














Additionally, our results suggest that by the time hyper-
glycemia affects endothelium such as HUVECs, endothelial
progenitors have already undergone apoptosis and are
possibly already depleted. Thus, it can be predicted that
endothelial damage and vascular complications of

hyperglycemia take time to develop, but, once the damage
has occurred, the chances of vascular regeneration are poor
as the progenitor pool is already depleted. This observation is
similar among epidemiological studies, where vascular com-
plications or endothelial dysfunction takes about 5 to 7 years

Figure 6. Enhanced vascularization in hind limb of Type 1 diabetes mellitus mouse model, posttransplantation of p53KO and p21KO
EPCs. Type 1 diabetes mellitus was induced in C57BL/6J mice by STZ. p53KO and p21KO mouse EPCs were transplanted to mouse
right hind limb quadriceps muscle, postocclusion of femoral artery. A, Blood flow was measured by Laser Doppler Perfusion Imager
(LDPI) system after surgery (3, 7, 10 days). Increased blood flow was noted with delivery of p53KO (green line) and p21KO (purple line)
EPCs, compared to WT (wild type; red line) and saline (blue line). B, Gene expression analysis was performed in quadriceps after mice
were sacrificed at day 28. Upregulation of mature endothelial markers such as vascular endothelial growth factor A (VEGF-A), platelet
endothelial cell adhesion molecule 1 (PECAM1), endothelial nitric oxide synthase (eNOS), and kinase insert domain receptor (KDR)
were observed in quadriceps from mice that received p53KO EPCs (statistical analysis was performed by using saline and WT EPC
receiving muscle as control). C, Quadriceps were stained with CD31 antibody and an increased number of capillaries were observed in
p53KO observed in quadriceps from mice that received p53KO EPCs. *P<0.05, **P<0.01 and ***P<0.005.

Figure 7. Enhanced vascularization in hind limb of diabetic mouse model posttransplantation of p53 and p21 silenced
human EPCs. Type 1 diabetes mellitus was induced in NOD.CB17-Prkdcscid/J mouse (NOD-SCID) by STZ. Simultaneously,
human EPCs were transduced with Adenovirus constructs to silence p53 and p21. Then, p53sh and p21sh human EPCs
were transplanted to mouse right hind limb muscle postocclusion of femoral artery. A, Blood flow was measured by Laser
Doppler Perfusion Imager (LDPI) system after surgery (3, 7, 10 days). Increased blood flow was noted with delivery of both
p53 silenced EPCs (green line) and p21 silenced EPCs (purple line) compared to Adenovirus null transduced EPC (red line)
delivery and saline (blue line). B, Gene expression analysis was performed in quadriceps after mice were sacrificed at day 28
postsurgery. Significant upregulation of mature endothelial marker such as vascular endothelial growth factor A (VEGF-A)
was observed in muscles that received p53sh (p53 silenced) observed in quadriceps from mice that received p53sh EPCs
(statistical analysis was performed by using saline and wild type EPC as control). However, no difference was observed in
muscles that received p21sh EPCs. C, No significant difference was noted in capillaries numbers when quadriceps were
stained with CD31 antibody. *P<0.05.
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to manifest, but, once the vascular complications are noted,
the repair or vascular regeneration is difficult as the
progenitor cell pool is depleted and the vascular complica-
tions are progressive from there on.1,3,14 This highlights the
fact that interventions to treat endothelial dysfunction needs
to precede EPC damage and needs to start early.

Interestingly, when we tried to culture mouse peripheral
blood–derived EPCs in normoglycemic EBM-2 media, we noted
significant and progressive cell death. However, when p53KO
mEPCs were cultured, we noted that the mouse endothelial
cells appeared to retain all properties of mature endothelium,
including tube formation in Matrigel. This finding indicates that
suitable culture media for mEPCs have not yet been formu-
lated, but protection from apoptosis does help cells grow to
maturity within 28 days. Simultaneously, it also indicates that
knocking down or suppression of p53 could be beneficial for
cell survival in a proapoptotic condition. We decided to use this
phenomenon to address diabetes mellitus-associated PVD. We
used an STZ-induced diabetic PVD mouse model and db/db
mice models to examine the effect of p53 and p21 suppres-
sion. We decided to test p21 silencing along with p53 silencing
as we had hoped that silencing a downstream protein from
p53 would reduce the off-target effects of p53 silencing.

To evaluate the effect of transplanted p53KO and p21KO
(downstream to p53 in apoptotic cascade) mEPCs in STZ-
induced diabetic mice, we used 3 outcome measures: blood
flow, mRNA gene expression of the right hind muscle at the
site of occlusion (that received EPC or saline deliver)
compared with the untouched left leg, and CD31 capillary
density measurement of the right leg compared with the right.
We observed that p53KO rather than p21KO had more
consistent improved results compared with WT cell therapy

showing improved blood flow and vascularization. However,
we were unable to observe statistically significant change in
capillary density measurement, although our experiments
showed improved trend with p53-silenced cell therapy.

Taking all of our outcome measures in an STZ mouse
model using genetically modified mEPCs, our results indicate
that p53KO and p21KO EPC transplantation showed better
viability than WT EPCs and proved beneficial to promote
increased blood flow to ischemic hindlimb, although p53KO
showed superiority over p21KO.

Since knocking down of apoptotic genes such as p53 and
p21 long term is not a realistic clinical approach as a cell
therapy, we investigated whether silencing of p53 would
indicate the same outcome as knocking down. We noted that
lentivirus-mediated p53 silencing in mEPC did improve cell
survival in high glucose, where cell depletion was rapid
otherwise, over 7 days. Similarly, mEPCs with lentivirus-
mediated p53 silencing showed improved blood flow by laser
Doppler (Figure S2). In order to obtain a translational benefit,
we speculated that one can use similarly modified human
cells for therapy in diabetic PVD. However, we decided not to
use a lentiviral construct, as application of a mutagenic
lentivirus in humans and suppressing p53 for long periods
may not be safe in spite of efficacy.

To solve this problem, we used short-term silencing of p53
where the viral construct would not be viable beyond 28 days.
Effects of adenoviral silencing usually persist �28 days.24,25

This time span is perfect because the time required by EPCs
to transform to a mature endothelium is also �28 days.
Simultaneously, we did not want to use a turn-on, turn-off
gene promoter, with another DNA virus like adeno-associated
virus,18,21 as the effect of silencing could be considered as

Figure 8. Enhanced vascularization in hind limb of obese diabetic Leptin resistant (db/db) mouse model posttransplantation
of p53KO and p21KO mouse EPCs. p53KO and p21KO mouse EPCs were transplanted to mouse (B6.BKS(D)-Leprdb/J) right hind
limb muscle postocclusion of femoral artery. A, Blood flow was measured by Laser Doppler Perfusion Imager (LDPI) system after
surgery (3, 7, 10 days). No statistical difference was noted with delivery of p53KO (purple line) and p21KO (green line) EPCs,
compared to WT (wild type; red line) and saline (blue line). B, Similarly, gene expression analysis data unable to show any
improvement due to gene silencing. C, No statistical difference in the number of capillaries were observed when quadriceps was
stained with CD31 antibody between operated and non-operated side.
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“leaky.”24,26 Thus, the use of an adenovirus as a gene
modification vector was the best selection, with a transduc-
tion efficacy profile better than liposomes.24,25

Adenovirus, unlike lentivirus, is a DNA virus and does not
integrate with the host genome.24,25,27 It can also provide
gene expression or a silencing effect for up to 4 weeks,24,27

which should be enough for EPCs transition to mature
endothelium. In our experience, efficacy with adenovirus is
about 30% to 40% compared with lentivirus, where the
efficacy is about 70% to 80%. For the purposes of this study,
adenovirus was chosen as the ideal vector for transient
silencing of p53 and p21. Using adenoviral constructs, we
were able to protect EPCs in hyperglycemia. Transplanting
p53- and p21-silenced human EPCs (CD34+) by adenoviral
vector improved blood flow, gene expression, and capillary
formation (Figure 7A and 7B) similar to our results using
genetically modified mEPCS (Figure 6A and 6B). However,
p53sh human CD34+ cells showed superiority over p21sh
human CD34+ cells.

When we used p53KO and p21KO mEPCs to treat vaso-
occlusive disease in a db/db mouse model (type 2 diabetes
mellitus mouse model), we did not note improvement in blood
flow by laser Doppler or in capillary density estimation,
indicating that p53 or p21 silencing may not be enough to
protect mEPCs in a type 2 rather than type 1 diabetes mellitus
mouse model. Type 2 diabetes mellitus has added adipocyte
inflammation along with hyperglycemia as a proapoptotic
agent. This could also mean that a higher number of modified
cells for therapy may be required to obtain a discernable
improvement compared with a type 1 model.

Our data also suggest that p53 silencing is not only
superior to unmodified EPCs but also has better outcome
efficacy than p21 silencing, particularly in a type 1 model.
Moreover, p53 silencing offers protection predominantly in a
type 1 diabetes mellitus environment where hyperglycemia is
the primary apoptotic agent.

We expected that p21 silencing would afford protection
and vascular regeneration effectiveness similar to p53
silencing so that off-target effects of p53 silencing would be
minimized. Although p21-silenced EPCs did not work as
expected, p53 silencing showed positive results and can
emerge as a promising therapeutic intervention for ischemic
type 1 diabetic complication. p53 silencing provided protec-
tion and improved survival of EPCs, which subsequently
improved vascular regeneration postocclusion, which could be
secondary to its paracrine properties.

Conclusions
Our data indicate that using genetically modified EPCs
(CD34+) transplantation can usher in new hope for reducing
vascular damage in type 1 diabetic patients where

microvascular disease such as retinopathy, nephropathy,
and neuropathy are more common.
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Supplemental figure 1: Images of enhanced vascularization in hind 
limb of STZ induced type I diabetic mouse model (C57BL/6J), post-
transplantation of p53KO and p21KO EPCs. Serial laser Doppler 
images showing improved circulation at day 10 in the right leg, 
particularly in the group that received p53 KO EPCs. 
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Figure 2: Images of enhanced vascularization in hind limb of STZ induced diabetic 
mouse model, following transplantation of p53silenced (by Lentivirus) mouse EPCs. 
Serial laser Doppler images showing improved circulation at day 11 in right leg particularly 
in the group that received p53 silenced EPCs. Lentivirus was used to silence mouse p53 
and the results were compared to mouse that received Lenti-Null transduced EPCs or 
saline. 

 by guest on July 26, 2017
http://jaha.ahajournals.org/

D
ow

nloaded from
 

http://jaha.ahajournals.org/


Supplemental figure 3: Enhanced vascularization in hind limb of STZ induced 
diabetic mouse model (NOD-SCID Type 1 Diabetes mice), post-transplantation of 
p53sh and p21sh human EPCs (silenced by adenoviral construct): Serial laser 
Doppler images showing improved circulation at day 10 in right leg, particularly in the 
group that received p53sh EPCs. 
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* 

Supplemental figure 4: Reduced inflammation in hind limb of STZ induced diabetic mouse 
model (NOD-SCID T1D mice), post-transplantation of p53sh human EPCs (silenced by 
adenovirus) . Type 1 diabetes was induced in NOD.CB17-Prkdcscid/J mouse (NOD-SCID) by 
streptozotocin (STZ). Human CD34 + ve cells were transduced with Adenovirus constructs to 
silence p53 and p21. Then, p53sh and p21sh human CD34+ ve cells were transplanted to mouse 
right hind limb muscle post occlusion of femoral artery. Gene expression analysis was performed in 
quadriceps muscle after mice were sacrificed at day 28 post surgery. In this figure we demonstrate 
mRNA expression of IL6 (an inflammatory marker) gene analysis of the quadriceps muscle that 
received Saline, Ad-Null transduced CD34+ve cells or Adp53-sh transduced CD34+ve cells. The 
quadriceps muscle that received p53 sh CD34+ve cells should the least IL6 expression  indicating 
inflammation reduction property of p53sh transplanted cells (Statistical analysis was performed by 
using saline receiving muscle and and null receiving muscle as control, * indicates p-value <0.05 ).  
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