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The application of endothelial progenitor cells (EPCs) for the
revascularization of ischemic tissues, such as after myocardial
infarction, stroke, and acute limb ischemia, has a huge clinical
potential. However, the low retention and engraftment of EPCs
as well as the poor survival of migrated stem cells in ischemic
tissues still hamper the successful clinical application. Thus,
in this study, we engineered, for the first time, murine EPCs
with synthetic mRNAs to transiently produce proangiogenic
factors vascular endothelial growth factor-A (VEGF-A),
stromal cell-derived factor-1a. (SDF-1at), and angiopoietin-1
(ANG-1). After the transfection of cells with synthetic mRNAs,
significantly increased VEGF-A, SDF-1a, and ANG-1 protein
levels were detected compared to untreated EPCs. Thereby,
mRNA-engineered EPCs showed significantly increased
chemotactic activity versus untreated EPCs and resulted in
significantly improved attraction of EPCs. Furthermore,
ANG-1 mRNA-transfected EPCs displayed a strong wound-
healing capacity. Already after 12 hr, 94% of the created wound
area in the scratch assay was closed compared to approximately
45% by untreated EPCs. Moreover, the transfection of EPCs
with ANG-1 or SDF-1oo mRNA also significantly improved
the in vitro tube formation capacity; however, the strongest ef-
fect could be detected with EPCs simultaneously transfected
with VEGF-A, SDF-1a, and ANG-1 mRNA. In the in vivo
chicken chorioallantoic membrane (CAM) assay, EPCs trans-
fected with ANG-1 mRNA revealed the strongest angiogenetic
potential with significantly elevated vessel density and total
vessel network length. In conclusion, this study demonstrated
that EPCs can be successfully engineered with synthetic
mRNAs encoding proangiogenic factors to improve their ther-
apeutic angiogenetic potential in patients experiencing chronic
or acute ischemic disease.

INTRODUCTION

The insufficient perfusion of tissues or organs with blood results in
ischemia and often leads to conditions such as stroke, myocardial
infarction, or acute limb ischemia. During ischemia, the affected tis-
sues are damaged due to hypoxia and the lack of nutrient supply and
waste removal. Thus, the formation of new blood vessels by angiogen-
esis and vasculogenesis is required. During angiogenesis, new blood
vessels are formed from pre-existing vessels and, during vasculogen-
esis, de novo blood vessel formation occurs through bone marrow-

derived endothelial progenitor cells (EPCs)." Thereby, the blood sup-
ply can be restored to ischemic tissues, the tissue damage can be
reduced, and, as a result, the function of affected tissues or organs
can be improved.

EPCs are circulating stem cells in the bloodstream, and they are re-
cruited by chemokines, which are secreted by injured and activated
cells at the injury site to induce revascularization.” EPCs settle and
differentiate at sites of vascular lesions, and they appear to participate
in vascular repair and homeostasis.” Previous studies even identified
EPCs as biomarkers in cardiovascular diseases, and a decline of EPC
numbers and dysfunction were related to ischemic diseases.” Several
preclinical studies have demonstrated the vasculogenic and angio-
genic potential,”” as well as beneficial paracrine effects, of trans-
planted EPCs in the treatment of ischemic diseases.” However, the
success of clinical applications is limited due to low retention and
engraftment of EPCs as well as the poor survival of migrated EPCs

. . . . 10,11
in ischemic tissues.'”

Furthermore, the low quantity and quality
of isolated autologous EPCs is challenging for clinical applications.'”
Thus, multiple animal and clinical studies with EPCs demonstrated
different results in their effectiveness to treat ischemic diseases.”"”
Consequently, novel strategies are needed to enhance the number
and function of EPCs and to obtain a successful autologous EPC

therapy for a more efficient tissue regeneration.

In previous studies, various growth factors, such as vascular endothe-
lial growth factor (VEGF) ' or fibroblast growth factor (FGF),"” were

1 Local levels of

applied to improve the revascularization of tissues.
proangiogenic proteins were upregulated by delivering recombinant
proteins'”'® or genes'®*” using nano- or microparticles,'”'® direct
injection into the target tissue,'” ultrasound-targeted microbubble
destruction (UTMD),***! or sustained release from implants.22 The
use of recombinant proteins is costly and it is difficult to maintain
adequate protein levels in the ischemic regions due to their relatively
short half-lives.”” Therefore, gene therapy with viral and non-viral

vectors was used as an alternative strategy to express the desired
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Figure 1. Quality Control of the Generated PCR Products and In Vitro-
Transcribed mRNAs

ANG-1-, SDF-1a-, and VEGF-A-encoding mRNAs were synthesized and modified
with 3'-PolyA; 5 tail, 5’-ARCA, 100% m5CTP, 100% W-UTP, and post-transcrip-
tional phosphatase treatment. The specific lengths of the amplified DNA and the
synthetic mRNA were detected using 1% agarose gel electrophoresis and GelRed
staining at approximately 1.8 kb for ANG-1, 0.6 kb for SDF-1a, and 0.9 kb for
VEGF-A. The 0.08- to 10-kb range mix DNA ladder and the 0.5- to 10-kb RNA
ladder were used as length markers (Ms).

proangiogenic proteins, and it has shown to be promising, for

example, for the treatment of myocardial ischemia.'>**

In recent years, the expression of exogenous proteins by the delivery
of synthetic mRNAs has gained great importance as an alternative
strategy to the viral vector or plasmid-based gene delivery methods.**
In contrast to genome-integrating gene delivery methods, the applica-
tion of synthetic mRNA is a non-integrating method with no risk of
insertional mutagenesis. Since the mRNA does not need to enter the
nucleus, the synthetic mRNA can be efficiently delivered in dividing
as well as non-dividing cells. The transfection of synthetic mRNA
leads to the transient production of exogenous proteins in the cells,
and, after the natural degradation of mRNA, no footprint is left in
the cells.

The most intensively studied growth factor for the induction of
vascularization and angiogenesis is the vascular endothelial growth
factor-A (VEGF-A). It is involved in the chemotaxis, migration,
and differentiation of progenitor cells; endothelial cell (EC) survival
and proliferation; as well as the sprouting of vessels and vessel perme-
ability.”> Among alternative splice variants of VEGF-A, VEGF-A ¢ is
the quantitatively and qualitatively most important variant for angio-
genesis.”® VEGF-A binds and activates VEGF receptors 1 and 2
(VEGFR-1 and VEGFR-2) expressed on vascular ECs and EPCs.
VEGFR-2 has approximately 10-fold higher kinase activity than
VEGFR-1, and the major proangiogenic signal is generated from
the ligand-activated VEGFR-2.”® Angiopoietin-1 (ANG-1) is pro-
duced by peri-ECs and platelets.”” It binds to Tie2 receptors on ECs
and maintains endothelial integrity and reduces the effects of inflam-
mation,”® which prevents vascular leakage and stabilizes vessels.
ANG-1 is further involved in EC migration and the reorganization
of ECs.” Stromal cell-derived factor-1o. (SDF-1a, also known as
CXCL12) is a chemokine that mediates the mobilization and recruit-
ment of bone marrow-derived progenitor cells that express CXCR4
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receptor on the cell surface, such as EPCs. Additionally, SDF-1a at-
tenuates EC apoptosis and stimulates new vessel capillary tube forma-
tion, and the expression of SDF-1a. is regulated by hypoxia.”*>**!

In this study, for the first time, murine EPCs were engineered by the
exogenous delivery of synthetic mRNAs to increasingly express the
proangiogenic proteins VEGF-A, SDF-1a, and ANG-1. The ability
of EPCs to produce the desired proteins was analyzed after the trans-
fection with synthetic mRNAs using ELISA. Next, the migration
behavior of mRNA-engineered EPCs was investigated by chemotactic
and wound-healing migration assay and compared with non-engi-
neered EPCs in vitro. Then, the in vitro and in vivo angiogenic poten-
tial of mRNA-engineered EPCs was analyzed using tube formation
and chick chorioallantoic membrane (CAM) assay.

RESULTS

Generation of Synthetic mMRNA Encoding ANG-1, SDF-1«, and
VEGF-A

The specific length and purity of the generated PCR products and the
in vitro-transcribed modified mRNAs were analyzed by agarose gel
electrophoresis. After the gel electrophoresis, single bands without
misamplifications and expected lengths were detected for the PCR
products ANG-1 (1,794 bp), SDF-la. (567 bp), and VEGF-A
(873 bp) and the resulting in vitro-transcribed mRNA containing the
coding sequence, 3’ and 5" UTR regions, and PolyA , tail (Figure 1).

Expression of ANG-1, SDF-1a, and VEGF-A after the
Transfection of EPCs with Synthetic Modified mRNAs

After the successful production of synthetic mnRNAs, the expression of
specific proteins was determined. Therefore, single-mRNA transfec-
tions with 1.6 ug ANG-1, 0.8 ug VEGF-A, or 0.5 ug SDF-1a or trans-
fections with an mRNA cocktail consisting of 1.6 ug ANG-1, 0.8 pg
VEGEF-A, and 0.5 pg SDF-1a. were performed. The concentrations
of produced proteins were measured in supernatants 24 hr after the
transfections using ELISA (Figure 2). The transfection of EPCs
with ANG-1, VEGF-A, or SDF-1a. mRNA resulted in significantly
increased production of ANG-1 (112 + 6.1 ng/mL), VEGF-A (142 +
6.7 ng/mL), and SDF-1a (17 + 1.4 ng/mL) compared to the cells incu-
bated with medium or medium containing the transfection reagent
(Figure 2A). The transfection of EPCs with the mRNA cocktail also re-
sulted in significantly increased protein synthesis (Figure 2B), and
approximately 70 + 7.1 ng/mL ANG-1, 58 + 2.7 ng/mL VEGF-A,
and 8 + 0.4 ng/mL SDF-1a were detected. Here, the amount of pro-
duced ANG-1 was 1.6-fold, VEGF-A 2.4-fold, and SDF-1a 2.1-fold
less than after the transfection of EPCs with single mRNAs. In the
used mRNA cocktail, the total amount of mRNAs was 2.9 pg.

To test the influence of higher mRNA amounts on protein synthesis,
the cells were transfected with each single mRNA and EGFP mRNA,
which was used as a filler mRNA, to obtain a total mRNA amount of
2.9 ug. Especially, after the co-transfection of ANG-1 mRNA with
EGFP mRNA, a significant reduction of ANG-1 protein amount
could be detected (Figure S1). In the case of VEGF-A mRNA, no in-
fluence could be detected. A slightly higher amount of SDF-1a was
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Figure 2. Expression of ANG-1, VEGF-A, and SDF-1« after the Transfection of Synthetic mRNA into Murine EPCs

1 x 10° EPCs were seeded and transfected the next day with (A) 1.6 ug ANG-1, 0.8 ng VEGF-A, or 0.5 ug SDF-1a. mRNA or with (B) an mRNA cocktail containing 1.6 ug
ANG-1, 0.8 ng VEGF-A, and 0.5 ng SDF-1a. mRNA. The protein expression was analyzed in supernatants 24 hr after the transfection using ELISA. Cells treated with only
medium or medium and transfection reagent (TR) served as negative controls. Results are shown as mean + SEM (n = 4). Statistical differences were determined using one-

way ANOVA followed by Bonferroni multiple comparison test (****p < 0.0001).

detected after the simultaneous transfection of cells with SDF-1a.
and EGFP mRNA. Furthermore, double combinations of ANG-1,
VEGF-A, and SDF-1a. mRNA transfections were tested (Figure S2).
Here, the simultaneous transfection of cells with ANG-1 and
VEGF-A or SDF-1a. mRNA also resulted in a reduction in ANG-1
protein expression. These results indicate that the higher mRNA
amount has an influence on ANG-1 production.

Influence of mMRNA Engineering on the Viability of EPCs

The influence of mRNA transfections on the viability of EPCs was
analyzed using PrestoBlue cell viability assay. 1 x 10° EPCs were
cultivated overnight and transfected with 1.6 pg ANG-1, 0.8 pg
VEGF-A, or 0.5 pg SDF-1o mRNA or with a triple mRNA cocktail.
As a control, cells were treated with Opti-MEM containing the
maximal amount of Lipofectamine 2000 (4 pL), which was used for
the generation of transfection complexes. The viability of cells incu-
bated with Opti-MEM (medium) was set to 100%, and the viability
of samples was displayed relative to these cells. As shown in Figure 3,
24 hr post-transfection, the transfection of cells with synthetic
mRNAs resulted in no significant differences in cell viability
compared to the controls, cells incubated with medium or medium
containing transfection reagent.

Chemotactic Migration of EPCs toward mRNA-Engineered

EPCs

The chemotactic activity of mRNA-engineered EPCs was determined
using a migration assay. Transwell inserts seeded with 5 x 10" un-

treated EPCs were placed in wells containing 1 x 10° mRNA-trans-
fected or untransfected EPCs. After 6 hr, the migrated cells were
stained with 1 pg/mL DAPI and counted. The mRNA-transfected
EPCs were able to attract significantly more EPCs compared to
EPCs without mRNA transfection (ANG-1 mRNA, 405 + 36 cells;
VEGF-A mRNA, 426 + 41 cells; SDF-1a2 mRNA, 400 + 12 cells;
and mRNA cocktail, 464 + 27 cells versus EPCs without mRNA trans-
fection [medium], 200 + 10 cells; Figure 4). Compared to single-
mRNA-transfected EPCs, the transfection of EPCs with the mRNA
cocktail resulted in a slight increase of migrated cell numbers; how-
ever, this increase was not statistically significant. The treatment of
cells with the transfection reagent also had no statistically significant
influence on the migration behavior compared to the cells treated
with medium. Interestingly, all EPCs transfected with a single
mRNA or with the mRNA cocktail showed comparable migration ac-
tivity. Overall, these results demonstrated an improvement of EPC
migration toward EPCs transfected with proangiogenic mRNAs.

Migration Capacity of mRNA-Engineered EPCs in Wound
Scratch Migration Assay

The in vitro wound-healing assay, which mimics the in vivo wound-
healing process, was used to analyze the migration behavior of
mRNA-engineered EPCs growing in a monolayer culture. Therefore,
28,000 EPCs with or without mRNA transfection were seeded in each
chamber of Culture-Insert 3 wells. After reaching confluence, the
culture inserts were removed from the dish to generate an open
wound field. To quantify the closed wound area, pictures were taken
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Figure 3. Influence of mMRNA Transfection on the Viability of Murine EPCs
1 x 10° EPCs were transfected with 1.6 pg ANG-1, 0.8 ug VEGF-A, or 0.5 pg
SDF-1a. mRNA or with an mRNA cocktail containing 1.6 pg ANG-1, 0.8 pg VEGF-A,
and 0.5 ng SDF-1a mRNA. Viability was determined 24 hr post-transfection using
PrestoBlue assay. The viability of cells incubated with Opti-MEM (medium) was set
to 100%, and the viability of samples was expressed relative to these cells. The data
are shown as mean + SEM (n = 3). No statistically significant differences were
determined using one-way ANOVA followed by Bonferroni multiple comparison
test.

immediately after removing the insert (0 hr) and after 12, 24, and
36 hr. After 36 hr, the wound areas were closed for each sample (Fig-
ure 5). EPCs transfected with ANG-1 mRNA showed fastest closure
of the wound area, with 94% already after 12 hr. In comparison, a
wound closure area of about 45% was detected with EPCs treated
only with medium and 38% with EPCs treated with the medium con-
taining transfection reagent. After 24 hr, 100% of the wound area was
closed in ANG-1 mRNA-transfected EPCs and 93% wound area was
closed in SDF-1o. mRNA-transfected EPCs. The closure of the wound
area was significantly higher in these EPCs compared to the medium
control. Especially, the transfection of EPCs with ANG-1 mRNA
accelerated the migration process so that the wound area was
completely closed already after 12 hr. In comparison, EPCs trans-
fected with the mRNA cocktail showed significantly less wound
closure area. Furthermore, the treatment of the cells with the transfec-
tion reagent had no significant influence on the migration and the
speed of wound closure compared to untreated cells (medium
control).

In Vitro Angiogenic Potential of mRNA-Engineered EPCs

The tube formation assay was performed to assess the angiogenic po-
tential of mRNA-engineered EPCs in vitro. Therefore, 1 x 10* EPCs
transfected with 1.6 pg ANG-1, 0.8 pg VEGF-A, or 0.5 pg SDF-1a
mRNA or with a triple mRNA cocktail were seeded on Matrigel.
Already within 4 hr, EPCs spontaneously initiated vascular morpho-
genesis and formed multicellular tubular networks (Figure 6). Using
Angiogenesis Analyzer Image] plugin, the number of segments
(elements, which are delimited by two junctions), number of master
segments (segments, which are none exclusively implicated with one
branch), number of nodes (pixels with at least 3 neighboring ele-
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ments, corresponding to a bifurcation), total segment length (sum
of lengths of the segments in the analyzed area), the total mesh areas
(sum of areas enclosed by the segments or master segments), and the
branching interval (the mean distance separating two branches [total
segment length/number of branches]) were obtained. The unit of area
and length is the pixel (px).

EPCs engineered to simultaneously produce ANG-1, VEGF-A,
and SDF-la demonstrated highly increased network formation,
compared to the untreated EPCs (medium). Thereby, the networks
formed by EPCs transfected with the mRNA cocktail displayed higher
numbers of nodes (545 + 29 versus 205 + 52), segments (185 + 14
versus 52 + 20), and master segments (110 + 12 versus 24 + 10),
with an increase in total segment length (11,343 + 660 px versus
3,786 + 1750 px), total mesh area (569,094 + 47,325 px versus
36,107 + 24,228 px), as well as branching interval (116,306 +
12,322 px versus 49,573 + 21,438 px). The single transfection of
EPCs either with ANG-1 or SDF-1a. mRNA also led to an increase
of parameters related to network formation. However, the increase
was in the case of SDF-1ae mRNA-transfected EPCs, statistically sig-
nificant for number of nodes, segments, and total segment length, and
in the case of ANG-1 mRNA-transfected EPCs, statistically signifi-
cant for number of segments. In the case of VEGF-A, no increase
could be detected compared to untreated EPCs. The overall results
demonstrated an improvement of network formation characteristics
in triple-mRNA-transfected EPCs, which led to a denser, highly
branched tubular network with increased numbers of tubes, suggest-
ing an improved induction of angiogenesis.

In Vivo Angiogenic Potential of mMRNA-Engineered EPCs

The in vivo angiogenic potential of mRNA-engineered EPCs was
analyzed using the CAM assay. Therefore, 1 x 10° EPCs were seeded
and transfected the next day with 1.6 ng ANG-1, 0.8 ug VEGF-A, or
0.5 pg SDF-1ac mRNA or with a triple mRNA cocktail. After 24 hr,
cells were detached, and 4 x 10° cells were mixed in Matrigel
and placed within a silicone ring on the CAM. As controls, EPCs
incubated with medium or medium containing transfection
reagent were also applied to the CAMs. For evaluation and
quantification of angiogenesis, the area of sample application
(within the © 0.8-mm silicone ring) of the fixed CAMs was photo-
graphed and analyzed using Wimasis WimCAM web-based service
(Figure 7). Compared to the mRNA untreated cells (medium),
EPCs transfected with the ANG-1 mRNA resulted in an augmented
angiogenesis/vascularization determined by the significant increase
in numbers of total branching points (701 + 85 versus 337 + 37),
a higher vessel density (44.5% =+ 0.6% versus 32% * 2%), and increases
in total segments (1,285 + 195 px versus 659 + 96 px) and total vessel
network length (73,101 + 5,986 px versus 46,551 + 6908 px) in the
analyzed area. Although EPCs transfected with the mRNA cocktail
also showed an improvement of parameters regarding network
formation on CAMs, the differences were not significantly different
from untransfected EPCs. EPCs treated with only SDF-1o. mRNA
or VEGF-A showed no improved effect on the formation of new
vasculature compared to the controls.
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DISCUSSION

The improvement of angiogenic potential of EPCs by the use of
synthetic modified mRNA represents a promising strategy for the
revascularization of ischemic tissues. In this study, we transiently
modified murine EPCs with synthetic mRNAs encoding ANG-1,
VEGF-A, and SDF-la to augment the proangiogenic potential.
Thereby, tissue repair and regeneration can be improved in the
affected regions, first by the local production of growth factors
improving the proliferation and maintenance of implanted EPCs,
and second by the local production of chemokines attracting other
EPCs to the required location.

The transfection of EPCs with synthetic mRNAs showed no influence
on cell viability, and, after the transfection of EPCs with single syn-
thetic mRNAs, the expression of ANG-1, VEGF-A, and SDF-la
was demonstrated. However, the transfection of EPCs with a triple
mRNA cocktail resulted in a reduced production of proteins
compared to single-mRNA transfections. Especially, the production
of ANG-1 protein was significantly reduced due to the increased
mRNA amount in the triple mRNA cocktail-transfected cells. In eu-
karyotic cells, most secreted and membrane proteins undergo matu-
ration steps in the lumen of the endoplasmic reticulum (ER).*” There,
after the translation, nascent polypeptides are chemically modified
and folded into mature proteins, and an accumulation of unfolded
proteins in the ER lumen can lead to an unfolded protein response

Figure 4. Chemotactic Migration of EPCs toward
mRNA-Engineered EPCs

1 x 10° murine EPCs were cultivated overnight, and then
they were transfected with 1.6 ng ANG-1, 0.8 ng VEGF-A,
or 0.5 ng SDF-1a. mRNA or with an mRNA cocktail con-
taining 1.6 ng ANG-1, 0.8 ng VEGF-A, and 0.5 ng SDF-1a
mRNA. Migration behavior of untreated EPCs (5 x 10%
seeded on transwell inserts toward mRNA-transfected
EPCs was analyzed using a chemotactic migration
assay. As a control, EPCs incubated with medium or
medium containing transfection reagent (TR) were used.
After 6 hr, migrated EPCs through 8-um transwell inserts
were stained with DAPI, and cell numbers were calculated
using Imaged software. Scale bars represent 100 pum.
Results are shown as mean + SEM (n = 4). Statistical
differences were determined using one-way ANOVA
followed by Bonferroni multiple comparison test
(**p < 0.001 and ***p < 0.0001).

(UPR) stress. Thus, cells can selectively degrade
mRNAs encoding secreted proteins.”>*> Pre-
sumably, the higher total amount of synthetic
mRNA per cell compared to single-mRNA
transfection could lead to an overload and to
a translational repression. Using EGFP mRNA
as a filler mRNA, no negative influence of
mRNA amount on the production of VEGF-A
and SDF-1a was detected. However, in triple-
mRNA-transfected cells, feedback mechanisms
due to produced protein combinations could lead to the translational
repression or degradation of synthetic mRNA and, thereby, result in a
reduction of produced protein amounts.

In the chemotactic migration assay, all of the mRNA-engineered
EPCs were able to attract non-modified EPCs. Contrary to the
expectation that EPCs transfected with the mRNA cocktail could
have an augmented chemoattractant activity, this could be not
demonstrated. The reason, therefore, could be the production of
reduced protein amounts in the mRNA cocktail-transfected EPCs
compared to the single-mRNA-transfected EPCs. However, the
tube formation assay demonstrated significantly improved angio-
genic potential of EPCs transfected with the mRNA cocktail, which
could be caused by the synergistic effects of simultaneously pro-
duced ANG-1, VEGF-A, and SDF-la. EPCs transfected with
SDF-1a. or ANG-1 mRNA, or simultaneously with SDF-1a. and
VEGF-A mRNA (Figure S3), also showed an improved effect on
tube formation.

In the wound scratch migration assay, EPCs transfected with ANG-1
mRNA showed the fastest closure of the wound area with 94% already
after 12 hr. After 24 hr, the ANG-1 mRNA-transfected EPCs resulted
in 100% closure of the wound area, which was significantly higher
than that in EPCs transfected with the mRNA cocktail that also con-
tained the ANG-1 mRNA. An improved wound closure compared to
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the untreated cells was also detected after 24 hr with SDF-1ae mRNA-
transfected EPCs. In the in vivo CAM assay, the highest angiogenic
potential was obtained by the ANG-1 mRNA engineering of EPCs.
Here, EPCs transfected with the mRNA cocktail also showed an
improvement of angiogenesis-related parameters, however, this in-
crease was not statistically significant.

VEGF is the most investigated growth factor for the treatment of car-
diovascular diseases and ischemic conditions, since it is a key regu-
lator of blood vessel formation. However, studies demonstrated that
newly formed blood vessels induced by VEGF are immature and
leaky.”** Su and colleagues’ demonstrated that the simultaneous
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36 h Figure 5. Analysis of Wound-Healing Capacity of
mRNA-Engineered EPCs via Wound Scratch
Migration Assay

1 x 10° murine EPCs were cultivated overnight, and then
they were transfected with 1.6 ng ANG-1, 0.8 ug VEGF-A,
or 0.5 ng SDF-1a mRNA or with an mRNA cocktail con-
taining 1.6 pg ANG-1, 0.8 ng VEGF-A, and 0.5 ng SDF-1a.
mRNA. The next day, cells were detached, and 28,000
EPCs with or without mRNA transfection were seeded in
each chamber of Culture-Insert 3 wells in p-dishes. After
5 hr, when the cells completely attached and covered the
surface, an open wound field was generated. Immediately
after the generation of wound areas (0 hr) and after 12, 24,
and 36 hr, phase-contrast images were taken and
closed wound areas were calculated using Tscratch
software. Scale bar represents 500 pum. Results are
shown as mean + SD (n = 8). Statistical differences
were determined using one-way ANOVA followed
by Bonferroni multiple comparison test (*p < 0.05 and
***p < 0.0001).

expression of ANG-1 and VEGF delivered by
an adeno-associated virus (AAV)-mediated
gene delivery approach has positive effects on
the therapy of infarcted mouse hearts, with
more capillaries, a smaller infarct size, and bet-
ter cardiac function. Moreover, the neovascula-
ture was less leaky compared to VEGF alone
treatment.

500 pm

The results of this study proved that the modi-
fication of EPCs only with ANG-1 mRNA could
be sufficient for the improvement of angiogen-
Medium esis. SDF-1o. mRNA transfection also showed
Medium + TR an improvement of wound closure and
C:g::ri::ﬁA in vitro tube formation. In contrast, after the
SDF-1er mRNA single transfection of EPCs with VEGF

mRNA, an improvement in angiogenic poten-
tial could not be detected. In their study, Zangi
et al’® injected 100 ug VEGF mRNA into
cardiac muscle of mice and demonstrated
increased formation of systemically perfused
vessels in the area of injection. Thus, the production of higher
VEGF amounts by the mRNA-modified EPCs could be required to
improve the angiogenesis.

ANG-1 + VEGF-A
+ SDF-1o. mRNA

Compared to the in vivo injection of synthetic mRNA into the
affected tissue, using the approach described in this study, increased
numbers of EPCs can be obtained by the isolation and/or expansion
of EPCs. The ex vivo modification of these cells by synthetic nRNA to
produce their own proangiogenic proteins, after the in vivo injection
for a limited time, could further increase the angiogenic potential
compared to the injection of high amounts of VEGF mRNA into
the affected tissue. In this study, due to high transfection efficiency
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and cell compatibility, Lipofectamine 2000 was used as a transfection
reagent; however, the quick delivery of synthetic mRNA into the cells,
for example, by using methods such as electroporation, could further
significantly improve the in vivo results. Thereby, the cells could be
immediately injected into the tissue after the mRNA transfection.
However, care should be taken that the selected transfection method
does not harm the cells.

The overexpression of paracrine factors in ischemic patients could be
especially beneficial to increase the mobilization and recruitment of
autologous stem cells to the damaged area to support healing and
regeneration by improving revascularization. In previous studies,
AAV or lentiviral vectors were applied to produce ANG-1 in rat
mesenchymal stem cells (MSCs),37 VEGF-A in rat skeletal muscles,*®
and SDF-1o. in human MSCs.” Furthermore, EPCs were genetically
modified with adenoviral vectors encoding hypoxia-induced factor-
lo (HIF—loc),40 FGF-1,"! and VEGF;*? lentiviral vectors encoding
ANG-1;* and retroviral vectors encoding SDF-1o. and VEGF-A**
to improve angiogenesis in animal models of ischemia. Using these
vectors, the expression of proteins is maintained for an extended

Figure 6. Analysis of Angiogenic Potential of mMRNA-
Engineered EPCs by Tube Formation Assay

1 x 10° murine EPCs were cultivated overnight, and then
they were transfected with 1.6 ug ANG-1, 0.8 ug VEGF-A,
or 0.5 ng SDF-1a. mRNA or with an mRNA cocktail con-
taining 1.6 ng ANG-1, 0.8 ng VEGF-A, and 0.5 ng SDF-1a
mRNA. After 24 hr, EPCs were detached and 1 x 10*
EPCs were seeded on Matrigel-coated angiogenesis
slides. After 4 hr of incubation at 37°C, the formation of
tubes was examined by phase-contrast microscopy.
Microscopic images were analyzed using NIH ImageJ
software with Angiogenesis Analyzer plugin, and seg-
ments are shown in magenta, master segments in
orange, branches in green, and meshes in blue. The
numbers (Nb) of nodes, segments, and master segments
and the total (Tot.) segment length, total mesh area, and
branching interval were quantified and compared to
the medium control. The unit of area and length is
pixel (px). Scale bars represent 100 um. Results are
shown as mean + SD (n = 3). Statistical differences were
determined using one-way ANOVA followed by Bonfer-
roni multiple comparison test ("p < 0.05, **p < 0.001, and
****p < 0.0001).

period of time. However, the prolonged pres-
ence of exogenously expressed proteins can
have adverse effects. For example, the pro-
longed exposure of vessels to VEGF-A due to
DNA-mediated gene transfer can result in
edema due to an increased vessel perme-
ability.”® The synthetic mRNA-mediated pro-
tein expression in the cells ceases after the nat-
ural degradation of delivered synthetic mRNA,
which is approximately after 2-3 days,*”” and
no footprint is left. We suggest that this time
frame could be sufficient for further homing of endogenous EPCs
to the ischemic tissue and the rapid connection of implanted EPCs
to the blood vessels of the surrounding intact tissue.

Conclusions

In this study, for the first time, we demonstrated that the angiogenic
potential of EPCs can be improved by the transfection of cells with
synthetic mRNAs encoding proangiogenic factors. The strongest
in vivo angiogenic potential could be detected with ANG-1 mRNA-
transfected cells. In vitro, EPCs transfected with the mRNA cocktail
showed significantly improved tube formation. Thus, this promising
synthetic nRNA-based treatment method could be beneficial in con-
ditions associated with insufficient formation of new blood vessels in
damaged tissues, e.g., after myocardial infarction, stroke, or limb
ischemia, or in the field of tissue engineering to improve the vascular-
ization of scaffolds and to promote vessel anastomosis with the host
vasculature. Furthermore, this method could be applied to the treat-
ment of various diseases by transfecting the desired cell type with one
or multiple mRNAs to modify cell activity and cell fate, in order to
improve cellular functions for sustained clinical outcomes.
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Figure 7. Analysis of In Vivo Angiogenetic Potential of mMRNA-Engineered EPCs in Chick Embryo Chorioallantoic Membrane Assay

(A) Schematic representation of the chorioallantoic membrane (CAM) assay. ANG-1, SDF-1a, and VEGF-A mRNA-transfected and untreated cells (medium or medium
containing transfection reagent [TR]) were applied in silicone rings (8-mm inner diameter) onto the CAMs at the ninth day of incubation at 37°C and 60% humidity. At the fourth
day of incubation, the CAMs were fixed and excised. (B) Analysis of the region of the inner ring circle with Wimasis WimCAM image software to quantify angiogenesis. Scale
bar of photographs (upper) and analyzed pictures (lower) represents 2.7 mm. (C) Quantification of angiogenesis using Wimasis WimCAM web-based service. The vessel
density, total branching points, total vessel network length, and total segments were quantified and compared to the medium control. Results are shown as mean + SD
(n = 3). Statistical differences were determined using one-way ANOVA followed by Bonferroni multiple comparison test (*p < 0.01 and ***p < 0.001).

MATERIALS AND METHODS

In Vitro mRNA Synthesis

The pcDNA 3.3 plasmid containing the coding sequences for SDF-1a
or VEGF-A4; (referred to as VEGF-A) was produced by Aldevron
(Fargo, ND, USA), and pEX-K4 plasmid containing ANG-1 was pro-
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duced by Eurofins Genomics (Ebersberg, Germany). To synthesize the
mRNA, first of all, DNA templates were generated by PCR using
50-100 ng plasmid DNA, 0.7 uM forward primer (5'-TTGG
ACCCTCGTACAGAAGCTAATACG-3') and 0.7 pM reverse
primer  (5'-T;,0CTTCCTACTCAGGCTTTATTCAAAGACCA-3')
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(Ella Biotech, Martinsried, Germany), and HotStar HiFidelity Polymer-
ase Kit (QIAGEN, Hilden, Germany), according to the manufacturer’s
instructions. PCR products were generated using the following ampli-
fication protocol: initial denaturation step at 94°C for 3 min, followed
by 25 cycles of denaturation at 94°C for 45 s, annealing at 57°C for
1 min, extension at 72°C for 1 min, and final extension at 72°C for
5 min. Afterward, PCR products were purified using MinElute PCR
purification kit (QIAGEN).

Next, the mRNA was produced by in vitro transcription (IVT) using
MEGAscript T7 Kit (Ambion, Glasgow, Scotland), according to the
manufacturer’s instructions. The IVT reaction contained 1.5 pg tem-
plate DNA, 7.5 mM ATP, 1.875 mM guanosine triphosphate (GTP),
7.5 mM pseudoruridine-5'-triphosphate (¥-UTP), and 7.5 mM
5-methylcytidine-5'-triphosphate (m5CTP) (TriLink Biotech, San
Diego, CA, USA). Furthermore, 2.5 mM 3’-0-Me-m7G(5)ppp(5')G
RNA Cap Structure Analog (New England Biolabs, Frankfurt,
Germany) was used for 5" end capping, and the mRNA was dephos-
phorylated using 5 U/mL Antarctic phosphatase (New England Bio-
labs, Frankfurt am Main, Germany). Additionally, the IVT reaction
mixture contained 40 U RNase inhibitor (Thermo Fisher Scientific,
Waltham, MA, USA) to prevent mRNA degradation. After each reac-
tion step, the mRNA was purified using RNeasy kit (QIAGEN), and
the mRNA concentration was adjusted to 100 ng/uL in nuclease-free
water. The purity and specific length of generated DNA templates and
mRNA products were analyzed using 1% agarose gel electrophoresis
at 100 V for 45 min and staining with 1x GelRed (Biotium, Fremont,
CA, USA) in 1x Tris-borate-EDTA (TBE) buffer.

Cultivation of Murine EPCs

In this study, murine embryonal EPCs (T17b cells), which were pre-
viously isolated and characterized by Hatzopoulos et al.,"® were used.
These cells can differentiate into mature ECs and form vascular struc-
tures in vitro and in vivo.*” EPCs were cultivated in DMEM with high
glucose and L-glutamine supplemented with 20% fetal bovine serum
(FBS), 1x minimum essential medium (MEM) non-essential amino
acids (NEAA), 100 uM 2-mercaptoethanol, and 1% penicillin and
streptomycin. All these cell culture reagents were obtained from
Thermo Fisher Scientific (Waltham, MA, USA). Cells were cultivated
at 37°C with 5% CO, and medium was changed every 2-3 days. Cells
were detached at about 70% confluency using 0.04% trypsin/0.03%
EDTA, and trypsin was neutralized using trypsin-neutralizing
solution (TNS, 0.05% trypsin inhibitor in 0.1% BSA; PromoCell,
Heidelberg, Germany). Afterward, cells were centrifuged for 5 min
at 300 x gand seeded on 0.1% gelatin- (Sigma-Aldrich Chemie, Stein-
heim, Germany) coated tissue flasks or cell culture plates.

Transfection of EPCs with Synthetic mRNAs

To perform the transfection of EPCs with synthetic mRNAs, 1 x 10°
EPCs were seeded per well of a 12-well plate coated with 0.1% gelatin
and incubated overnight at 37°C. The next day, lipoplexes were
generated by incubation of mRNAs with Lipofectamine 2000
(Thermo Fisher Scientific) in 0.5 mL Opti-MEM I reduced serum
medium (Opti-MEM, Thermo Fisher Scientific). The transfections

were performed with equimolar amounts of mRNAs. Thus, EPCs
were transfected with 1.6 pg ANG-1, 0.8 ug VEGF-A, or 0.5 pg
SDF-1o. mRNA or with all mRNAs together (called triple-mRNA
cocktail). To perform single-mRNA transfections, transfection
complexes were generated by using 2 pL Lipofectamine 2000 for
VEGF-A¢5 and SDF-1ao mRNA and 4 pL for ANG-1 mRNA. To
generate transfection complexes with the mRNA cocktail, 4 uL Lipo-
fectamine 2000 was used. The mRNAs were incubated in Opti-MEM
for 15 min at room temperature (RT) with the transfection reagent,
and then Opti-MEM containing lipoplexes were added to the cells.
After 4 hr of incubation, transfection medium was discarded and
1 mL fresh cell culture medium was added for further overnight
incubation at 37°C. As controls, cells were incubated with only
Opti-MEM or Opti-MEM containing transfection reagent.

Detection of Protein Expression Using ELISA

After the transfection of EPCs with synthetic mRNAs, the expression
of proteins was analyzed using ELISA. Therefore, supernatants
of transfected cells were collected and diluted 1:100 in Dulbecco’s
PBS (DPBS)/1% BSA. The concentrations of ANG-1, VEGF-A, and
SDF-1o. were determined as duplicate in 100 pL using human
ANG-1, CXCL-12/SDF-1a, and VEGF-A DuoSet ELISA (R&D
Systems, Minneapolis, MN, USA), according to the manufacturer’s
instructions. The absorbance was measured using a microplate reader
(Eon Synergy 2, BioTek Instruments) at 450 nm, with the correction
wavelength set at 540 nm.

Influence of mMRNA Engineering on EPC Viability

The influence of mRNA treatment on the viability of EPCs was
assessed using PrestoBlue assay (Invitrogen, Carlsbad, CA, USA).
Therefore, 1 x 10° EPCs were transfected with 1.6 ng ANG-1,
0.8 ng VEGF-A, or 0.5 ng SDF-1ao mRNA or with a triple-mRNA
cocktail containing 1.6 ng ANG-1, 0.8 ng VEGF-A, and 0.5 ng
SDF-1o mRNA for 4 hr at 37°C. Afterward, transfection complexes
were discarded and 1 mL cell culture medium was added per well
of a 12-well plate. After 24 hr, 110 uL PrestoBlue cell viability reagent
was added per well and incubated for 1.5 hr at 37°C. Fluorescence in-
tensity of 50 pL supernatant was measured in triplicates at an excita-
tion wavelength of 530 nm and an emission wavelength of 600 nm,
using a multimode microplate reader (Mithras LB 940, Berthold
Technologies).

Chemotactic Migration Assay

Migration of unmodified EPCs toward mRNA-engineered EPCs was
analyzed using chemotactic migration assay. After the transfection of
1 x 10°> EPCs with mRNAs, lipoplexes were removed and serum-
reduced cell culture medium containing 1% FBS was added for over-
night cultivation to the cells. The next day, 5 x 10* untreated EPCs
were seeded onto transwell inserts with 8-um pores coated with
0.1% gelatin. Subsequently, transwell inserts were transferred into
wells of a 12-well plate containing the mRNA-transfected or untrans-
fected EPCs and incubated for 6 hr at 37°C. Afterward, the transwell
inserts were rinsed with DPBS containing Ca**/Mg”* (DPBS*) and
fixed for 10 min with ice-cold methanol (AnalaR NORMAPUR,
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VWR, Darmstadt, Germany). After an additional washing of trans-
well inserts with DPBS*, the cells at the bottom of the transwell
were stained for 10 min at RT with 1 pg/mL DAPI (Sigma-Aldrich)
in DPBS". The migrated cells were detected using fluorescence micro-
scopy (Axiovertl35, Carl Zeiss, Oberkochen, Germany), and the
numbers of cells that migrated through the transwell inserts were
determined at 3 different regions of each insert membrane using
Image] 1.51 software.*®

Wound Scratch Migration Assay

1 x 10° EPCs were transfected in 12-well plates with synthetic
mRNAs and cultivated at 37°C and 5% CO, overnight. Then, cells
were detached, and 28,000 cells were seeded in 70 pL cell culture
medium into each chamber of the 0.1% gelatin-coated Culture-Insert
3 wells in p-Dish®>*™™ "€ (ibidi, Martinsried, Germany). Cells were
cultivated at 37°C and 5% CO, for 5 hr. After allowing the cells to
form a confluent monolayer, a 500-pum open wound field between
the cells was generated by removing the culture insert from the
dish. Subsequently, 1.5 mL fresh medium was added to each p-dish.
After 0, 12, 24, and 36 hr, the wound fields were documented using
a phase-contrast microscope (Axiovert 135). The percentage of closed
wound area was calculated using Tscratch software.*’

Tube Formation Assay

Tube formation capacity of mRNA-engineered EPCs was analyzed
after the transfection with synthetic mRNAs. Therefore, 1 x 10°
EPCs were transfected in 12-well plates with synthetic mRNAs
and cultivated at 37°C and 5% CO, overnight in serum-reduced cul-
ture medium containing 1% FBS. Each well of the p-slides for angio-
genesis (ibidi) was coated with 10 pL Matrigel (hESC qualified,
Corning, Corning, NY, USA) solution (1:5 diluted in DMEM) for
1 hr at 37°C. Then, transfected and untransfected EPCs were de-
tached, and 50 pL cell suspension containing 10,000 EPCs was added
to the Matrigel-coated wells. Tube formation was assessed after 4 hr
of incubation at 37°C using a light microscope (Axiovert 135) equip-
ped with a digital camera AxioCam MRm (Carl Zeiss). Pictures
were analyzed using Angiogenesis Analyzer plugin of ImageJ 1.51
software.*®

Chicken Embryo CAM Assay

Fresh fertilized chicken eggs of the Lohmann White x White Rock
breed chicken variety were purchased from the breeding facility
Matthias Sittig (Buchholz, Germany). The eggs were incubated at
37°C and 60% relative humidity in an egg incubator (Heka-Brutger-
dte, Rietberg-Varensell, Germany) and completely rotated twice a
day. At day 3 of incubation, 2-3 mL albumen was aspirated by insert-
ing an 18G needle at the tip of the egg without harming the yolk. Next,
a semi-permeable adhesive tape Suprasorb F (Lohmann & Rauscher,
Rengsdorf, Germany) was stuck to the eggshell, and a circular window
(@ 1-1.5 cm) was cut into the shell. Unfertilized eggs showing no
vasculature or heart beating were removed. Then, the window was
sealed using the adhesive tape to prevent dehydration and to mini-
mize the risk of infection. The eggs were then incubated without
rotation.
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At day 9 of incubation, EPCs transfected with 1.6 pg ANG-1, 0.8 pg
VEGF-A, or 0.5 ng SDF-1o. mRNA or with a triple mRNA cocktail
were applied to the CAM. Per egg, 4 x 10° EPCs were resuspended
in 50 pL cell culture medium and mixed with 50 pL Matrigel
(hESC qualified, Corning). A silicone ring (inner diameter: 0.8 cm)
(neoLab, Leonberg, Germany) was carefully placed onto the CAM,
and 100 pL matrigel and cell suspension was applied into the inner
circle of the ring. The eggs were sealed and further incubated. At
day 14, eggs were kept at RT for 3 hr and CAMs were then excised
and fixed with 4% paraformaldehyde (Merck, Darmstadt, Germany)
for 24 hr at 4°C. After washing with DPBS, color photographs of the
circular application area were taken using a photomacroscope (Wild
Heerbrugg M400) and a digital camera (Canon EOS 550D). The
analysis of angiogenesis-associated parameters, such as vessel density,
branching points, and segment length, was performed using Wimasis
image analysis web-based system.

Statistical Analysis

Data are shown as mean + SD or SEM. One-way ANOVA for
repeated measurements followed by Bonferroni multiple comparison
test was performed to compare the means. All statistical analyses
were performed double-tailed using GraphPad Prism version 6.01.
Differences of p < 0.05 were considered significant.
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