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Abstract: Background: Monocytes (Mo) are the most important mediators in arteriogenesis. Previous results from
our group demonstrated the great potential of allogenic Mo transplantation for improving collateral vessel growth,
which appeared to be due to a considerable host vs. graft reaction. To prove this hypothesis and introduce this
new method in clinical practice, we performed transplantation of human Mo (HuMo) in a mouse model. Methods
and results: We ligated the femoral artery of BALB/c mice and transplanted Mo via the tail vein. Perfusion was
measured by laser Doppler perfusion imaging (LDPI). We also performed clinical scoring based on behavior, wound
healing, signs of inflammation and mobility of the ligated extremity. Finally, arteriogenesis and angiogenesis were
examined histologically and by quantitative RT-PCR of the hind limb musculature. LDPI increased within one week
after ligation when HuMo were transplanted and increased further up to day 21 (0.63+0.12 (n=12) in HuMo vs.
0.50+0.12 (n=17) in the control group (P<0.01)). A histological evaluation showed significantly more collateral arter-
ies within the adductor muscles after HuMo transplantation. The promotion of collateral vessel growth after HuMo
transplantation resulted in better clinical scores (0.3310.26 (n=12) vs. 3.3 (n=9), SEM; P<0.01). Conclusions:
Transplantation of HuMo improves collateral vessel growth and clinical outcomes in mice. These results verify our
hypothesis that controlled triggering of the inflammatory mechanism resulted in collateral vessel growth by a local
host vs. a graft reaction in the ischemic hind limbs and could represent a further step in the development of a clini-
cal strategy for promoting arteriogenesis.

Keywords: Arteriogenesis, angiogenesis, monocyte, cell transplantation, innate and adaptive immune system,
inflammation

Introduction

The endogenous response of the body to a
progressive vascular disease with consecutive
luminal narrowing (e.g., peripheral artery dis-
ease or coronary artery disease) is the active
remodeling and growth of pre-existing arteri-
oles towards larger functional collateral arter-
ies, which is a process termed arteriogenesis
[1]. Indeed, an association between collateral
blood flow, myocardial viability and reduced
long-term mortality has been demonstrated in
patients with coronary heart disease [2-4]. How-

ever, only approximately one-third of the maxi-
mal conductance of a normal artery is restored
by endogenous collateral artery growth [5].
Hence, therapeutic stimulation of arteriogene-
sis represents an appealing concept, especially
considering that 20% of patients with vascular
disease are not suitable for current treatments,
such as percutaneous interventions or surgical
bypass grafts [6]. The pathogenesis of collater-
al growth (arteriogenesis) has been linked to
both the innate and adaptive immune systems.
While therapeutic approaches for the augmen-
tation of arteriogenesis have focused on innate
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immunity, exploiting both innate and adaptive
immune responses has not been widely exam-
ined. Collateral vessel growth is strongly dri-
ven by local inflammation [7]. This inflammato-
ry response includes endothelial activation and
the local recruitment of leukocytes, mainly mo-
nocytes (Mo) [8]. Mo mature to macrophages
and create a highly arteriogenic environment by
secreting multiple growth factors that induce
the remodeling of arterioles into functional col-
lateral arteries [9-11].

Our group has focused on the idea that increas-
ing local inflammation may represent the best
stimulus for arteriogenesis. We have exploited
the homing of Mo to areas of collateral growth
for cell transplantation studies [12]. Intriguingly,
transplantation of allogeneic Mo resulted in the
strongest arteriogenic response, implying that,
indeed, targeting both the innate and adaptive
immune systems may be the most efficient way
to clinically augment collateralization [12-14].
We demonstrated that autologous Mo are att-
ractive vehicles for augmentation of arteriogen-
esis via immunomodulation, which has been
previously demonstrated in rabbits and mice
[12-15]. For further clinical implementation, we
carried out this study to investigate the poten-
tial of human monocytes (HuMo) in a mouse
model. The aim of this study was to systemi-
cally transplant HuMo into a mouse model of
hind limb ischemia and then visualize their
homing and analyze their therapeutic potential.
Intravital microscopy was used for in vivo imag-
ing and to evaluate the transmigration of exog-
enous HuMo to areas of collateralization. In
addition to laser Doppler imagining of hind limb
reperfusion after ligation of the femoral artery,
we evaluated clinical scores to investigate the
clinical effect of the transplantation strategy.

These techniques were subsequently confir-
med by histological analyses of muscle. We
analyzed collateral vessel growth within the
upper limb (adductor muscle) and angiogenesis
within the lower limb (gastrocnemius muscle).
qPCR of muscle tissue was performed to detect
possible mechanisms of vessel growth. Sys-
temic immunological reactions and/or inflam-
mation were investigated via a multiplex cyto-
Kine assay of peripheral blood samples of mice
across various time points, including before
and up to 14 days after transplantation.

This study was developed to shed light on
understanding the complex and potent capaci-
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ty of Mo transplantation for augmentation of
arteriogenesis in peripheral artery disease.

These observations will support the elabora-
tion of clinically applicable immunotherapeutic
approaches [14, 16].

As Mo isolation from humans and subsequent
ex vivo engineering are both easy to perform
and safe, strategies utilizing HuMo are highly
attractive for translation to clinical therapies.

Materials and methods
Monocyte isolation

For monocyte isolation and characterization,
we used a previously published protocol by our
group [13-18] and protocols from [19, 20]. We
resuspended the cells with cell culture medium
(M199 (PAA Laboratories, Pasching, Austria) +
10% fetal calf serum (FCS) (Sigma Aldrich,
Hamburg, Germany) + 1% penicillin/streptomy-
cin (Sigma Aldrich, Hamburg, Germany) and
seeded the cells on 6-well ultra-low attachment
plates (Corning Incorporated, NY, USA). We
added 8 ng/ml IFN-y (Thermo Fisher, Waltham,
Massachusetts, USA) to the cell suspension
and incubated the cells for one day at 37°C and
5% CO,,.

Mouse femoral artery ligation model

Eight- to twelve-week-old BALB/c mice were
anaesthetized with 100 mg/kg body weight
ketamine hydrochloride (Ketanest, Pfizer, Ber-
lin, Germany) and 2 mg/kg body weight xyla-
zine hydrochloride (Rompun, Bayer, Leverku-
sen, Germany). The femoral artery was occlud-
ed by double ligation with 6-O silk sutures
(Ethicon, Norderstedt, Germany) distal to the
origin of the deep femoral artery and proximal
to the A. epigastrica superficialis [13, 21]. All
procedures involving experimental animals we-
re approved by the local government animal
care committee (AZ:42502-2-1333) and com-
plied with the Guide for the Care and Use of
Laboratory Animals (NIH publication No. 86-23,
revised 1985).

Monocyte transplantation

One day after femoral ligation, 2.5 x 10° HuMo
resuspended in 150 pl saline were injected via
the tail vein. Afterwards, the animal was moni-
tored for 30 min for systemic side effects [17].
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The mouse was placed in its cage after fully
recovering.

Laser doppler perfusion imaging (LDPI)

LDPI was used to measure serial blood flow
before and after ligation of the left femoral ar-
tery and for three weeks postoperatively. The
animals were placed for 5 min on a 37°C he-
ating plate (Féhr Instruments, Seeheim-Ober,
Germany) to avoid vasoconstriction by anes-
thetic heat loss. To calculate hind limb perfu-
sion, the mean pixel intensity of both legs was
determined, and a “perfusion index” (ligated
side/unligated side) was used for quantification
[14, 22].

Immunohistochemistry and morphometrical
analysis

Tissue samples of adductor and gastrocnemi-
us muscle from both hind limb muscles were
snap-frozen in methyl butane 1, 3 and 21 days
after ligation and stored at -80°C until use [23].
Cryosections (5-7-uym thick) were prepared with
a Leica CM Cryostat (Leica Biosystems, Nus-
sloch, Germany), fixed and permeabilized in
ice-cold acetone, and blocked with a serum-
free protein block (Dako, Hamburg, Germany)
for 20 minutes. They were then incubated with
rabbit anti-CD31 (Abcam, Cambridge, UK) for 1
h at room temperature, followed by the appro-
priate cross-absorbed secondary antibody con-
jugated to Cy3 fluorochrome (Jackson Immu-
noResearch Suffolk, UK). An FITC-conjugated
mouse anti-SMC-a-actin antibody (Sigma Al-
drich, Hamburg, Germany) was included as a
counterstain, followed by nuclear counterstain-
ing with DAPI. Only vessels with a media-to-
lumen-ratio typical for arteries were counted,
and their diameters were determined. Sections
were analyzed using an Axiovert 200 m (Carl
Zeiss, Jena, Germany) equipped with appropri-
ate filter sets and an AxioCam MRm (Carl Zeiss,
Jena, Germany). Images of the sections were
acquired using overlapping image acquisition
and then stitching, and the images were then
quantified by image segmentation and a parti-
cle analysis using Imagel (https://imagej.nih.
gov/ij/docs/faqs.html). For confocal microsco-
py, 10-um-thick cryosections were fixed in 4%
(wt/vol) paraformaldehyde and incubated with
a rat antibody against the mouse CD68 anti-
gen (Serotec, Puchheim, Germany). Sections
were then incubated with biotinylated second-
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ary donkey anti-rat antiserum (Dianova, Ham-
burg, Germany) and Cy2-Streptavidin (Rock-
land, USA). After repeated washes with PBS,
sections were incubated with anti-SMC-a-actin
directly labeled with Cy3 (Sigma Aldrich, Ham-
burg, Germany). F-actin was visualized with
phalloidin conjugated with Alexa 633 (Molecu-
lar Probes, Thermo Fisher Scientific, USA). Fi-
nally, nuclei were stained with DAPI. The sec-
tions were examined by laser scanning confo-
cal microscopy (Leica TCS5), which allows 4-
channel concomitant scanning. Ten confocal
optical sections were taken through the depth
of the tissue samples at 0.5-um intervals us-
ing a Leica Planapo 63/1.4 objective. Three-
dimensional reconstruction was performed us-
ing Imaris 7.2 multichannel image processing
software (Bitplane, Zurich, Switzerland).

Cell staining with DiO for IVM

Isolated HuMo were resuspended in serum-
free culture medium (M199 (PAA Laboratories,
Pasching, Austria) + 1% penicillin/streptomycin
(Sigma Aldrich, Hamburg, Germany) overnight
on 6-well ultra-low attachment plates (Corning
Incorporated, NY, USA) at a density of 1 x 10°
cells per ml. The cells were than labeled with 5
UM DiO (Life Technologies, Darmstadt, Deut-
schland) for 20 min at 37°C. Subsequently, cul-
ture medium was added and the cells were cen-
trifuged at 300 x g for 5 min. The supernatant
was dislodged, and resuspended cells were
transplanted into the tail vein of mice for sys-
temic administration [17].

Fluorescein-BSA lysotracker

To demonstrate that soluble tracking proteins
from the cell culture medium are phagocytosed
and accumulate, fluorescein-labeled BSA (Sig-
ma Aldrich, Hamburg, Germany) was used. Bo-
vine serum albumin (BSA) (GE Healthcare,
Freiburg, Germany) was solved in 10 mg/ml
ina 0.1 M NaHCO, buffer (pH 8.3) (PanReac
Applichem, Darmstadt, Germany) and subse-
quently coupled with fluorescein by adding a
carboxyfluorescein succinimidyl ester (CFSE)
solution (Sigma Aldrich, Hamburg, Germany) at
a final concentration of 1 mM. After 1 h, fluores-
cein-BSA was purified from residual CFSE by
twofold dialysis. Purified fluorescein-BSA was
added to isolated HuMo at a concentration of
100 pg/ml and incubated overnight. After
washing three times with cell culture medium,

Am J Transl Res 2019;11(7):4063-4076



Collateral vessel growth after xenogenic monocyte transplantation

Table 1. Criteria and quantification of the
clinical evaluation outcomes of the mice

Criteria of clinic score Points

Wound healing 0-inconspicuous
1-consp

Mobility 0O-inconspicuous

1-slight handicap
2-mean handicap
3-immobility
0-inconspicuous
1-slight redness
2-livid discoloration
3-Gangrene

Skin of the ligated leg

Behaviour 0O-inconspicuous

1-conspicuous

Morphological, clinical and behavioral parameters and
weight loss were analyzed. Lower scores represent bet-
ter clinical outcomes with less impairment.

the Mo were counterstained with Hoechst
33342 and LysoTrackerRed DND-99 (Thermo
Fisher Scientific, Schwerte, Germany). Sub-
sequent z-Stack acquisition with an Axiovert
200 m equipped with an Apotome was used to
localize fluorescein-BSA on the subcellular
level.

Intra vital microscopy for visualizing the hom-
ing of HuMo

Live imaging of HuMo homing to sites of arterio-
genesis in vivo was demonstrated by intravital
microscopy (IVM), which is a minimally invasive
optical imaging technique that offers high-reso-
lution, deep tissue penetration and video cap-
turing. By using this innovative and unique
method we were able to examine the kinetics
of monocyte homing in vivo and the endoge-
nous development of collateral arteries with-
in the hind limbs of mice after ligature of the
femoral artery. The morphology of the collate-
ral vessels in the adductor muscle was deter-
mined by live cell imaging, and blood flow was
visualized within the growing arteries. For in
vivo experiments, mice were anesthetized in-
traperitoneally and placed on a heating plate
(37°C). The leg was then fixed between two
adjustable stamps, and care was taken to keep
the region of interest moist. A cover glass was
positioned on top of the stamps and adjusted
before imaging was begun. A Zeiss LSM 710
NLO (Carl Zeiss Microscopy, Goettingen, Ger-
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many) with a 20 x water immersion lens (NA
1.0) or a Leica SP 5 microscope (Leica Mi-
crosystems, Wetzlar, Germany), with a 10 x dry
lens (NA 0.4) were used in either two photon or
single photon confocal mode, respectively.

Clinical scoring

For clinical evaluation of the cell therapy and
the augmentation of arteriogenesis, we devel-
oped a clinical score to evaluate and analyze
the revascularization and outcomes of the ani-
mals. Morphology, clinical parameters, behav-
ior, and weight loss were analyzed. Lower
scores represented better clinical outcomes
with less impairment (Table 1).

RNA isolation and qRT-PCR

Total RNA was isolated from tissue according to
the method of Chomczynski and Sacchi [24].
Residual genomic DNA was removed using an
RNase-Free DNase Kit (Promega, Mannheim,
Germany). One microgram RNA was reverse
transcribed into cDNA with random nonamers
(Roche, Mannheim, Germany) and a 1st Strand
cDNA Synthesis Kit for RT-PCR (Roche). qRT-
PCR was performed using a Light Cycler 1.5
(StepOnePlus Applied Biosystems, Life Tech-
nologies, Darmstadt, Germany) and a SSYBR
Green | Kit (Power Up SyberGreen Master Mix,
ThermoFisher Scientific, Darmstadt, Germany)
according to the manufacturer’s protocol with 1
pl of the 1:5 diluted cDNA and 0.5 uM of each
primer per reaction. The following primers were
used: 18S rRNA forward 5-GGACAGGATTGAC-
AGATTGATAG-3’, reverse 5-CTCGTTCGTTATCG-
GAATTAAC-3’; monocyte chemoattractant pro-
tein 1 (MCP-1) forward 5-CTCAAGAGAGAGG-
TCTGTGCTG-3’, reverse 5-GTAGTGGATGCATTA-
GCTTCAG-3’; proliferating cell nuclear antigen
k-67 (ki67) forward 5-GAGTGAGGGAATGCCTA-
TG-3’, reverse 5-GCTGTGAGTGCCAAGAGAC-3'.
At least two independent gRT-PCR reactions
were performed on each template using follow-
ing protocol: initial denaturation step at 95°C
for 10 min followed by 40 cycles of denatur-
ation at 95°C for 15 s, annealing at 64°C for
18 S rRNA, 62°C for MCP-1, 58°C for ki67, for
1 min each, and extension at 72°C for 15 s.
To ensure specific amplification, agarose gels
and melt curve analyses were performed. The
ACt method was used to quantify the data, and
the results were normalized to the expression
levels of 18 S rRNA.
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Figure 1. FACS analysis of transplanted HuMo: Exem-
plary illustration of INF-a-stimulated human mono-
cyte subsets based on a typical distribution of events
in a CD14 CD16 staining protocol. Subsets: classi-
cal monocytes (Mo1) CD14**CD16, proinflammatory
monocytes (Mo2) CD14**CD16*, non-classical mono-
cytes (Mo3) CD14*CD16* and (Mo4) CD14CD16.

Cytokine quantification by Luminex technology

Cytokine, chemokine and growth factor levels
in mouse serum were quantified at different
time points (blood sample time line: before li-
gation and at 8 h, 24 h, 72 h, 7 days, 14 days
and 21 days after ligation). Serum was stor-
ed after a spin-down procedure at -80°C, and
mice were i.p. injected with 250 pl saline after
each blood withdrawal. The cytokine concen-
trations of IL-1a, IL-18, IL-2, IL-3, IL-4, IL-5, IL-6,
IL-9, IL-10, IL-12 (p40), IL-12 (p70), IL-13, 1L-17,
eotaxin, G-CSF, GM-CSF, IFN-y, KC, MCP-1
(MCAF), MIP-1a, MIP-18, RANTES and TNF-a
were determined using a multiplex pro-mouse
cytokine 23-plex panel and a cytokine reagent
kit (Bio-Rad Laboratories, USA) as previously
described [25]. Samples were analyzed in trip-
let and standards in duplicate using a Lumi-
nex-100 instrument with Bio-Plex Manager 4.1
software (Bio-Rad Laboratories, Munich, Ger-
many) [26].

Statistics

Statistical analysis was carried out using SAS®
software, version 9.2 (SAS Institute Inc., Cary,
NC, USA) and SPSS 24 (IBM, Germany). The
analyzed parameters are summarized as the
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mean + SD and arithmetic average * standard
error of the mean for the results of the clinical
score. The whiskers in the bar charts represent
standard errors. In the experiments, the main
effect (group) and the time effect (after ligation)
for developing from pre to 21 days were of spe-
cial interest. To analyze these effects we per-
formed a two factorial ANOVA with cross effects
using the GLM procedure in SAS®. In case of a
significant global test, Tukey’s test was used as
a post hoc test for pairwise group comparisons.
The significance levels were determined using
the adjusted F-Test by Huynh-Feldt. P-values
were used to indicate significant differences
among the factors in the ANOVA. All statistical
decisions were two-tailed with a critical proba-
bility of a=5% without a-adjustment except for
Tukey's test for pairwise group comparisons.
For all biochemical data, a one way ANOVA fol-
lowed by the Bonferroni post hoc test was us-
ed. A p value of <0.05 was considered signi-
ficant.

Results
Isolation

Before each cell transplantation, we conducted
a FACS-Analysis to measure the number of Mo
within each cell preparation and to calculate
the number of cells that had to be injected. A
representative FACS-Analysis for cell isolation
is shown in Figure 1.

Main groups of Mo were differentiated. Cla-
ssical Mo are represented by Mol. The group of
non-classical Mo is represented by Mo3. Most
of our Mo are CD16**/CD14** (Mo 2, 89.8%)
which are consistent with intermediate Mo.
This cell fraction is used for calculating the
number of HuMo that had to be injected.

Fluorescein-BSA lyso tracker uptake experi-
ments

Soluble proteins from the cell culture medium
were phagocytosed and localized in lysosomes.
As demonstrated, the fluorescein-labeled BSA
accumulated in the lysosomes of treated HuMo
(Figure 2).

LDPI

LDPI showed a decrease in the perfusion index
(PI) from 0.99+0.09 preoperatively to 0.19+
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Figure 2. Fluorescence microscopy of two monocytes at 63x maghnification. The
kidney-shaped cell nuclei (blue, Hoechst 33342) of two monocytes with the
surrounding cytoplasmic space are shown. The processed CFSE-BSA (green)
(A) is located in the cytoplasm and lysosomes (red). (A) shows the maximum in-
tensity projection of an acquired z-stack from two Mo. Nuclei are shown in blue,
fluorescein-BSA in green and lysosomes stained by LysoTracker accumulation
in red. The projections of the ontological planes (B-G), which are shown in green
in (A), demonstrate the subcellular localization of BSA within lysosomes, thus
implying a subsequent MHC antigen presentation of BSA. For a better overview

observed in the HuMo-tr-
ansplanted group on day 7
(3.2+0.64 saline vs. 2.17+
0.21 HuMo; (SEM)). Follow-
ing day 7, no further impro-
vement in clinical outcome
was observed in the control
group. The clinical outco-
me of the HuMo transplan-
tation group improved aft-
er transplantation, where-
as on day 14, the CS of
the control group had furth-
er decreased to 4.0+0.69
(SEM). The mice of the tran-
splantation group also exhi-
bited better clinical condi-
tions on day 14 and the CS
had decreased from 2.17+
0.21 onday 7 to 1.25+0.29
(SEM) on day 14 (**P<
0.01). No severe gangrene
was detected in this gr-
oup. On day 21, the CS of
the HuMo group reached
0.33+0.26 (SEM), represen-
ting nearly the initial base-
line value as assessed be-
fore the operation. In con-
trast, the saline group had
a CS of 3.33+0.76 (SEM)
(**P<0.01), which indicat-
ed a reduced clinical out-
come (Figure 4).

and allocation of structures, a transmitted light image was acquired (H).

0.04 post-ligation in all groups. LDPI showed a
marginal increase in the Pl after HuMo trans-
plantation (0.39+0.10 HuMo PI vs. 0.34+£0.13
saline PI; n.s.) one week after ligature. On day
14, the Pl was 0.54+0.06 in HuMo vs. 0.45+
0.13 in the saline control (*P<0.05). The differ-
ence in Pl between the HuMo and control cas-
es increased until day 21 (HuMo PI 0.63%
0.12; vs. saline P1 0.5+0.12; (n=17); **P<0.01)
(Figure 3).

Clinical score (CS)

Prior to ligation, the condition of all animals was
normal, and no points were assigned for any
loss of function at baseline. The same scores
were observed immediately after ligation (CS of
6 points for both groups). Greater recovery was
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Histology

The number of collateral arteries (ca) within the
ligated leg increased when HuMo were trans-
planted (9.33+2.31 collateral arteries in the
HuMo group (n=12) vs. 6.33+1.5 collateral ar-
teries in the saline group (n=9), **P<0.01)
(Figure 5A). This result was congruent with the
LDPI results and the CS grades. The increasing
number of collaterals resulted in better perfu-
sion of the hind limbs and better clinical condi-
tions of the animals. In addition to counting the
collaterals, we also evaluated differences in
the vessel diameter of the collaterals of both
groups to draw conclusions about the quality of
the collaterals. However, there were no differ-
ences between the HuMo and control saline
groups (24.4 HuMo (n=6) vs. 26.67 saline
(n=9), P>0.05, n.s.).

Am J Transl Res 2019;11(7):4063-4076



Collateral vessel growth after xenogenic monocyte transplantation

A i3 Perfusion within the murine hindlimb
: 1 %%
208 *
c —a— HuMo (n=12)
2 06 Saline (n=17)
—_ =
204
& 0,2
u !
pre-OP post-OP 7d 14d 21d
Time of measurement
B pre-OP post-OP 7d 14d 21d
HuMo

\

\

i ’ 4
Saline 1
W v y )

Figure 3. Comparison of hind limb perfusion over 21 days. LDPI measurements
show a significant difference in perfusion after 14 days (*P<0.05), which in-
creased after 21 days (**P<0.01) (A). Representative images of LDPI measure-
ments illustrate the effect of augmentation of collateral vessel growth after
monocyte transplantation (B).
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Figure 4. A. Clinical outcome of the animals evaluated based on the clinical
score over 21 days. B. Representative pictures show the good clinical status of
the mice after monocyte transplantation (left picture) and severe gangrene in
control animals (right picture) after 21 days.

The increasing number of collateral arteries
within the adductor muscle resulted in de-
creased ischemia in the lower limb. The num-
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ber of CD31-positive capil-
laries within the gastrocne-
mius muscle 21 days after
ligation of the femoral ar-
tery was 6524121 capillar-
ies/mm? in the HuMo gr-
oup (n=12) vs. 1001+305
capillaries/mm? in the sali-
ne group (n=9) (**P<0.01)
(Figure 5B), and Figure 5C
shows these results. In
summary, HuMo augment
the development of collat-
erals, thereby reducing ca-
pillary sprouting by posi-
tively influencing reperfu-
sion.

Homing based on intravital
microscopy (IVM)

Using IVM, we were able to
capture multi-color videos
of living cells. Ex vivo DiO-
labeled HuMo (green) were
visualized in vivo in areas
of collateralization. The ti-
me course of HuMo was
assessed by first visualiz-
ing HuMo within the vessel
lumen (Figure 6A) and then
after transmigration of Hu-
Mo within the perivascular
space (sees previous publi-
cations [15]). Our data de-
monstrate that IVM is a
potent tool for the visuali-
zation of collateral arteries
in small animal models.

Immune histological verifi-
cation of homing of trans-
planted monocytes

Histological evaluation of
the IVM results and visual-
ization of transplanted Hu-
Mo were performed to fol-
low the route of endoge-
nous mouse Mo after their
transplantation, and the re-

sults supported our hypothesis that a mild local
host vs. graft reaction can be used as a thera-
peutic tool for enhancing the inflammatory por-
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Figure 5. A. Quantification of collateral number within the adductor muscle of the ligated side. B. Quantification of
angiogenesis within the lower limb. Comparison of the number of capillaries per mm? in the gastrocnemius muscle
of the ligated leg 21 days after ligation of the femoral artery. C. Representative immunohistological sections after
CD31 staining for capillary density (red) within the gastrocnemius muscle of the ligated leg demonstrate increased
ischemia-induced capillary spouting in the control group (left picture) vs. less capillary spouting due to reduced
ischemia mediated by increased blood supply by collateral arteries in the proximal musculature in HuMo-treated

mice (right picture).

Figure 6. IVM of a vessel at the level of vascular liga-
tion two days after closure of the femoral artery. A
labeled monocyte (green (DiO), arrows) within a col-
lateral artery.

tion of new vessel growth within the hind limb
(Figure 7).

Serum cytokine quantification

Serum was collected prior to and immediately
after ligation and at 8 h, 24 h, 72 h, 7 days and
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Figure 7. Histological evaluation of the IVM results
and visualization of either transplanted HuMo or en-
dogenous mouse Mo. Staining of adductor muscle
seven days after systemic monocyte transplantation.

Murine monocytes/macrophages = white; human
monocyte/macrophages = green, smooth muscle ac-
tin = red; nucleus staining DAPI = blue.
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Figure 8. Quantification of cytokines in the serum at different time points. HuMo transplantation group = blue; con-

trol saline group = orange.

14 days for cytokine quantification. Significant
decreases in TNF-a, INF-Y, IL-4, IL-5, IL-6 and
IL-10 were found 8 h after systemic monocyte
transplantation (Figure 8). All these cytokines
had comparable dynamics regarding blood con-
centration levels 8 h after systemic monocyte
transplantation. Although the control and trans-
plant groups began at the same level of deficit
following ligation, the physiological process of
collateralization after ligation of the femoral
artery appeared to be accelerated by xenogen-
ic monocyte transplantation. Interestingly, the
same cytokine levels were found after 14 days
in both groups.

qRT-PCR

The mRNA expression levels of a proliferation
marker (ki67) and cytokine (MCP-1) relevant
for leukocyte and monocyte recruitment were
studied, and significant differences were not
observed in the expression levels of both tran-
scripts in the quadriceps and gastrocnemius
muscle of HuMo-treated mice (Figure 9).

Discussion

The participation of Mo in the process of arte-
riogenesis has been demonstrated in several
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previous studies [11, 12, 14, 27-29]. Because
the substitution of single growth factors for
improving collateral growth has revealed only
minor success [30], our group focuses on the
transplantation of Mo. The therapeutic aug-
mentation of collateral vessel growth after the
introduction of allogenic, adenoviral-transduc-
ed Mo or receptor-engineered Mo has been
demonstrated for decades; however, the trans-
fer of these basic research results to human
cells has not been previously performed.

We applied Mo during therapeutic cell therapy
for PAD (peripheral artery disease) to improve
blood perfusion to ischemic areas because of
the following reasons: Mo locally secrete all
the necessary growth factors at the correct
concentrations and at the appropriate time,
and in addition to the release of different cyto-
kines, Mo also have the ability to communicate
with other cells essential for vascular growth
[18, 27, 28]. Therefore, Mo are able to locally
promote the complex process of arteriogene-
sis. The transplantation of murine and rabbit
Mo in animal models has successfully increased
collateral development [12-14]. To extend this
knowledge and take a further step toward the
therapeutic use of Mo in humans, experiments
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with HuMo are necessary, and they must be
investigated both ex vivo and in vivo using ani-
mal models. Therefore, in this study, isolated
HuMo were systemically transplanted and fo-
und to exhibit homing to sites of collateral
development. We successfully showed that Mo
improved the clinical outcomes after ligature of
the femoral artery. To develop future clinical
therapeutic approaches, this study focused on
stimulating HuMo and subsequent intravenous
administration of HuMo in an animal model. In
addition to the previously discussed experi-
ments on the effect of Mo transplantation in
the development of atherosclerotic plaques,
the influence of Mo transplantation on the
growth of endogenous tumors must also be
examined. Thus, our research group is currently
investigating the influence of Mo transplanta-
tion on tumor vascularization in a Matrigel-
mouse model [31]. Using IVM, the homing of
HuMo was demonstrated for the first time after
systemic transplantation in vivo [16]. The inter-
action between the transplanted HuMo and
endogenous mouse Mo was demonstrated his-
tologically in this study for up to seven days
after transplantation for the first time.
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Previous studies have demonstrated the suc-
cess of monocyte research and revealed in-
creased collateral growth in ischemic vascular
disease by supporting the lifespan and local
concentration of Mo [7, 13, 25, 32]. However,
many questions remain that must be clarified
prior to clinical application of this promising
therapeutic method. The clinically transfer of
Mo in humans for the use of therapeutic HuMo
transplantation requires further investigation.

For this purpose, HuMo were isolated and the
HuMo functional integrity, protein uptake, cell
viability, and migration into tissue were tested.
Mo were administered to recipient mice via
intravenous injection one day after ligation of
the femoral artery. The xenogeneic monocyte
transplantation led to improved perfusion after
21 days, which was attributed to increased
arteriogenesis in the upper limb as demon-
strated by an increased number of collaterals
and less necrosis.

Our study demonstrated that transplanted
HuMo adhere to the vessel wall in the inflam-
matory environment and migrate into tissue
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surrounding growing collateral arteries to pro-
mote collateralization. Interactions between
exogenic and endogenic Mo were well visual-
ized using immune histochemical techniques.
In addition, we showed that these cells were
localized around the collateral arteries after 7
days and exhibited perivascular interactions
with endogenous, competent murine Mo.

We postulate that a local host vs. graft inter-
action will lead to the further amplification of
inflammation, thus supporting arteriogenesis.
This hypothesis of a host vs. graft reaction is
supported by the results of Francke et al. [13],
who showed that arteriogenesis was inhibited
by the administration of cyclosporine A, which
specifically targets the signaling pathways in T
cells. Collateral generation was predominantly
driven by cell interactions of Mo with CD-4 and
CD-8 T cells as previously shown by Stabile et
al. [28, 33], thus supporting this theory. Stabile
et al. found that the absence of CD-4 or CD-8 T
cells in knock-out mice did not lead to the suf-
ficient formation of collaterals. However, after
transplantation of CD-4 or CD-8 T cells, collat-
erals could again develop in these mice. In
addition, modified syngeneic Mo with an allo-
geneic character has been successfully used
to increase collateral growth. This effect could
then be completely inhibited by the depletion of
CD-4 T cells [14]. In our experiments to date,
we have investigated allogeneic, autologous
and syngeneic Mo transplantation in mice and
rabbits and achieved promising results in ani-
mal experiments [12-14, 17, 34]. Allogeneic
cell transplantations are routinely used for the
treatment of hematological disease in the form
of stem cell transplants. The increased arterio-
genesis observed in this study was most likely
due to increased activation and recruitment of
endogenous Mo.

The results presented here show that human
ex vivo-stimulated Mo are fully functional and
can also lead to changes in vascular growth in
living organisms, which are critical findings for
the use of this promising therapeutic method in
future clinical approaches.

As previously mentioned, the mechanism of
xenogeneic monocyte transplantation for the
augmentation of collateral vessel growth is
poorly understood. Nevertheless the potential
of Mo has been previously recognized and
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enhancement of blood monocyte concentra-
tions and lifespans has been exploited in clini-
cal human studies on the treatment of cad and
PAD patients [29, 32].

In this study, monocyte recruitment was not
achieved by the administration of systemically
infused growth factors but rather by direct
transplantation because growth factor-driven
studies have indicated that minor clinical re-
sults are obtained while considerable side ef-
fects occur [35]. Monocytes are non-dividing
cells that have no potential to differentiate into
other unwanted cell pathways, such as tumor
cells.

In this study, we focused on characterizing and
confirming the functionality of isolated HuMo
for cell transplantation experiments. Succe-
ssfully demonstrating the isolation, function,
transplantation and homing of HuMo can pro-
vide a basis for further alternative cell the-
rapies, which are warranted in fighting PAD.
Considerably improvements in clinical outcome
and restoration of blood supply to ischemic
limbs were obtained by this strategy.

The serum cytokine levels in control mice were
decreased, particularly in inflammatory cyto-
kines, such as TNF-«, INF-Y and IL-6, starting
48 h after ligation of the femoral artery, which
represent the time point when endogenous
monocyte transmigration reached a maximum
value. ldentical slope values were measured
when HuMo were transplanted, thus support-
ing our theory that exogenous Mo transplanta-
tion triggers an endogenic shift as well timely
as numerous in quantitative Mo, which was
confirmed by the robust perivascular infiltration
of Mo based on histological analyses and IVM.
The average circulating time of Mo in the blood-
stream after their release from the bone mar-
row is between 24 and 72 h [36, 37]. Normally
the peak of perivascular endogenous monocyte
infiltration around growing collateral arteries
occurs by approximately day 3 (72 h post liga-
tion), thus representing Mo-Mo interactions
between resident Mo [38, 39] and transmigrat-
ed Mo with T cells.

Because inflammatory arteriogenic cytokines
increased in the collateral arteries as well as
the perivascular tissue, we investigated the
mMRNA expression level of MCP-1 and the prolif-
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eration marker ki67 [9, 40]. Although signifi-
cant difference were not observed in the upper
limb or lower limb, a trend of enhanced prolif-
eration within the quadriceps (upper limb) was
observed after HuMo transplantation, which
may be related to the mouse strain used in the
experiments. BALB/c mice are known to have a
lower collateralization capacity than C57-BL-6
mice, which explains the limited difference in
the upregulation of the pro-arteriogenic cyto-
kine. Nonetheless, we use the BALB/c mouse
because of the necessary therapeutic gap for
the better detection of the long-term results of
HuMo transplantation on clinical outcomes.
Our group has shown that C57BL/6 mice res-
tore blood perfusion within one week after liga-
tion of the femoral artery [41]; therefore, this
mouse was not adequate for our set up.

Unfortunately, the concentration of human in-
flammatory and pro-arteriogenic cytokines pro-
duced by the exogenous HuMo was not quanti-
tatively measurable in our setting. Therefore,
visualized the postulated mechanism underly-
ing the interaction of HuMo and endogenous
inflammatory cells via histochemistry and IVM
but failed to quantify this complex mechanism
by singular cytokines. Nevertheless, a signifi-
cant systemic measurement of the timelines of
cytokines at up to 14 days facilitates analyses
of the possible regulatory pathway.

The results of the experiments performed in
this study pave the way for further experiments
with HuMo and show that human ex vivo-stimu-
lated Mo are fully functional and can lead to
changes in vascular growth in living organisms.
This finding is an essential required criterion for
the use of this promising therapeutic vehicle
cell in pad patients.

The serum cytokine level was assessed to pro-
vide a better understanding of the immune
response and the mechanism behind this phe-
nomenon; moreover, the cytokine levels in the
control group were above those of the HuMo-
transplanted group at the time point of maxi-
mum collateralization at 72 h post ligation.

The cytokine levels of the two experimental
groups were similar three days after monocyte
transplantation. This observation is possibly
due to the reduced circulation time of the in-
jected Mo. The average circulating time of Mo
in the bloodstream after their release from the
bone marrow is between 24 and 72 h [36, 37].
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Due to the supposed host vs. graft reaction,
this circulation time may be shortened after
xenogeneic transplantation. This could be due
to, for example, increased activity of CD4-po-
sitive cells, which leads to faster degradation of
the cells [42].

The accelerated migration of injected cells
already activated by INF-y could also occur in
the surrounding tissue [24], which was demon-
strated by the fact that we detected activated
Mo after systemic injection via IVM within 24 h
of transplantation in the perivascular tissue
[16].

Although the clinical results after HuMo trans-
plantation are clear and lead to an improve-
ment in perfusion and increase in the number
of collaterals, it is difficult to explain the mecha-
nism based on a change in cytokine level when
xenogenic transplantation was performed. Al-
though it is possible to unequivocally identify
the transplantation of HuMo around the collat-
erals and show their interaction with the endog-
enous Mo and macrophages morphologically
via histology and IVM, the production of pro-
arteriogenic cytokines is not detectable via RT-
PCR.

Endogenic Mo (termed autologous cells) rather
than xenogeneic or allogeneic Mo are the pre-
ferred cells for the development of therapeutic
approaches in humans. Although not arterio-
genic themselves, autologous cells can be
modified and engineered ex vivo to achieve
great potential for improving collateralization
as allogeneic and xenogeneic Mo [14].

However, further research is needed before
this approach can be applied to humans.

Conclusions

Transplantation of xenogeneic Mo (HuMo) can
improve collateral vessel growth and clinical
outcomes of mice. These results verify our
hypothesis that controlled modulation of the
inflammatory mechanism in collateral vessel
growth by a local host vs. graft reaction in the
hind limbs of ischemic mice could be a novel
useful strategy for promoting collateral vessel
growth.
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