the brain, 
mScs produce neurotrophic and growth factors that protect 
and induce regeneration of damaged tissue. it has been shown 
that mScs can differentiate into neurons and glial cells. 
additionally, transplantation of mScs enables the formation 
of new blood vessels, thereby increasing blood flow in the 
ischemic region. it has been shown that intravenous injection 
of umbilical cord blood-derived mScs to transgenic mice with 
alzheimer's disease results in a decline of cerebral amyloid β 
(aβ) peptide and an increase of this peptide in blood plasma 
due to its excretion from the brain through the blood-brain 

barrier, as well as a reduction of pro‑inflammatory responses 
in the brain and periphery (52-55). moreover, Wj-mScs have 
been used for induction of neurons and glial cells (56) and 
they have been shown to promote functional and morphologic 
recovery of peripheral nerves after axonotmesis and neurot-
mesis injuries in a rat model (57). Wj-mScs effectivity in 
patients with chronic traumatic spinal cord injury is under 
clinical trial (clinicaltrials.gov; nct03003364).

Implications in renal disorders. mounting evidence from 
ongoing or completed clinical trials indicates that mSc 
therapy is feasible, safe, well tolerated, and can effectively 
improve renal pathologies including acute kidney injury (aKi) 
and chronic kidney disease (cKd), diabetic nephropathy, 
focal segmental glomerulosclerosis (fSGS), systemic lupus 
erythematous (Sle), and kidney transplantation. Since regen-
erative capability of renal cells in humans is very limited, 
damage in these cells usually lead to devastating diseases. 
numerous preclinical studies in various murine models have 
paved the way for novel therapeutic strategies with the use of 
mScs and/or ePcs in a wide range of renal disorders both 
acute and chronic (58-60).

mScs have a renoprotective and regenerative action on 
injured kidney tissues via paracrine mechanisms: anti‑fibrotic, 
anti-apoptotic, pro-angiogenic, proliferative, differentiative, 
antioxidative, immunosuppressive and immunomodulatory. 
More specifically, paracrine release of extracellular vesicles 
including exosomes that contain genetic and protein mate-
rial by mScs has been proposed to exert trophic and 
reparative effects, which can activate mechanisms to amelio-
rate renal injury (21,60). it has been shown that implantation 
of bone marrow-derived mScs after ischemia/reperfusion 
(i/r)-induced acute renal failure promotes restoring of renal 
function and morphology, thereby implicating the great thera-
peutic potential of mScs in healing damaged kidneys (61-63). 
Administration of MSCs has demonstrated significant reduc-
tion of intrarenal inflammatory infiltrate, decreased fibrosis, 
and glomerulosclerosis in animal models of cKd (59). 
moreover, in animal models of diabetic nephropathy, mScs 
reduced glomerulosclerosis and oxidative stress (64-66). 
intrarenal delivery of mScs and ePcs in a porcine model 
of renovascular hypertension resulted in decreased myocar-
dial injury induced by renovascular hypertension as well as 
decreased renal injury (67,68). In addition, the identification 
and characterization of adult renal progenitor cells from 
rodents as well as humans has provided further insights 
concerning stem cell regenerative potential in renal tubular 
injuries (58,69,70). a meta-analysis of studies in animal 
models by Papazova et al demonstrated that cell-based therapy 
reduced development and progression of cKd by decreasing 
urinary protein and urea associated with glomerulosclerosis 
and interstitial fibrosis (71). Although MSC delivery in in vivo 
models of fSGS has been scarcely studied, results were 
promising as mScs were shown to stabilize and attenuate 
the progression of fSGS (72,73). Studies have shown that 
allogeneic bone marrow or umbilical cord-derived mSc trans-
plantation results in amelioration of disease and could reverse 
multiorgan dysfunction in Sle (74,75). treatment with mScs 
exhibiting anti‑inflammatory and immunomodulatory proper-
ties had either beneficial or no adverse effect on autoimmune 
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lupus nephritis (the major clinical manifestation of Sle) as 
well as inflammatory bowel disease (IBD), but more research 
as to whether MSCs could actually benefit these patients is 
still underway (76,77). furthermore, Wj-mScs were shown 
to improve renal function in a xenogeneic mouse model of 
acute renal injury by increasing proliferation and decreasing 
apoptosis of renal tubular cells, a function mediated through 
the mitochondrial pathway, and through the increase of akt 
phosphorylation (78). Wj-mScs are being clinically tested 
in patients with diabetic nephropathy (clinicaltrials.gov; 
nct03288571).

ePcs are reduced in number and impaired in angiogenic 
function in patients with atherosclerosis, cardiovascular and 
chronic renal diseases. Preclinical studies have shown that 
ePcs are mobilized from the bone marrow to peripheral 
blood in response to veGf or other chemotactic molecules, 
home in at injured or inflamed tissues and differentiate into 
vessel-forming endothelial cells and/or regulate pre-existing 
endothelial cells (19,79-81). moreover, ePcs attenuate vascular 
inflammation and improve left ventricular function both 
in vitro and in vivo, thereby being regarded as promising tools 
for post-mi therapy. indeed, post-mi implantation of ePcs 
into ischemic myocardium of animal models can home to sites 
of injury and enhance recovery. the number and function of 
circulating ePcs has been inversely correlated with cardio-
vascular disease risk as a potential biomarker for patients 
with hypertension and coronary artery disease (18,80,82-86). 
furthermore, ePcs have been proposed as useful tools in 
cell-based treatment of renal and ischemic cerebrovascular 
diseases. Studies have shown that mobilization of ePcs 
contributes to endothelial repair in the kidney immediately 
after i/r (87,88). ePcs have been also shown to decrease 
neuronal apoptosis and promote the proliferation and migra-
tion of neural stem cells by repairing vascular endothelial cells 
and inducing neo-vascularization in animal models of cere-
bral ischemia. Growth factor (e.g., veGf) secretion by ePcs 
contributes to post-stroke angiogenesis and neurogenesis, 
thereby reconstructing the functions and structures of vascular 
and neural networks (22,89,90).

Stem cell therapy using naïve mScs and/or ePcs for tissue 
regeneration confronts many challenges regarding stem cell 
viability, vitality and functionality. after extensive debate on 
these issues, research advances could finally provide safer appli-
cable solutions.

4. Genetically‑modified stem cells in treatment of human 
diseases

Genetic modification of human stem or progenitor cells (e.g., 
MSCs and/or EPCs) for targeted delivery of specific thera-
peutic agents or genes has been proven to be a very significant 
advancement in regenerative medicine, since it can improve 
viability, proliferative capability and metabolic features of 
these cells which are sensitive to the hypoxic and inflam-
matory environment in ischemic tissue. for example, mScs 
overexpressing the anti-apoptotic gene Akt1 (Akt‑MSCs) were 
shown to be more resistant to apoptosis in vitro and in vivo (91). 
Moreover, the efficacy of MSCs for clinical use can be opti-
mized by pre-treatment with drugs, cytokines, and growth 
factors (92,93).

MSCs can be genetically modified by viral and non‑viral 
methods. non-viral physical and chemical methods of 
gene transfer are able to deliver larger transgenes than viral 
methods, but their main drawback is the low transfection 
efficiency and transient gene expression (94). MSCs can be 
efficiently transduced with viral vectors such as lentiviruses, 
retroviruses, baculoviruses and adenoviruses without affecting 
their stem cell properties. viruses can be useful as delivery 
vectors after being considerably modified in order to become 
replication incompetent with attenuated cytopathic effects 
and immunogenicity. viral vectors are particularly appealing 
because they can enable high transduction efficiency and, 
depending on the type of virus used, can deliver long-term 
stable transgene expression. the safety of cell-based therapy 
with the use of viral vectors is a crucial issue that has not 
been resolved yet, but advances in vector design have helped 
towards this direction (23,95). for example, mScs genetically 
modified to express VEGF have been shown to enhance the 
cardioprotective effects of mScs followed by angiogenesis 
effects for the treatment of acute mi, whereas Akt gene- or 
heme oxygenase-1 (HO‑1) gene‑modified MSCs have been 
shown to dramatically improve ischemic cardiac function and 
mSc viability and prevent ventricular remodeling and apop-
tosis of cardiomyocytes and endothelial cells, thus restoring 
the function of infarcted hearts (91,96-98). in addition, mScs 
genetically modified with HGF or VEGF ameliorated acute 
renal damage, inflammation and apoptosis (99,100).

Genes such as tissue KLK1 that have been shown to inhibit 
inflammation, apoptosis, fibrosis and ROS formation, would be 
a choice for the genetic modification of MSCs and/or EPCs that 
are intended against organ or tissue injury in human diseases. 
indeed, tissue KLK1‑modified MSCs (KLK1-mScs) have been 
reported to play a protective role in cardiovascular, cerebro-
vascular and renal disorders in vivo as well as in vitro (63). in 
this review we discuss the advances in the use of KLK1-mScs 
and/or KLK1-ePcs in cell-based therapy of human diseases.

5. Tissue KLK1‑modified stem cells in cardiac and vascular 
diseases

the KKS through its components is a crucial regulator of 
homeostasis of the cardiovascular system throughout the life 
of an individual and has been implicated in blood pressure 
regulation (vasodilation) as well as pathogenesis of hyperten-
sion (6,101). Since the discovery of tissue KlK1 localization in 
cardiac and vascular tissues (102-104), multiple experimental 
studies have investigated its role and potential therapeutic 
application both in vitro and in vivo. tissue KlK1 has been 
demonstrated to exert pleiotropic beneficial effects in cardio-
vascular system function by reducing hypertension, attenuating 
cardiac inflammation and myocardial fibrosis, increasing NO 
formation, restoring coronary blood flow, decreasing infarct 
size, promoting neo-vascularization and capillary density and 
preventing restenosis after acute mi through the veGf and 
kinin B2 receptor-akt-glycogen synthase kinase (GSK)-3β 
signaling pathways (105‑110). Many of these beneficial effects 
of KlK1 are mediated by the activation of no signaling path-
ways, which are responsible for a decrease in oxidative stress 
in animal models. In vivo studies with gene delivery using 
adenoviral vectors that contained the human KLK1 gene or 
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with KlK1 protein infusion have shown that KlK1 reduces 
cardiac inflammation, hypertrophy, fibrosis and apoptosis of 
cardiomyocytes in animal models of mi (105-108,111-113). 
In vitro studies on cardiomyocytes and endothelial cells showed 
that tissue KlK1 expression inhibited hypoxia-induced roS 
formation as well as cardiomyocyte apoptosis via activation 
of akt-mediated signaling cascades (akt-GSK-3β and akt-
Bad-14-3-3) (4,108,109,114). moreover, KLK1 gene delivery 
increases the population of cardiac progenitor cells (cPcs) 
and promotes viability, increases the regional blood flow and 
neo-vascularization in the peri-infarct myocardium (115). 
adenovirus-mediated KLK1 gene delivery in rodent models 
was also found to induce endogenous angiogenesis in response 
to ischemia, and to reduce neointima formation in injured 
vessels or after balloon angioplasty via activation of akt and 
no-cGmP signaling pathways (116-119). these data suggest 
that KLK1 gene therapy might be applicable to peripheral 
occlusive vascular diseases.

engineered mScs can be used as vehicles to deliver thera-
peutic agents such as tissue KlK1 to injured end-organs. it has 
been shown that mScs transduced with adenovirus containing 
the human tissue KLK1 gene (KLK1‑MSCs) acquire improved 
properties that augment their protective role in cardiovascular 
diseases. KLK1-mScs secrete KlK1 which may contribute 
to the reduction in myocardial fibrosis via proteolytic activa-
tion of pro-mmP-2 and -9. mmPs are known to degrade the 
physiological collagen scaffold of the myocardium and other 
extracellular matrix (ecm) proteins. KLK1-mScs also express 
higher levels of VEGF and VEGF‑R compared to unmodified 
mScs (39,107,120,121). the upregulation of veGf and its 
receptor could partly account for KlK1-induced neo-vascu-
larization in the infarct myocardium (107). the in vivo 
pro-angiogenic effects of KLK1-mScs exhibiting augmented 
veGf secretion were additionally confirmed in vitro in 
cultured endothelial cells wherein a significant increase of 
proliferation, migration and tube formation was observed (39). 
KlK1 can also inhibit collagen synthesis and promote 
collagen breakdown. notably, administration of KLK1-mScs 
to rats reduces cardiac collagen deposition and cardiomyocyte 
hypertrophy (39,122). moreover, KLK1-mScs show reduced 
caspase-3 activity compared to controls and their administra-
tion to rats decreased myocardial apoptosis after mi. cultured 
KLK1-mScs are more resistant to hypoxia-induced apoptosis 
compared to control mScs and this resistance possibly enables 
engraftment of KLK1-mScs to the infarct area in larger 
amount than control mScs. administration of KLK1-mScs 
to rats also resulted in significant decrease of inflammatory 
cell (neutrophil and monocyte/macrophage) accumulation 
in the myocardium and parallel downregulation of tnf-α, 
icam-1 and mcP-1 after mi (39). it has also been suggested 
that KLK1‑MSCs could provide significant cardioprotection 
possibly due to the ability of KlK1 to activate the kinin B2 
receptor to either form kinins or not, thereby attenuating 
myocardial damage through akt signaling and no produc-
tion (39,106). taken together, the aforementioned findings 
converge to the notion that MSCs modified with human tissue 
KLK1 gene constitute appealing therapeutics with multifac-
eted potential in cell-based therapy of myocardial ischemia.

ePcs have also been transduced with adenovirus containing 
the human tissue KLK1 gene and studied in vitro and in vivo 

for the effects of their implantation in animal models of isch-
emia. yao et al reported that genetic modification of EPCs 
with the human KLK1 gene induces akt phosphorylation and 
veGf expression in response to oxidative stress. KLK1-ePcs 
provided enhanced cardioprotection in rats by preventing 
cardiomyocyte apoptosis, reducing infarct size, restoring left 
ventricular function and increasing therapeutic angiogenesis 
and arteriogenesis after acute ischemia-induced mi (85,123). 
the angiogenic activity of cultured KLK1-ePcs is promoted 
by increased expression of endothelial no synthase (enoS) 
and integrin αvβ3 on the surface of ePcs (19). furthermore, 
the increased KLK1 expression levels lead to enhanced cell 
proliferation, adhesion, migration, invasion, and tube forma-
tion and decreased hypoxia-induced apoptosis in cultured 
KLK1-ePcs (19,85). importantly, KLK1-ePcs exhibited 
significant retention and viability in ischemic heart which is an 
important factor for preservation of cardiac function. fu et al 
also found that the administration of KLK1-ePcs into the 
caudal vein of ischemic rats results in a more effective increase 
of muscular capillary density, blood flow and myofiber number 
in an induced hindlimb ischemia rat model in comparison to 
administration of unmodified or control EPCs (19).

6. Tissue KLK1‑modified stem cells in renal diseases

the renal KKS is involved in electrolyte and water homeostasis, 
blood pressure regulation and inflammation. Historically, 
tissue KlK1 was discovered in human urine at the beginning 
of the twentieth century as a substance exerting hypotensive 
action. KlK1 is localized in the collecting segment of the renal 
distal tubule and its release into the tubules can be induced 
by the electrolyte balance (low sodium levels, high potassium 
levels) and antidiuretic hormone (114,124). KlK1 renal excre-
tion in urine is decreased in hypertensive rodents and humans 
to an extent that is proportional to the severity of renal failure. 
this decrease might result from a decrease in kinin generation 
(e.g., bradykinin) in hypertensive conditions, since kininogen 
levels and kinin-forming factors are reduced in essential and 
malignant hypertension. it has been suggested that the role of 
renal bradykinin is to excrete the excess sodium. therefore, 
decrease in renal bradykinin generation may lead to sodium 
accumulation in the body which in turn could result in the 
development of hypertension (124-126).

Several studies have shown that KlK1 improves renal func-
tion by increasing glomerular filtration rate and renal blood 
flow via its anti‑inflammatory, anti‑oxidative, anti‑fibrotic and 
anti-apoptotic actions in animal models of renal injury. for 
example, KLK1 gene delivery using an adenovirus vector or 
KlK1 protein infusion in hypertensive dahl salt-sensitive rats 
has been shown to attenuate renal dysfunction, induce no 
production and reverse the process of renal inflammation and 
fibrosis in bradykinin B2 receptor‑mediated manner (127‑131). 
liu et al confirmed the previous findings by blocking endog-
enous KlK1 activity in a rat model of cKd which resulted 
in increased inflammatory cell (macrophages/monocytes) 
infiltration and myofibroblast and collagen deposition in 
kidneys (132). Specifically, endogenous KLK1 was shown to 
inhibit angiotensin ii-induced roS and superoxide forma-
tion as well as renal nadH oxidase activity through no 
production in deoxycorticosterone acetate (doca)-salt 
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hypertensive rats, which exhibit high renal KlK1 levels. 
Moreover, KLK1 significantly increased MMP‑2 activity and 
inhibited synthesis of tissue inhibitor of mmP-2 (timP-2) 
as well as plasminogen activator inhibitor-1 (Pai-1), thereby 
promoting degradation of ecm protein components (e.g., 
collagen I and fibronectin) as demonstrated both in vivo and 
in cultured renal cells (63,132,133). most likely, KlK1 exerts 
its anti‑fibrotic effect by increasing ECM degradation which 
leads to a decrease of mesenchymal fibroblast accumulation 
in the interstitium of the cortex and medulla. moreover, KlK1 
was demonstrated to decrease renal hypertrophy, namely 
kidney weight, glomerular size, and proliferation of epithelial 
tubular cells. KlK1 protein infusion in rats also promoted the 
recovery of gentamicin-induced nephrotoxicity by inhibiting 
apoptosis and caspase-3 activity and increasing akt phosphor-
ylation in proximal tubular renal cells. therefore, endogenous 
tissue KlK1 can attenuate and reverse renal injury by reducing 
oxidative stress, apoptosis, inflammation and fibrosis in vivo 
through activation of bradykinin B2 receptor (63,114,133-135). 
overall, these studies outline the beneficial role of tissue 
KlK1 in the preservation of kidney structure and function by 
promoting tissue repair and regeneration in aKi and modu-
lating the progression of cKd.

as already mentioned, KLK1 modified mScs secrete 
recombinant human KlK1 as well as increased veGf levels 
into culture medium, and exhibit augmented survival under 
oxidative stress conditions compared to control mScs. 
after systemic injection in rats, KLK1-mScs migrated to 
the injured kidney and KlK1 overexpression was detected 
in rat glomeruli after i/r injury. KLK1-mScs implanta-
tion in rat kidney provided advanced protection against 
ischemia-induced kidney injury by suppression of apoptosis 
and interstitial inflammatory cell accumulation. The engraft-
ment of KLK1-mScs reduced blood urea nitrogen, serum 
creatinine levels, and tubular injury. veGf secretion from 
KLK1-mScs may be partly responsible for the improvement 
of renal injury, as well (114,120). moreover, the KKS has been 
shown to be involved in the acute manifestations of lupus 
nephritis which occurs when antibodies and complement 

components accumulate and cause inflammation of the kidney 
in Sle patients (136). KlK1, among other members of the 
KlK family, was found to exert a protective role against 
Sle and anti-glomerular basement membrane (anti-GBm) 
antibody-induced nephritis in rodents as well as humans (137). 
li et al studied the effects of KLK1-mSc administration into 
murine injured kidneys and confirmed that KlK1 attenu-
ated spontaneous lupus nephritis in mice (138). KLK1-mScs 
displayed a remarkable protective effect against anti-GBm 
induced-nephritis and lupus nephritis compared to control 
mScs by inhibiting oxidative stress, renal cell apoptosis and 
inflammatory cell infiltration into the kidneys of nephritic 
mice, in line with findings of Hagiwara et al (120). taken 
together, the above presented data suggest that KLK1‑modified 
mScs have the potential to be used as therapeutic agents in a 
wide variety of renal diseases.

7. Tissue KLK1‑gene delivery in neurological diseases

the KKS is capable of dilating cerebral arterial vessels partly 
because of the release of endothelium-derived relaxing factor 
no which plays a complex role in cerebral ischemia. ischemic 
conditions trigger an excessive activation of neuronal no 
synthase (noS), which results in production of no that is toxic 
to surrounding neurons, but critical in maintaining cerebral 
blood flow and reducing infarct volume. The KKS through 
participation in noS activation and following no formation 
is implicated in endothelial cell function in the setting of isch-
emic stroke (139).

despite the lack of studies using KLK1 modified MSCs in 
models of cerebrovascular or neurodegenerative diseases, we 
review current knowledge on the effects of adenovirus-medi-
ated KLK1 gene delivery in animal models of cerebral 
ischemia/ischemic stroke. zhang et al have demonstrated 
that KLK1 gene transfer attenuates the blood pressure rise 
and cerebral damage in hypertensive dahl salt-sensitive rats 
leading to a decrease in the stroke-induced mortality rate (140). 
Subsequent studies have shown that intracerebroventricular 
injection of adenovirus carrying the KLK1 gene prevents 

Figure 1. Genetic modification strategy for the insertion of KLK1 gene into naïve stem cells and possible therapeutic applications. mScs, mesenchymal stem 
cells; ePcs, endothelial progenitor cells; aKi, acute kidney injury; cKd, chronic kidney disease; fSGS, focal segmental glomerulosclerosis; Sle, systemic 
lupus erythematous.
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stroke-induced ischemic brain injury (cerebral infarction) 
by inhibiting neuronal and glial apoptosis and inflammation 
while promoting neurogenesis and angiogenesis in the isch-
emic brain of a rat model as well as in vitro (139,141,142). 
moreover, administration of tissue KlK1 can specifically 
stimulate the proliferation of murine neural stem cells only 
(no other neural cell types) independent of kinin formation, 
but without inducing their differentiation into neurons or glial 
cells (143). tissue KlK1 administration can also suppress 
glutamate- or acidosis-mediated neurotoxicity in vitro and 
protect from hypoxia/reoxygenation-induced neuronal injury 
by promoting neuron viability at least partially through the 
KlK1-B2r-erK1/2 signaling pathway (144). collectively, 
these findings raise the possibility that tissue KlK1 may 
be a novel therapeutic target in the treatment of ischemic 
stroke-induced brain injuries paving the way for KLK1-mSc 
administration research in neurological diseases.

8. Conclusion

numerous studies have outlined the pleiotropic beneficial 
effects of tissue KlK1 protease, component of the KKS, in 
the protection of cardiovascular, renal and central nervous 
systems from tissue injury. Genetic modification of stem 
cells or progenitor cells with KLK1 gene enhances their 
viability and proliferative, migratory and functional proper-
ties, thus increasing their tissue healing effects in various 
human diseases (fig. 1). engraftment of KLK1-mScs and/or 
KLK1-ePcs into animal models provided advanced protection 
against vascular and organ damage. Aforementioned findings 
reveal the KlK1 relevance to human diseases and pave the 
way for further research on the potential therapeutic perspec-
tives of KLK1-mScs and/or KLK1-ePcs that could lead to 
the translation of preclinical studies into effective and safe 
targeted therapies for cardiovascular, cerebrovascular and 
renal diseases.

Acknowledgements

the present study was supported by iKy fellowships of 
excellence for Postgraduate Studies in Greece - SiemenS 
Program (2016-2017).

References

 1. moreau me, Garbacki n, molinaro G, Brown nj, marceau f 
and adam a: the kallikrein-kinin system: current and future 
pharmacological targets. j Pharmacol Sci 99: 6-38, 2005. 

 2. Kashuba e, Bailey j, allsup d and cawkwell l: the kinin- 
kallikrein system: Physiological roles, pathophysiology and its 
relationship to cancer biomarkers. Biomarkers 18: 279-296, 2013. 

 3. Bourdet B, Pécher c, minville v, jaafar a, allard j, Blaes n, 
Girolami jP and tack i: distribution and expression of B2-kinin 
receptor on human leukocyte subsets in young adults and elderly 
using flow cytometry. Neuropeptides 44: 155‑161, 2010. 

 4. chao j, Bledsoe G, yin H and chao l: the tissue kallikrein-kinin 
system protects against cardiovascular and renal diseases and 
ischemic stroke independently of blood pressure reduction. Biol 
chem 387: 665-675, 2006. 

 5. emami n and diamandis eP: new insights into the functional 
mechanisms and clinical applications of the kallikrein-related 
peptidase family. mol oncol 1: 269-287, 2007. 

 6. Bryant jW and Shariat-madar z: Human plasma kallikrein-kinin 
system: Physiological and biochemical parameters. cardiovasc 
Hematol agents med chem 7: 234-250, 2009. 

 7. Hillmeister P and Persson PB: the kallikrein-kinin system. acta 
Physiol (oxf) 206: 215-219, 2012. 

 8. Björkqvist J, Jämsä A and Renné T: Plasma kallikrein: The 
bradykinin-producing enzyme. thromb Haemost 110: 399-407, 
2013. 

 9. Borgoño ca and diamandis eP: the emerging roles of human 
tissue kallikreins in cancer. nat rev cancer 4: 876-890, 2004. 

10. Sotiropoulou G, Pampalakis G and diamandis eP: functional 
roles of human kallikrein-related peptidases. j Biol chem 284: 
32989-32994, 2009. 

11. lee Kd: applications of mesenchymal stem cells: an updated 
review. chang Gung med j 31: 228-236, 2008.

12. christodoulou i, Kolisis fn, Papaevangeliou d and zoumpourlis v: 
comparative evaluation of human mesenchymal stem cells of fetal 
(Wharton's jelly) and adult (adipose tissue) origin during prolonged 
in vitro expansion: considerations for cytotherapy. Stem cells 
int 2013: 246134, 2013. 

13. Shafei ae, ali ma, Ghanem HG, Shehata ai, abdelgawad aa, 
Handal Hr, talaat Ka, ashaal ae and el-Shal aS: mesenchymal 
stem cells therapy: a promising cell based therapy for treatment 
of myocardial infraction. j Gene med 19: e2995, 2017.

14. rhee Kj, lee ji and eom yW: mesenchymal stem cell-mediated 
effects of tumor support or suppression. int j mol Sci 16: 
30015-30033, 2015. 

15. dominici m, le Blanc K, mueller i, Slaper-cortenbach i, 
marini f, Krause d, deans r, Keating a, Prockop dj and 
Horwitz E: Minimal criteria for defining multipotent mesen-
chymal stromal cells. the international Society for cellular 
therapy position statement. cytotherapy 8: 315-317, 2006. 

16. rehman j, li j, orschell cm and march Kl: Peripheral blood 
‘endothelial progenitor cells’ are derived from monocyte/macro-
phages and secrete angiogenic growth factors. circulation 107: 
1164-1169, 2003. 

17. Hristov m and Weber c: endothelial progenitor cells: 
characterization, pathophysiology, and possible clinical 
relevance. j cell mol med 8: 498-508, 2004. 

18. Kränkel N, Lüscher TF and Landmesser U: ‘Endothelial progenitor 
cells’ as a therapeutic strategy in cardiovascular disease. curr vasc 
Pharmacol 10: 107-124, 2012. 

19. fu SS, li fj, Wang yy, you aB, Qie yl, meng X, li jr, li Bc, 
Zhang Y and Da Li Q: Kallikrein gene‑modified EPCs induce 
angiogenesis in rats with ischemic hindlimb and correlate with 
integrin αvβ3 expression. PloS one 8: e73035, 2013. 

20. Kamei n, atesok K and ochi m: the use of endothelial progenitor 
cells for the regeneration of musculoskeletal and neural tissues. 
Stem cells int 2017: 1960804, 2017. 

21. Hickson lj, eirin a and lerman lo: challenges and oppor-
tunities for stem cell therapy in patients with chronic kidney 
disease. Kidney int 89: 767-778, 2016. 

22. liao S, luo c, cao B, Hu H, Wang S, yue H, chen l and zhou z: 
endothelial progenitor cells for ischemic stroke: update on basic 
research and application. Stem cells int 2017: 2193432, 2017. 

23. Sage eK, thakrar rm and janes Sm: Genetically modified 
mesenchymal stromal cells in cancer therapy. cytotherapy 18: 
1435-1445, 2016. 

24. uccelli a, moretta l and Pistoia v: mesenchymal stem cells in 
health and disease. nat rev immunol 8: 726-736, 2008. 

25. mishra Pj, mishra Pj, Glod jW and Banerjee d: mesenchymal 
stem cells: flip side of the coin. cancer res 69: 1255-1258, 2009. 

26. ye z, Wang y, Xie Hy and zheng SS: immunosuppressive effects 
of rat mesenchymal stem cells: involvement of cd4+cd25+ regu-
latory t cells. Hepatobiliary Pancreat dis int 7: 608-614, 2008.

27. Borlongan cv: Bone marrow stem cell mobilization in stroke: a 
‘bonehead’ may be good after all! leukemia 25: 1674-1686, 2011. 

28. Kortesidis a, zannettino a, isenmann S, Shi S, lapidot t and 
Gronthos S: Stromal-derived factor-1 promotes the growth, 
survival, and development of human bone marrow stromal stem 
cells. Blood 105: 3793-3801, 2005. 

29. fong cy, richards m, manasi n, Biswas a and Bongso a: 
comparative growth behaviour and characterization of stem 
cells from human Wharton's jelly. reprod Biomed online 15: 
708-718, 2007. 

30. fong cy, chak ll, Biswas a, tan jH, Gauthaman K, chan WK 
and Bongso A: Human Wharton's jelly stem cells have unique 
transcriptome profiles compared to human embryonic stem cells 
and other mesenchymal stem cells. Stem cell rev 7: 1-16, 2011. 

31. Weiss ml, anderson c, medicetty S, Seshareddy KB, Weiss rj, 
vanderWerff i, troyer d and mcintosh Kr: immune properties 
of human umbilical cord Wharton's jelly-derived cells. Stem 
cells 26: 2865-2874, 2008. 



devetzi et al:  KLK1-modified Stem cellS in tarGeted tHeraPy of Human diSeaSeS1184

32. Prasanna Sj and jahnavi vS: Wharton's jelly mesenchymal 
stem cells as off-the-shelf cellular therapeutics: a closer look 
into their regenerative and immunomodulatory properties. open 
tissue eng regen med j 4: 28-38, 2011. 

33. yoon j, min BG, Kim y-H, Shim Wj, ro ym and lim d-S: 
differentiation, engraftment and functional effects of pre-treated 
mesenchymal stem cells in a rat myocardial infarct model. acta 
cardiol 60: 277-284, 2005. 

34. tang j, Xie Q, Pan G, Wang j and Wang m: mesenchymal stem 
cells participate in angiogenesis and improve heart function 
in rat model of myocardial ischemia with reperfusion. eur j 
cardiothorac Surg 30: 353-361, 2006. 

35. Wolf d, reinhard a, Krause u, Seckinger a, Katus Ha, 
Kuecherer H and Hansen a: Stem cell therapy improves 
myocardial perfusion and cardiac synchronicity: new appli-
cation for echocardiography. j am Soc echocardiogr 20: 
512-520, 2007. 

36. yang j, zhou W, zheng W, ma y, lin l, tang t, liu j, yu j, 
zhou X and Hu j: effects of myocardial transplantation of marrow 
mesenchymal stem cells transfected with vascular endothelial 
growth factor for the improvement of heart function and angio-
genesis after myocardial infarction. cardiology 107: 17-29, 2007. 

37. Guo J, Lin GS, Bao CY, Hu ZM and Hu MY: Anti‑inflammation 
role for mesenchymal stem cells transplantation in myocardial 
infarction. Inflammation 30: 97‑104, 2007. 

38. Xu X, Xu z, Xu y and cui G: effects of mesenchymal stem 
cell transplantation on extracellular matrix after myocardial 
infarction in rats. coron artery dis 16: 245-255, 2005. 

39. Gao l, Bledsoe G, yin H, Shen B, chao l and chao j: tissue 
kallikrein‑modified mesenchymal stem cells provide enhanced 
protection against ischemic cardiac injury after myocardial 
infarction. circ j 77: 2134-2144, 2013. 

40. amado lc, Saliaris aP, Schuleri KH, St john m, Xie jS, 
cattaneo S, durand dj, fitton t, Kuang jQ, Stewart G, et al: 
cardiac repair with intramyocardial injection of allogeneic 
mesenchymal stem cells after myocardial infarction. Proc natl 
acad Sci uSa 102: 11474-11479, 2005. 

41. Goradel nH, Hoor fG, negahdari B, malekshahi zv, 
Hashemzehi m, masoudifar a and mirzaei H: Stem cell therapy: 
a new therapeutic option for cardiovascular diseases. j cell 
Biochem 119: 95-104, 2018.

42. chen Xl, zhang Q, zhao r and medford rm: Superoxide, 
H2o2, and iron are required for TNF‑alpha‑induced MCP‑1 gene 
expression in endothelial cells: role of rac1 and nadPH oxidase. 
am j Physiol Heart circ Physiol 286: H1001-H1007, 2004. 

43. caplan ai and dennis je: mesenchymal stem cells as trophic 
mediators. j cell Biochem 98: 1076-1084, 2006. 

44. choi SH, jung Sy, Kwon Sm and Baek SH: Perspectives on stem 
cell therapy for cardiac regeneration. advances and challenges. 
circ j 76: 1307-1312, 2012. 

45. zhang W, liu Xc, yang l, zhu dl, zhang yd, chen y and 
zhang Hy: Wharton's jelly-derived mesenchymal stem cells 
promote myocardial regeneration and cardiac repair after miniswine 
acute myocardial infarction. coron artery dis 24: 549-558, 2013. 

46. deng j, Petersen Be, Steindler da, jorgensen ml and laywell ed: 
mesenchymal stem cells spontaneously express neural proteins in 
culture and are neurogenic after transplantation. Stem cells 24: 
1054-1064, 2006. 

47. tropel P, Platet n, Platel jc, noël d, albrieux m, Benabid al 
and Berger f: functional neuronal differentiation of bone 
marrow-derived mesenchymal stem cells. Stem cells 24: 
2868-2876, 2006. 

48. tseng Py, chen cj, Sheu cc, yu cW and Huang yS: Spontaneous 
differentiation of adult rat marrow stromal cells in a long-term 
culture. j vet med Sci 69: 95-102, 2007. 

49. dezawa m, Hoshino m and ide c: treatment of neurodegen-
erative diseases using adult bone marrow stromal cell-derived 
neurons. expert opin Biol ther 5: 427-435, 2005. 

50. Kim ej, Kim n and cho SG: the potential use of mesenchymal 
stem cells in hematopoietic stem cell transplantation. exp mol 
med 45: e2, 2013. 

51. aleynik a, Gernavage Km, mourad yS, Sherman lS, liu K, 
Gubenko ya and rameshwar P: Stem cell delivery of therapies 
for brain disorders. clin transl med 3: 24, 2014. 

52. nikolic Wv, Hou H, town t, zhu y, Giunta B, Sanberg cd, 
zeng j, luo d, ehrhart j, mori t, et al: Peripherally admin-
istered human umbilical cord blood cells reduce parenchymal 
and vascular β-amyloid deposits in alzheimer mice. Stem cells 
dev 17: 423-439, 2008. 

53. tanna t and Sachan v: mesenchymal stem cells: Potential in 
treatment of neurodegenerative diseases. curr Stem cell res 
ther 9: 513-521, 2014. 

54. Galieva lr, mukhamedshina yo, arkhipova SS and rizvanov aa: 
Human umbilical cord blood cell transplantation in neuroregen-
erative strategies. front Pharmacol 8: 628, 2017. 

55. lee nK, na dl and chang jW: Killing two birds with one 
stone: the multifunctional roles of mesenchymal stem cells in 
the treatment of neurodegenerative and muscle diseases. Histol 
Histopathol: nov 30, 2017 (epub ahead of print).

56. Gärtner A, Pereira T, Gomes R, Luís AL, França ML, Geuna  S, 
Armada‑da‑Silva P and Maurício AC: Mesenchymal stem cells 
from extra-embryonic tissues for tissue engineering - regen-
eration of the peripheral nerve. in: advances in Biomaterials 
Science and Biomedical applications. Pignatello r (ed). intech, 
2013.

57. Ribeiro J, Gartner A, Pereira T, Gomes R, Lopes MA, Gonçalves C, 
Varejão A, Luís AL and Maurício AC: Perspectives of employing 
mesenchymal stem cells from the Wharton's jelly of the umbilical 
cord for peripheral nerve repair. int rev neurobiol 108: 79-120, 
2013. 

58. chambers Be and Wingert ra: renal progenitors: roles in 
kidney disease and regeneration. World j Stem cells 8: 367-375, 
2016. 

59. Peired aj, Sisti a and romagnani P: mesenchymal stem 
cell-based therapy for kidney disease: a review of clinical 
evidence. Stem cells int 2016: 4798639, 2016. 

60. aghajani nargesi a, lerman lo and eirin a: mesenchymal 
stem cell-derived extracellular vesicles for kidney repair: current 
status and looming challenges. Stem cell res ther 8: 273, 2017. 

61. tögel f, Hu z, Weiss K, isaac j, lange c and Westenfelder c: 
administered mesenchymal stem cells protect against ischemic 
acute renal failure through differentiation-independent mech-
anisms. am j Physiol renal Physiol 289: f31-f42, 2005. 

62. lange c, tögel f, ittrich H, clayton f, nolte-ernsting c, 
zander ar and Westenfelder c: administered mesenchymal 
stem cells enhance recovery from ischemia/reperfusion-induced 
acute renal failure in rats. Kidney int 68: 1613-1617, 2005. 

63. chao j, Bledsoe G and chao l: Kallikrein-kinin in stem cell 
therapy. World j Stem cells 6: 448-457, 2014. 

64. Ezquer F, Ezquer M, Simon V, Pardo F, Yañez A, Carpio D and 
conget P: endovenous administration of bone-marrow-derived 
multipotent mesenchymal stromal cells prevents renal failure 
in diabetic mice. Biol Blood marrow transplant 15: 1354-1365, 
2009. 

65. fang y, tian X, Bai S, fan j, Hou W, tong H and li d: autologous 
transplantation of adipose-derived mesenchymal stem cells 
ameliorates streptozotocin-induced diabetic nephropathy in rats 
by inhibiting oxidative stress, pro‑inflammatory cytokines and 
the p38 maPK signaling pathway. int j mol med 30: 85-92, 
2012.

66. castiglione rc, maron-Gutierrez t, Barbosa cm, ornellas fm, 
Barreira al, dibarros cB, vasconcelos-dos-Santos a, 
Paredes Bd, Pascarelli Bm, diaz Bl, et al: Bone marrow-derived 
mononuclear cells promote improvement in glomerular function 
in rats with early diabetic nephropathy. cell Physiol Biochem 32: 
699-718, 2013. 

67. zhu Xy, urbieta-caceres v, Krier jd, textor Sc, lerman a and 
lerman lo: mesenchymal stem cells and endothelial progenitor 
cells decrease renal injury in experimental swine renal artery 
stenosis through different mechanisms. Stem cells 31: 117-125, 
2013. 

68. eirin a, zhu Xy, Krier jd, tang H, jordan Kl, Grande jP, 
lerman a, textor Sc and lerman lo: adipose tissue-derived 
mesenchymal stem cells improve revascularization outcomes 
to restore renal function in swine atherosclerotic renal artery 
stenosis. Stem cells 30: 1030-1041, 2012. 

69. Bussolati B, Bruno S, Grange c, Buttiglieri S, deregibus mc, 
cantino d and camussi G: isolation of renal progenitor cells 
from adult human kidney. am j Pathol 166: 545-555, 2005. 

70. angelotti ml, ronconi e, Ballerini l, Peired a, mazzinghi B, 
Sagrinati c, Parente e, Gacci m, carini m, rotondi m, et al: 
characterization of renal progenitors committed toward tubular 
lineage and their regenerative potential in renal tubular injury. 
Stem cells 30: 1714-1725, 2012. 

71. Papazova da, oosterhuis nr, Gremmels H, van Koppen a, 
joles ja and verhaar mc: cell-based therapies for experimental 
chronic kidney disease: a systematic review and meta-analysis. 
dis model mech 8: 281-293, 2015. 



international journal of molecular medicine  41:  1177-1186,  2018 1185

 72. ma H, Wu y, Xu y, Sun l and zhang X: Human umbilical 
mesenchymal stem cells attenuate the progression of focal 
segmental glomerulosclerosis. am j med Sci 346: 486-493, 
2013. 

 73. Belingheri m, lazzari l, Parazzi v, Groppali e, Biagi e, 
Gaipa G, Giordano r, rastaldi mP, croci d, Biondi a, et al: 
allogeneic mesenchymal stem cell infusion for the stabilization 
of focal segmental glomerulosclerosis. Biologicals 41: 439-445, 
2013. 

 74. Sun l, akiyama K, zhang H, yamaza t, Hou y, zhao S, Xu t, 
le a and Shi S: mesenchymal stem cell transplantation reverses 
multiorgan dysfunction in systemic lupus erythematosus mice 
and humans. Stem cells 27: 1421-1432, 2009. 

 75. Sun l, Wang d, liang j, zhang H, feng X, Wang H, Hua B, 
liu B, ye S, Hu X, et al: umbilical cord mesenchymal stem cell 
transplantation in severe and refractory systemic lupus erythe-
matosus. arthritis rheum 62: 2467-2475, 2010. 

 76. munir H and mcGettrick Hm: mesenchymal stem cell therapy 
for autoimmune disease: risks and rewards. Stem cells dev 24: 
2091-2100, 2015. 

 77. Flores AI, Gómez‑Gómez GJ, Masedo‑González Á and Martínez‑ 
Montiel MP: Stem cell therapy in inflammatory bowel disease: 
a promising therapeutic strategy? World j Stem cells 7: 
343-351, 2015. 

 78. fang tc, Pang cy, chiu Sc, ding dc and tsai rK: 
renoprotective effect of human umbilical cord-derived mesen-
chymal stem cells in immunodeficient mice suffering from acute 
kidney injury. PloS one 7: e46504, 2012. 

 79. Werner n and nickenig G: endothelial progenitor cells in health 
and atherosclerotic disease. ann med 39: 82-90, 2007. 

 80. jujo K, ii m and losordo dW: endothelial progenitor cells 
in neovascularization of infarcted myocardium. j mol cell 
cardiol 45: 530-544, 2008. 

 81. choi jH, Kim Kl, Huh W, Kim B, Byun j, Suh W, Sung j, 
jeon eS, oh Hy and Kim dK: decreased number and impaired 
angiogenic function of endothelial progenitor cells in patients 
with chronic renal failure. arterioscler thromb vasc Biol 24: 
1246-1252, 2004. 

 82. vasa m, fichtlscherer S, aicher a, adler K, urbich c, martin H, 
zeiher am and dimmeler S: number and migratory activity of 
circulating endothelial progenitor cells inversely correlate with 
risk factors for coronary artery disease. circ res 89: e1-e7, 
2001. 

 83. Schuh a, liehn ea, Sasse a, Hristov m, Sobota r, Kelm m, 
merx mW and Weber c: transplantation of endothelial 
progenitor cells improves neovascularization and left ventricular 
function after myocardial infarction in a rat model. Basic res 
cardiol 103: 69-77, 2008. 

 84. umemura t and Higashi y: endothelial progenitor cells: 
therapeutic target for cardiovascular diseases. j Pharmacol 
Sci 108: 1-6, 2008. 

 85. yao y, Sheng z, li y, yan f, fu c, li y, ma G, liu n, chao j and 
chao l: tissue kallikrein promotes cardiac neovascularization 
by enhancing endothelial progenitor cell functional capacity. 
Hum Gene ther 23: 859-870, 2012. 

 86. Simard t, jung rG, motazedian P, di Santo P, ramirez fd, 
russo jj, labinaz a, yousef a, anantharam B, Pourdjabbar a 
and Hibbert B: Progenitor cells for arterial repair: incremental 
advancements towards therapeutic reality. Stem cells int 2017: 
8270498, 2017. 

 87. Kwon o, miller S, li n, Khan a, Kadry z and uemura t: Bone 
marrow-derived endothelial progenitor cells and endothelial 
cells may contribute to endothelial repair in the kidney imme-
diately after ischemia-reperfusion. j Histochem cytochem 58: 
687-694, 2010. 

 88. Patschan d, Krupincza K, Patschan S, zhang z, Hamby c and 
Goligorsky mS: dynamics of mobilization and homing of endo-
thelial progenitor cells after acute renal ischemia: modulation 
by ischemic preconditioning. am j Physiol renal Physiol 291: 
f176-f185, 2006. 

 89. Rosell A, Morancho A, Navarro‑Sobrino M, Martínez‑Saez E, 
Hernández-Guillamon m, lope-Piedrafita S, Barceló v, 
Borrás F, Penalba A, García‑Bonilla L and Montaner J: Factors 
secreted by endothelial progenitor cells enhance neurorepair 
responses after cerebral ischemia in mice. PloS one 8: e73244, 
2013. 

 90. li yf, ren ln, Guo G, cannella la, chernaya v, Samuel S, 
liu SX, Wang H and yang Xf: endothelial progenitor cells in 
ischemic stroke: an exploration from hypothesis to therapy. 
j Hematol oncol 8: 33, 2015. 

 91. mangi aa, noiseux n, Kong d, He H, rezvani m, ingwall jS 
and dzau vj: mesenchymal stem cells modified with akt 
prevent remodeling and restore performance of infarcted hearts. 
nat med 9: 1195-1201, 2003. 

 92. dzau vj, Gnecchi m and Pachori aS: enhancing stem cell 
therapy through genetic modification. J Am Coll Cardiol 46: 
1351-1353, 2005. 

 93. Mastri M, Lin H and Lee T: Enhancing the efficacy of mesen-
chymal stem cell therapy. World j Stem cells 6: 82-93, 2014. 

 94. Park jS, Suryaprakash S, lao yH and leong KW: engineering 
mesenchymal stem cells for regenerative medicine and drug 
delivery. methods 84: 3-16, 2015. 

 95. moradian tehrani r, verdi j, noureddini m, Salehi r, 
Salarinia r, mosalaei m, Simonian m, alani B, Ghiasi mr, 
jaafari mr, et al: mesenchymal stem cells: a new platform for 
targeting suicide genes in cancer. j cell Physiol: july 13, 2017 
(epub ahead of print).

 96. tang yl, tang y, zhang yc, Qian K, Shen l and Phillips mi: 
improved graft mesenchymal stem cell survival in ischemic 
heart with a hypoxia-regulated heme oxygenase-1 vector. j am 
coll cardiol 46: 1339-1350, 2005. 

 97. matsumoto r, omura t, yoshiyama m, Hayashi t, inamoto S, 
Koh Kr, ohta K, izumi y, nakamura y, akioka K, et al: 
vascular endothelial growth factor-expressing mesenchymal 
stem cell transplantation for the treatment of acute myocardial 
infarction. arterioscler thromb vasc Biol 25: 1168-1173, 2005. 

 98. Gnecchi m, He H, melo lG, noiseaux n, morello f, de Boer ra, 
Zhang L, Pratt RE, Dzau VJ and Ingwall JS: Early beneficial 
effects of bone marrow-derived mesenchymal stem cells overex-
pressing akt on cardiac metabolism after myocardial infarction. 
Stem cells 27: 971-979, 2009. 

 99. chen y, Qian H, zhu W, zhang X, yan y, ye S, Peng X, li W 
and Xu W: Hepatocyte growth factor modification promotes 
the amelioration effects of human umbilical cord mesenchymal 
stem cells on rat acute kidney injury. Stem cells dev 20: 
103-113, 2011. 

100. yuan l, Wu mj, Sun Hy, Xiong j, zhang y, liu cy, fu ll, 
liu dm, liu HQ and mei cl: veGf-modified human 
embryonic mesenchymal stem cell implantation enhances 
protection against cisplatin-induced acute kidney injury. am j 
Physiol renal Physiol 300: f207-f218, 2011. 

101. regoli d, Plante Ge and Gobeil f jr: impact of kinins in the 
treatment of cardiovascular diseases. Pharmacol ther 135: 
94-111, 2012. 

102. Xiong W, chen lm, Woodley-miller c, Simson ja and chao j: 
Identification, purification, and localization of tissue kallikrein 
in rat heart. Biochem j 267: 639-646, 1990. 

103. nolly H, carbini la, Scicli G, carretero oa and Scicli aG: 
a local kallikrein-kinin system is present in rat hearts. 
Hypertension 23: 919-923, 1994. 

104. Wolf Wc, Harley ra, Sluce d, chao l and chao j: localization 
and expression of tissue kallikrein and kallistatin in human 
blood vessels. j Histochem cytochem 47: 221-228, 1999. 

105. agata j, chao l and chao j: Kallikrein gene delivery improves 
cardiac reserve and attenuates remodeling after myocardial 
infarction. Hypertension 40: 653-659, 2002. 

106. yao yy, yin H, Shen B, chao l and chao j: tissue kallikrein 
infusion prevents cardiomyocyte apoptosis, inflammation and 
ventricular remodeling after myocardial infarction. regul 
Pept 140: 12-20, 2007. 

107. yao yy, yin H, Shen B, Smith rS jr, liu y, Gao l, chao l 
and chao j: tissue kallikrein promotes neovascularization 
and improves cardiac function by the akt-glycogen synthase 
kinase-3beta pathway. cardiovasc res 80: 354-364, 2008. 

108. yin H, chao l and chao j: Kallikrein/kinin protects 
against myocardial apoptosis after ischemia/reperfusion via 
akt-glycogen synthase kinase-3 and akt-Bad.14-3-3 signaling 
pathways. j Biol chem 280: 8022-8030, 2005. 

109. Westermann d, Schultheiss HP and tschöpe c: new 
perspective on the tissue kallikrein-kinin system in myocardial 
infarction: role of angiogenesis and cardiac regeneration. int 
immunopharmacol 8: 148-154, 2008. 

110. yin H, chao l and chao j: nitric oxide mediates cardiac 
protection of tissue kallikrein by reducing inflammation and 
ventricular remodeling after myocardial ischemia/reperfusion. 
life Sci 82: 156-165, 2008. 

111. yayama K, Wang c, chao l and chao j: Kallikrein gene delivery 
attenuates hypertension and cardiac hypertrophy and enhances 
renal function in Goldblatt hypertensive rats. Hypertension 31: 
1104-1110, 1998. 



devetzi et al:  KLK1-modified Stem cellS in tarGeted tHeraPy of Human diSeaSeS1186

112. Wolf Wc, yoshida H, agata j, chao l and chao j: Human tissue 
kallikrein gene delivery attenuates hypertension, renal injury, 
and cardiac remodeling in chronic renal failure. Kidney int 58: 
730-739, 2000. 

113. Bledsoe G, chao l and chao j: Kallikrein gene delivery 
attenuates cardiac remodeling and promotes neovascularization 
in spontaneously hypertensive rats. am j Physiol Heart circ 
Physiol 285: H1479-H1488, 2003. 

114. chao j, Shen B, Gao l, Xia cf, Bledsoe G and chao l: tissue 
kallikrein in cardiovascular, cerebrovascular and renal diseases 
and skin wound healing. Biol chem 391: 345-355, 2010. 

115. Spillmann f, Graiani G, van linthout S, meloni m, campesi i, 
lagrasta c, Westermann d, tschöpe c, Quaini f, emanueli c 
and madeddu P: regional and global protective effects of tissue 
kallikrein gene delivery to the peri-infarct myocardium. regen 
med 1: 235-254, 2006. 

116. emanueli c, minasi a, zacheo a, chao j, chao l, Salis mB, 
Straino S, tozzi mG, Smith r, Gaspa l, et al: local delivery 
of human tissue kallikrein gene accelerates spontaneous angio-
genesis in mouse model of hindlimb ischemia. circulation 103: 
125-132, 2001. 

117. emanueli c and madeddu P: angiogenesis therapy with human 
tissue kallikrein for the treatment of ischemic diseases. arch 
mal coeur vaiss 97: 679-687, 2004.

118. murakami H, miao rQ, chao l and chao j: adenovirus- 
mediated kallikrein gene transfer inhibits neointima formation 
via increased production of nitric oxide in rat artery. 
immunopharmacology 44: 137-143, 1999. 

119. murakami H, yayama K, miao rQ, Wang c, chao l and chao j: 
Kallikrein gene delivery inhibits vascular smooth muscle cell 
growth and neointima formation in the rat artery after balloon 
angioplasty. Hypertension 34: 164-170, 1999. 

120. Hagiwara M, Shen B, Chao L and Chao J: Kallikrein‑modified 
mesenchymal stem cell implantation provides enhanced 
protection against acute ischemic kidney injury by inhibiting 
apoptosis and inflammation. Hum Gene Ther 19: 807‑819, 2008. 

121. González A, Ravassa S, Beaumont J, López B and Díez J: New 
targets to treat the structural remodeling of the myocardium. 
j am coll cardiol 58: 1833-1843, 2011. 

122. tschöpe c, Walther t, Königer j, Spillmann f, Westermann d, 
Escher F, Pauschinger M, Pesquero JB, Bader M, Schultheiss HP 
and Noutsias M: Prevention of cardiac fibrosis and left ventricular 
dysfunction in diabetic cardiomyopathy in rats by transgenic 
expression of the human tissue kallikrein gene. faSeB j 18: 
828-835, 2004. 

123. yao y, Sheng z, li y, fu c, ma G, liu n, chao j and chao l: 
Tissue kallikrein‑modified human endothelial progenitor cell 
implantation improves cardiac function via enhanced activation 
of akt and increased angiogenesis. lab invest 93: 577-591, 2013. 

124. naicker S, naidoo S, ramsaroop r, moodley d and 
Bhoola K: tissue kallikrein and kinins in renal disease. 
immunopharmacology 44: 183-192, 1999. 

125. Katori m and majima m: a missing link between a high salt 
intake and blood pressure increase. j Pharmacol Sci 100: 
370-390, 2006. 

126. Sharma jn and narayanan P: the kallikrein-kinin pathways in 
hypertension and diabetes. Prog drug res 69: 15-36, 2014.

127. uehara y, Hirawa n, Kawabata y, Suzuki t, ohshima n, oka K, 
ikeda t, Goto a, toyo-oka t and Kizuki K: long-term infusion 
of kallikrein attenuates renal injury in dahl salt-sensitive rats. 
Hypertension 24: 770-778, 1994. 

128. chao j, zhang jj, lin Kf and chao l: adenovirus-mediated 
kallikrein gene delivery reverses salt-induced renal injury in 
dahl salt-sensitive rats. Kidney int 54: 1250-1260, 1998. 

129. Hirawa n, uehara y, Suzuki t, Kawabata y, numabe a, Gomi t, 
lkeda t, Kizuki K and omata m: regression of glomerular injury 
by kallikrein infusion in dahl salt-sensitive rats is a bradykinin 
B2-receptor-mediated event. nephron 81: 183-193, 1999. 

130. Bledsoe G, Shen B, yao y, zhang jj, chao l and chao j: reversal 
of renal fibrosis, inflammation, and glomerular hypertrophy by 
kallikrein gene delivery. Hum Gene ther 17: 545-555, 2006. 

131. zhang jj, Bledsoe G, Kato K, chao l and chao j: tissue 
kallikrein attenuates salt‑induced renal fibrosis by inhibition of 
oxidative stress. Kidney int 66: 722-732, 2004. 

132. liu y, Bledsoe G, Hagiwara m, yang zr, Shen B, chao l and 
chao j: Blockade of endogenous tissue kallikrein aggravates 
renal injury by enhancing oxidative stress and inhibiting matrix 
degradation. am j Physiol renal Physiol 298: f1033-f1040, 
2010. 

133. Xia cf, Bledsoe G, chao l and chao j: Kallikrein gene 
transfer reduces renal fibrosis, hypertrophy, and proliferation in 
doca-salt hypertensive rats. am j Physiol renal Physiol 289: 
f622-f631, 2005. 

134. Schanstra jP, neau e, drogoz P, arevalo Gomez ma, lopez 
novoa jm, calise d, Pecher c, Bader m, Girolami jP and 
Bascands jl: in vivo bradykinin B2 receptor activation reduces 
renal fibrosis. J Clin Invest 110: 371‑379, 2002. 

135. Bledsoe G, Shen B, yao yy, Hagiwara m, mizell B, teuton m, 
Grass d, chao l and chao j: role of tissue kallikrein in prevention 
and recovery of gentamicin-induced renal injury. toxicol Sci 102: 
433-443, 2008. 

136. dellalibera-joviliano r, reis ml and donadi ea: Kinin system 
in lupus nephritis. int immunopharmacol 1: 1889-1896, 2001. 

137. liu K, li Qz, delgado-vega am, abelson aK, Sánchez e, 
Kelly ja, li l, liu y, zhou j, yan m, et al; Profile Study Group; 
italian collaborative Group; German collaborative Group; 
Spanish collaborative Group; argentinian collaborative Group; 
SleGen consortium: Kallikrein genes are associated with lupus 
and glomerular basement membrane‑specific antibody‑induced 
nephritis in mice and humans. j clin invest 119: 911-923, 2009. 

138. li y, raman i, du y, yan m, min S, yang j, fang X, li W, 
lu j, zhou Xj, et al: Kallikrein transduced mesenchymal stem 
cells protect against anti-GBm disease and lupus nephritis by 
ameliorating inflammation and oxidative stress. PLoS One 8: 
e67790, 2013. 

139. Xia cf, yin H, Borlongan cv, chao l and chao j: Kallikrein 
gene transfer protects against ischemic stroke by promoting 
glial cell migration and inhibiting apoptosis. Hypertension 43: 
452-459, 2004. 

140. zhang jj, chao l, chao j, chu y and Heistad dd: 
adenovirus-mediated kallikrein gene delivery reduces aortic 
thickening and stroke-induced death rate in dahl salt-sensitive 
rats. Stroke 30: 1925-1931, discussion 1931-1932, 1999. 

141. Xia cf, yin H, yao yy, Borlongan cv, chao l and chao j: 
Kallikrein protects against ischemic stroke by inhibiting 
apoptosis and inflammation and promoting angiogenesis and 
neurogenesis. Hum Gene ther 17: 206-219, 2006. 

142. chao j and chao l: experimental therapy with tissue kallikrein 
against cerebral ischemia. front Biosci 11: 1323-1327, 2006. 

143. Kizuki K, iwadate H and ookubo r: Growth-stimulating effect 
of kallikrein on rat neural stem cells - ii. immunocytochemical 
analysis and specificity of the enzyme for neural stem cells. 
yakugaku zasshi 127: 919-922, 2007. 

144. liu l, liu H, yang f, chen G, zhou H, tang m, zhang r and 
dong Q: tissue kallikrein protects cortical neurons against 
hypoxia/reoxygenation injury via the erK1/2 pathway. Biochem 
Biophys res commun 407: 283-287, 2011. 

This work is licensed under a Creative Commons 
Attribution-NonCommercial-NoDerivatives 4.0 
International (CC BY-NC-ND 4.0) License.


