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Abstract

FGF2 is a potent stimulator of vascular growth; however, even with a deficiency of FGF2 (Fgr2-/
-), developmental vessel growth or ischemia-induced revascularization still transpires. It remains
to be elucidated as to what function, if any, FGF2 has during ischemic injury. Wildtype (WT) or
Fgr2-1- mice were subjected to hindlimb ischemia for up to 42-days. Limb function, vascular
growth, inflammatory- and angiogenesis-related proteins, and inflammatory cell infiltration were
assessed in sham and ischemic limbs at various timepoints. Recovery of ischemic limb function
was delayed in Fgr2-/- mice. Yet, vascular growth response to ischemia was similar between

WT and Fgf2-/- hindlimbs. Several angiogenesis- and inflammatory-related proteins (MCP-1,
CXCL16, MMPs and PAI-1) were increased in Fgf2-/- ischemic muscle. Neutrophil or monocyte
recruitment/infiltration was elevated in Fgf2-/- ischemic muscle. In summary, our study indicates
that loss of FGF2 induces a pro-inflammatory microenvironment in skeletal muscle which
exacerbates ischemic injury and delays functional limb use.
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INTRODUCTION

Diseases of vascular insufficiency are one of the leading causes of morbidity and mortality
in the United States and worldwide. According to the American Heart Association
(AHA), over 83 million people in the U.S are currently affected with one or more
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forms of cardiovascular disease (CVD). Approximately 18.2 and 8.5 million of these
CVD patients are living with coronary artery disease (CAD) and peripheral artery disease
(PAD), respectively (Benjamin et al. 2019). In addition to CAD and PAD, a significant
subset of these patients is afflicted with other comorbidities that render them unsuitable
for conventional revascularization procedures including percutaneous angioplasties and
bypass grafts. Other CVD risk factors such as obesity, diabetes, or hypercholesteremia
can also diminish the collateralization (called “arteriogenesis”; remodeling of preexisting
arteriolar vessels) response to vascular occlusion (Lotfi et al. 2013; Laham and Baim
2007). A potential alternative treatment for these “no-option” patients is therapeutic
neovascularization which aims to stimulate or enhance physiological angiogenesis (capillary
vessel growth) and/or collateralization with pro-angiogenic genes, proteins or stem cells
(Silvestre, Smadja, and Lévy 2013; Ahn et al. 2008). Evaluation of angiogenic factors
and stem cells for efficacious use in CAD and PAD necessitated the development of

in vivo pre-clinical models that approximated the human diseases of muscle perfusion
loss. Additionally, it has become important to visualize, characterize, and analyze the
post-ischemic vascular network that develops in the presence or absence of pro-/anti-
angiogenesis agents of interest.

Proof-of-concept studies in small and large animal models of chronic ischemia have
provided evidence for the therapeutic potential of exogenous FGF2 (Simons et al. 2002;
Lederman et al. 2002). This promise, however, did not translate into successful clinical use.
To date, the precise role of endogenous FGF2 in vascular biology is largely inconclusive
since no effect on vascular development has been observed in mice with a targeted deletion
of Fgf2. Several, independently developed lines of mice deficient in FGF2 gene expression
have been produced to describe the roles of FGF2 in vascular development and physiology.
Our laboratory has shown that normal growth of capillary and smooth muscle-containing
vessels occurs in Fgf2knockout hearts of mice bred on a 50:50 129/Sv and Black Swiss
background (House et al. 2003; Liao et al. 2007). A similar result was observed in Fgf2-/
- mice of a different strain, C57BL/6J (Virag et al. 2007). Mice bred on a C57BL/6J x
129/Sv mixed background, however, had impaired myocardial capillarogenesis when Fgrf2
gene expression was partially (+/=) or completely (/=) disrupted (Amann et al. 2006).
Fgr2-deficient mice have normal retinal vascularization and neovascularization responses
to retinal or choroid layer injury (Ozaki et al. 1998; Tobe et al. 1998). When subjected

to chronic ischemia, Fgf2-/- hindlimb has similar capillary and arteriole densities as WT
hindlimb (Sullivan, Doetschman, and Hoying 2002). Further complicating the study of

the function of FGF2 in vascular growth is the inhibition of angiogenesis observed in
studies employing antibody neutralization. Capillary density was significantly reduced in
skeletal muscle denervation or ischemic injury models in the presence of FGF2 neutralizing
antibodies (Walgenbach et al. 1995; Lefaucheur et al. 1996). While these contradictory
results can be partially accounted when differences in animal strains or experimental tools
are considered as well as the differences in necessity vs. sufficiency, the role of Fgf2
expression in neo/revascularization has yet to be clearly defined. The objective of this study
was to determine the nature of endogenous FGF2-regulated vascular remodeling during
chronic ischemia.
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MATERIALS AND METHODS

Animals

Mice were housed in a pathogen-free facility and handled in accordance with standard

use protocols, animal welfare regulations, and the NIH Guide for the Care and Use

of Laboratory Animals. All protocols were approved by the University of Cincinnati
Institutional Animal Care and Use Committee. Mice with a targeted ablation of the Fg72
gene (Fgr2-1-) were generated in the laboratory of Dr. Thomas Doetschman as previously
described (Zhou et al. 1998; Schultz et al. 1999). All mice were bred on a (50%) Black
Swiss/ (50%) 129 mixed background.

Hindlimb Ischemia Model

Age- (10-12 weeks) and sex-matched wildtype (WT) or Fgf2—/— mice were anesthetized
with 2.5% Awvertin (2, 2, 2-Tribromoethanol and tertiary amyl alcohol in 0.9% saline) at a
dose of 0.02ml/g, intraperitoneally (i.p.) and placed on a heating pad at 37°C. Unilateral
hindlimb ischemia was induced surgically as previously described (T Couffinhal et al. 1998;
Adeyemo, Zhang, and Schultz 2012; Sullivan, Doetschman, and Hoying 2002). After a
longitudinal skin incision at the medial thigh of the left hindlimb, the femoral artery and
vein were exposed and dissected free of the associated nerve. The vessel pair was ligated
proximal to the external iliac artery and distally at the bifurcation into the saphenous and
popliteal branches. The intervening vessel pair was then excised. The overlying skin was
then closed with 5-0 silk sutures and tissue adhesive. A sham procedure was performed
on the contralateral (right) hindlimb, wherein a longitudinal skin incision and sutures were
placed without ligation or excision.

Assessment of limb function

The incidence of hindlimb tissue necrosis and limb function was assessed daily up to 14
days of ischemia and then weekly up to 42 days of ischemia. Functional use of the ischemic
limb was measured on the following scale modified from Stabile and group (Stabile et al.
2003) (4 = dragging of foot, 3 = no dragging of foot but no plantar flexion, 2 = plantar
flexion but no flexing of toes and 1= normal function, with flexing of toes to resist gentle
traction on the tail).

Histological analysis of vasculature

Following 42 days of ischemia, skeletal muscles were harvested from the thigh (gracilis,
semi-membranosus, and semi-tendinosus) and calf (gastrocnemius) regions of the sham

or ischemic limbs and immersion-fixed overnight in 4% paraformaldehyde followed by
immersion in 70% ethanol for processing. 5um thick transverse paraffin-embedded sections
were deparaffinized with xylenes and followed by rehydration in alcohol/water (100%, 95%
and 70%) solutions. A 10-minute antigen retrieval step was performed at 100°C using

a pH 6.0 citric acid solution. Endogenous peroxidase activity was blocked with H,O»
followed by treatment with 10% normal goat serum to reduce nonspecific binding. Serial
sections were then incubated overnight at 4°C with biotinylated Griffonia simplicifolia
(Bandeiraea) isolectin B, (1:100, Vector Labs) or rabbit polyclonal antibody against a-SMA
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(1: 15,000; Abcam) to detect endothelial or vascular smooth muscle cells respectively.
Immunoperoxidase staining was detected with 3, 3’-diaminobenzidine (MVector Labs) and
sections were counterstained with Mayer’s Hematoxylin (Life Technologies) to detect
nuclei. Capillary vessels were identified as vessels with an outer diameter <10pum and
positive staining for endothelial cells. a-SMA-positive vessels with a 20um or more

outer diameter were identified as arterioles and venules. Venules were distinguished from
arterioles by their collapsed luminal structure and thinner layers of smooth muscle. Images
were captured under 400X (capillaries) or 200X (arterioles) magnification from each section
(2 sections/limb, 20 fields/section). Vessel densities were estimated as the total number of
vessels per myofiber number in each field.

Micro-computed tomography imaging of the hindlimb vasculature

1) Contrast agent perfusion—After 42 days, mice were anesthetized and overdosed
with sodium pentobarbital at a dose of 80mg/kg, i.p. A horizontal midline incision was made
right below the diaphragm to avoid pneumothorax and to ensure blood flow during catheter
insertion. The abdominal aorta was cannulated, the catheter secured with 5-0 suture and a
6mL heparinized (100U/mL) saline solution containing a mixture of vasodilators (10uM
acetylcholine, 10uM adenosine, 100uM papaverine and 200uM sodium nitroprusside;
Sigma-Aldrich, St. Louis, MO) was infused at 1 mL/min with a 3mL plastic syringe (Becton
Dickson, Franklin Lakes, NJ) for blood washout. The inferior vena cava was severed to
allow for drainage of blood and the infusing solution. For the Microfil perfusion, a curing
agent (5% v/v) was added to catalyze the mixture of the components (compound and diluent
mixed in equal amounts, according to the manufacturer recommendations; MV122 Flow-
Tech Inc Carver, MA) with a working time of 20 minutes before the start of polymerization.
0.5mL of the prepared compound was drawn in a ImL syringe and injected at 1mL/h with
care taken to remove any perfusate that contaminated the surrounding tissue, skin or fur.
Perfused specimens were placed at room temperature for 30 minutes and then stored at 4°C
overnight to allow for complete polymerization of the contrast agent.

2) Specimen scanning protocol—Sham or ischemic limbs were dissected at the head
of the femur for individual scanning at high resolution using the micro-CT scanner in

the Tri-modal Siemens Inveon (Siemens Healthcare, Hoffman Estates, IL) and the Inveon
Acquisition Workplace (IAW) (version 1.5.28) software. Each ex vivo limb was placed on
the imaging pallet with a field of view (FOV) of 18 x 25mm, positioned on the dorsal side,
and scanned from thigh to ankle. CT scanning parameters were 80kVp and 300pA (voltage
and current) with 0.5mm Al filtration. A 192° half scan was performed for 384 steps with
an exposure time of 2100ms for each step. Center offset and dark/light calibrations were
performed immediately prior to scanning for image optimization. The acquisition protocol
included using a high system magnification with 2x2 binning to generate an isotropic voxel
size of 17um3. Raw data reconstruction was performed with a Shepp-Logan filter. Prior

to image reconstruction, beam hardening correction was applied to ensure the quantitative
accuracy of the Hounsfield Units (HUs) in the final images. Images are reconstructed with
the standard Filtered Back-Projection (FBP) algorithm with no additional down-sampling of
the raw data (binning of image voxels).
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3) Micro-CT Data Volume Rendering, Segmentation and Quantification—For
vessel morphology analysis, bones were digitally removed and the vasculature was
segmented from the surrounding tissue (background) based on the density of the X-ray-
attenuated voxels of the Microfil within the vessels. Segmentation is a technique to designate
voxels within the CT images as defined objects; essentially, image points were defined as
vessel, bone or tissue. Due to the irregular and non-uniform shapes of the hindlimbs, the
segmentation was performed manually (Fig 3, A and B). Once defined, the same manual
segmentation method was consistently applied to all the scanned volumes. This was done
by manually drawing volumes of interest (VOIs) a few voxels away from the edge of the
bone regions from each of the serial 2-D sections (~500 in the coronal plane) (Bouxsein

et al. 2010). For each hindlimb, two volume “segments” were generated consisting of bone
or tissue (and vessels). Thresholding is a segmentation technique that separates portions of
an image based on pixel/voxel values (HUs values in this case). The relatively high density
of the Microfil compounds allowed for partitioning of vascular structures from the tissue
(background). In some cases, the X-ray attenuation of the Microfil was similar to bone

and made it even more important for the bone to be segmented from the images before
thresholding.

Histomorphometric parameters (Parfitt et al. 1987; Hildebrand and Rilegsegger 1997;
Bouxsein et al. 2010) including vessel volume (volume of segmented voxels normalized

to tissue/limb volume), diameter (average local thickness of voxels), density (number

of vascular structures intersected per mm) and separation (spacing i.e. average distance
between vessels calculated from background voxels) were computed for each defined
volume of interest (sham or ischemic calf or thigh) using the Siemens Inveon Research
Workplace Bone Morphometry Tool. The values were reported as a ratio of ischemic to
non-ischemic limbs for each animal to minimize any variations in the vascular morphology
parameters that could be attributed to the Microfil perfusion protocol. For determination

of vessel size (diameter) distribution, bone-deleted stacked 2-D image data were converted
to DICOM and read into Fiji (NIH, Bethesda, MD). A plug-in of Fiji, developed for local
thickness analysis, was used to assess the distribution of vessel diameters in the data set
(Schindelin et al. 2012). An algorithm built into the Fiji plug-in first converts the gray scale
images to binary ones using a thresholding procedure. The generated binary images will
have non-zero signals in the segmented areas (Microfil-filled vessels). The non-zero voxels
are treated as part of the object, and the space around the vessels (tissues) is regarded as
background. A local thickness value is calculated for each non-zero voxel as the diameter
of the largest sphere that fits inside the object and contains the voxel. The calculation

relies on the 3-D spatial relationships to detect where the object/background interface lies
and to determine the correct local diameter (Saito and Toriwaki 1994; Hildebrand and
Rilegsegger 1997). Although the voxel size of the CT images in this study was 17um3, the
Fiji plug-in did not differentiate well between vessels with a diameter <17um and those with
a diameter =17um and <34um, because of the partial volume effect. For this reason, the
smallest bin size of the diameter analysis has vessels between Oum and 34um. Histograms
were generated representing the number of vascular segments over a range of diameters
(34um-442um) in the sham or ischemic limbs.
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Expression profile of angiogenesis-related proteins

Skeletal muscles were harvested from non-ischemic, sham or ischemic hindlimbs of WT
and Fgr2-/- mice. Sham or ischemic thigh and calf muscles were dissected free of the
femur and tibia/fibula, respectively and snap-frozen in liquid nitrogen at 7 days of ischemia.
100-120mg of skeletal tissues was pulverized and homogenized on ice in a glass dounce
homogenizer in an extraction buffer containing 20mM Tris, 2mM EDTA, 2M NaCl, 1%
NP40, EDTA-free protease inhibitor cocktail (Roche, 1 tablet/10mL), and 1mM PMSF. The
homogenate was centrifuged at 15,0009 for 15 minutes and the supernatant was collected.
After protein concentration was determined using a Bio-Rad DC protein assay, 600ug of
total protein in 1.5mL of array buffer from the proteome profiler mouse angiogenesis
antibody array kit (R&D Systems) was mixed with 15uL of a detection antibody cocktail
and incubated at 25°C for one hour. Each sample/antibody mixture was then added to a
nitrocellulose membrane containing 52 different capture antibodies (listed in Table 2) dotted
in duplicate and incubated at 4°C overnight. After washing, 2mL of buffered streptavidin-
HRP was added to each membrane and allowed to incubate at 25°C for 30 minutes. Array
membranes were developed using chemiluminescence with the provided Chem Reagent mix.
The densitometry of the antibody/protein dots were quantified using a Fluorchem 8800 gel
imager.

Immunohistochemical analysis detection of inflammatory cell infiltration/activation

5um thick transverse paraffin-embedded sections were deparaffinized with xylenes and
followed by rehydration in alcohol/water (100%, 95% and 70%) solutions. Endogenous
peroxidase activity was blocked with H,O- followed by treatment with 5% normal rabbit or
goat serum to reduce nonspecific binding. Serial sections were then incubated overnight at
4°C with goat polyclonal antibody against myeloperoxidase (MPO 1:5000, R&D Systems),
mouse monoclonal antibody against Mac-3 (CD107b 1:1000, BD Biosciences), or rabbit
polyclonal antibody against CD206 (MMR 1:1000, Abcam). The MPO-positive population
of inflammatory cell infiltrate were identified as neutrophils (Bradley et al. 1982; Oklu et al.
2013). Mac-3-positive cells were identified as macrophages (Koestler et al. 1984; Shireman
et al. 2006) and CD206-positive cells were classified as M2a macrophages (Részer 2015;
de Carvalho et al. 2013). Biotinylated secondary antibodies (1:500, Vector Labs) were then
applied to the sections for 2 hours at room temperature; rabbit anti-goat for MPO, mouse
absorbed rabbit anti-rat for Mac-3 or goat anti-rabbit for CD206. The antigen-antibody
complexes were subsequently labeled utilizing the Vectastain ABC reagent kit (Vector
Labs) and immunoperoxidase staining was detected with 3, 3’-diaminobenzidine (DAB,
Vector Labs). Sections were counterstained with Mayer’s Hematoxylin (Life Technologies)
to detect nuclei, dehydrated, and coverslipped with Permount mounting medium (Fisher
Scientific). Images were captured at 400X magnification from each section (2 sections/limb,
40 fields/section). The number of MPO, Mac-3, or CD206-positive cells were counted in
each image and presented as the density of cells per mm? of muscle.

Statistical Analysis

Data are expressed as mean=S.E.M and analyzed using Graph Pad Prism software.
Spearman correlation was used to compare the curves of limb function recovery over time.
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For micro-CT results, paired Student #test was used to determine within group differences
(i.e., sham vs. ischemic). Comparisons of ischemic/non-ischemic ratios were performed with
unpaired Student #test. Histological data were analyzed using two-way analyses of variance
(ANOVA). When ANOVA evaluations produced significance (p<0.05), Bonferroni post-hoc
tests were carried out for pairwise comparisons. £<0.05 was considered as significant.

Delayed recovery of ischemic limb use/function in the absence of FGF2 expression

To address the role of the Fgf2gene in the recovery of from ischemic limb injury, evaluation
of the ischemic hindlimb use was performed at specific time points after induction of
ischemia. A semi-quantitative scoring scale modified from Stabile and colleagues (Helisch
et al. 2006; Stabile et al. 2003) was utilized to perform daily and weekly assessments of
ischemic limb impairment or use (as described in Table 1). All WT and Fgf2-/- mice
experienced impaired limb use immediately after the ischemia surgery which presented as
dragging of the ischemic foot and this observation persisted for the next three days of
ischemia (Fig. 1A), most likely due to ischemic pain and/or surgical procedure. Soon after,
both groups of mice began to exhibit improved use of their ischemic limbs to varying
degrees. At 7 days of ischemia, limb function improvement in WT mice began to diverge
from the Fg72-/- group. By 28 days, WTs had resumed normal hindlimb function and their
ischemic limbs could no longer be differentiated from sham limbs. Conversely, Fgf2-/-
mice had significant impairment of limb use and did not completely recover ischemic limb
use by the end of the study at 42 days (p<0.05). These results provide evidence suggesting
that in the absence of Fg72expression, there is an impaired functional recovery of hindlimb
active use in response to ischemic injury.

Loss of Fgf2 expression does not lessen capillary or arteriole growth during chronic

ischemia

To determine whether impaired function after limb ischemia in the Fgf2-/- mice was a
function of altered angiogenesis or arteriogenesis, skeletal muscles from sham-operated and
ischemic WT and Fgf2-/- mice were harvested and analyzed for vascular density. Muscle
sections were collected 42 days after ischemia surgery and stained with GSI Lectin IB4, an
endothelial cell marker to evaluate microvascular angiogenesis (Fig. 2A). No significant
difference in capillary density was observed in non-ischemic (sham) muscles between

WT and Fgf2-/- hindlimbs. Capillary density in WT or Fgf2-/- ischemic muscles was
significantly increased relative to their respective sham limbs (p<0.05, Fig. 2B). However,
the level of capillary vessel growth in Fgf2-/- ischemic limbs was not different from WT.

To determine the degree of ischemia-induced arteriogenesis, sham and ischemic muscle
sections were immunostained with a-smooth muscle actin, a vascular smooth muscle cell
marker to detect and quantify arteriolar vessels (Fig. 2A). Like the capillary density of the
sham limbs, arteriole density was not different between WT and Fgf2-/- mice indicating
that an underlying vascular defect is not the cause for the delayed recovery of limb function.
Avrteriole density was significantly increased in ischemic muscles of WT and Fgf2mice
compared to their respective sham muscles (Fig. 2C). No difference in arteriole density was
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detected between ischemic WT and Fgf2-/- limbs. Taken together, these findings suggest
that the decreased functional capacity of Fg7f2-/- limbs is likely not a result of differences in
ischemia-induced vascular growth.

Post-ischemic network formation is similar between wildtype and Fgf2—-/- mice

To further characterize the role of Fgf2expression in ischemia-induced collateral growth
and remodeling (arteriogenesis), contrast-enhanced micro-CT imaging was performed in
addition to the histological staining. While immunological detection and 2-D counting

of vessels is still the most-widely used method for quantifying post-ischemic vasculature
(Madeddu et al. 2006; Waters et al. 2004; Thierry Couffinhal et al. 2009), it is possible

that changes in arteriole vessel densities exist between WT and Fg72-/- muscles that

are not detectable by immunostaining due to differences in sensitivity. Furthermore, micro-
CT analysis provides three-dimensional information on the stability of ischemic vascular
network in the absence of Fgf2expression. For 3-D quantification of the vasculature, 2
volumes of interest (VOIs) (calf or thigh) were defined for each limb using bone as anatomic
guides. Serial z-slices of upper hindlimb volume extending from the top of the femur to

the bottom of the patella were designated as the calf VOI, while the thigh volume included
slices from the head of the fibula to the ankle joint (Fig. 3). Calf or thigh histomorphometric
parameters, including vessel volume, mean diameter, density and separation, were evaluated
from the 3-D volumes based on standardized methods using the IRW Bone Morphometry
Tool. In this tool, the vessels are represented as “bone” and the calculation of these
parameters requires a binarization of the VOI into a bone/mineralized “vessel” and a tissue/
nonmineralized “non-vessel” segment and calculations are performed based on the parallel
plate model of trabecular bone. Selection of the appropriate binarization threshold was

very crucial for obtaining accurate results as high values will eliminate smaller vessels
while a lower threshold can overestimate larger vessels. After visual inspection of 3-D
volumes and 2-D cross-sections, comparisons between pre- and post-segmentation images
of 4 non-ischemic limbs (n=2 from each group) were performed to determine the upper and
lower limits of the vascular (‘bone”) density (Figs. 3 A and B). Based on this, a threshold

of 1000-7000 HU was chosen and kept constant for all subsequent analyses of sham and
ischemic limbs.

The volume parameter was determined from counting voxels in segmented volumes
normalized to the total volume of interest. The mean vessel diameter was defined as the
average thickness; density was defined as the number of vascular structures intersected per
unit length (mm-1): while the separation represents the average distance between vascular
structures within each VOI (mm)2 (Bouxsein et al. 2010; Parfitt et al. 1987). At 42 days of
hindlimb surgery, the vascular volume fractions were significantly increased in the ischemic
lower limbs (calf) WT and Fg72-/- compared to the non-ischemic (sham) limbs (Table 2).
Interestingly, the volumes were unchanged in response to ischemia in the upper limbs (thigh)
in either group despite increased vessel numbers (density) in both the calf and thigh. The
intervessel separation was also increased in the ischemic calves or thighs of WT or Fgf2-/-
limbs. Mean vessel diameter was not altered except in the WT thigh where it was smaller.
To minimize any variations attributable to the perfusion protocol, the quantitative parameters
of each ischemic limb was also normalized to the sham (non-ischemic) limb. In the calf
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(Fig. 3C) or thigh (Fig. 3D), vessel volume and number ratios were greater than 1 while the
mean diameter and separation ratios were less than 1. Ratios were similar between WT and
Fgf2-/- limbs for all parameters.

To assess and compare the vessel size distribution present in the normal mouse hindlimb
with the vasculature that develops in response to ischemia, additional quantitative analysis
of the 3-D volumes was performed. The 3-D data were analyzed for local thickness and
histograms were generated to display the volume and range of vessel sizes (diameter)
across the entire hind limb (Fig. 4). Vessels of smaller diameter (=34 um<204pum) were
significantly increased in the ischemic WT limbs compared to sham (p<0.05, Fig. 4B).
Fgf2-/- limbs also had higher volumes of smaller diameter vessels (p<0.05, Fig. 4C).
Similar ratios of the size-lineated vessel volumes were present in WT and Fgf2-/- ischemic
legs (Fig. 4D).

Increased chemokine and ECM protein expression in ischemic Fgf2—-/- muscles

To address the possibility that other pro-angiogenic proteins may compensate for the
absence of Fgf2gene expression in ischemic muscle and to identify potential mediators

of the tissue response to ischemia, the expression profile of angiogenesis-related proteins
at 7 days of ischemia was determined using a proteome antibody array. This timepoint
was selected based on the observation of decreased function of the Fgf2-/- ischemic limbs
between 3 and 10 days of ischemia. Relative expression of several growth factors including
fibroblast growth factor 1 (FGF1), fibroblast growth factor 7 (FGF7), vascular endothelial
growth factors (VEGFs) platelet-derived growth factors (PDGFs), and hepatocyte growth
factor (HGF) in Fgf2-deficient ischemic muscles was not different from wildtype (see
Supplemental Table). Several proteins were altered in expression relative to WT muscles.
The subset of proteins that were changed due to loss of Fgf2expression was chemokines,
insulin growth factor binding proteins (IGFBP), proteases and a protease inhibitor (Fig.
5). The levels of the matrix metalloproteinases (MMP), MMP-8 and MMP-9 were
significantly increased in the ischemic Fgf2-/- muscles (p<0.05 vs. WT). Fgf2-/- mice
also had increased expression of the plasminogen activator inhibitor-1 (PAI-1). IGFBP-2
and IGFBP-3, which have activity in inflammation, proliferation, and apoptosis in injury
and vascular alterations (Bach 2018), were significantly enhanced in the ischemic Fgrf2-/-
skeletal muscle (p<0.05 vs. WT). Lastly, monocyte chemoattractant protein-1 (MCP-1),
CXCL12, and CXCL186, pro-inflammatory chemokines, were elevated in the absence of
Fgr2expression. Overall, the proteome profile in ischemic skeletal muscle suggests that
complete loss of Fgf2expression (in Fgf2-/- limbs) upregulates expression of proteins
involved in ECM remodeling and inflammatory cell activation.

Fgf2-/- mice display amplified inflammatory cell infiltration in response to ischemia

To identify the role of Fgf2expression in the tissue inflammatory response to chronic
hindlimb ischemia, neutrophil and monocyte/macrophage recruitment in non-ischemic,
sham-operated or ischemic skeletal muscle were assessed. Calf (gastrocnemius) and thigh
(gracilis, semi-membranosus and semi-tendinosus) muscles were harvested at baseline and
at 3 and/or 7 days of ischemia from WT and Fgf2-/— mice. After immunodetection of

a neutrophil marker, myeloperoxidase (MPO), no difference between the two groups in
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the number of neutrophils was present in non-ischemic muscles (Fig. 6A). Three days of
ischemia showed significantly higher numbers of neutrophils in ischemic muscles from only
Fgr2-/1- mice relative to their respective sham muscles (p<0.05 vs. HLI). Furthermore,
Fgf2-1- muscles had significantly increased neutrophil density relative to WT (p<0.05).

Quantitative analysis of immunostaining for Mac-3, a marker of macrophages (Tidball
2011) in non-ischemic skeletal muscle from WT and Fgf2-/- mice showed no difference

in infiltrate density under baseline conditions (Fig. 6B). By 3 days of ischemia, there

was significantly increased detection of macrophages in the ischemic muscles of both WT
and Fgr2-/- mice compared to their respective sham muscles (p<0.05 vs. HLI, Figs. 6B,

C). Similarly, levels of alternatively activated, anti-inflammatory M2a (CD206-positive)
macrophages elevated after 3 days of ischemia in both WT and Fg72-/- muscles (Fig.

6C). Total and M2a macrophages levels were also evaluated after 7 days of ischemia (Fig.
6B, C) and the degree of macrophage infiltration in the ischemic muscles were elevated in
comparison to their respective sham cohorts (p<0.05 vs. HLI). Total macrophage numbers in
the Fgf2-/- ischemic limbs was increased nearly 3-fold relative to ischemic WT muscles at
3 and 7 days after ischemia surgery. Interestingly, M2a macrophage density was not different
between ischemic WT and Fgf2-/- mice at any time point of ischemia. Altogether, these
results suggest that loss of Fg72expression produces an exaggerated and potentially harmful
inflammatory response during hindlimb ischemia.

DISCUSSION

This study, for the first time, demonstrates that FGF2 is important for preserving ischemic
limb functional capacity. Fgf2-/- mice had a delayed recovery of ischemic limb use
compared to WT mice. These defects in the Fg7f2-/- mice were independent of vascular
growth as capillary and arteriole densities were similar to WT. These findings are
important as they represent a function for Fg72in ischemic skeletal muscle recovery that is
independent of vascular growth and suggests a role for inflammation in the FGF2-mediated
response.

The functional impairment of the ischemic limb is a clinically appropriate endpoint for
assessing the role of the Fgf2expression in post-ischemic limb function. The observations
in the mouse ischemic limb are similar to those detected in human patients of PAD

whose symptoms present clinically as either intermittent claudication (IC) or critical limb
ischemic (CLI) (Rutherford et al. 1997; Lotfi et al. 2013; Waters et al. 2004). This is
relevant because one of the outcomes for IC or CLI patients enrolled in clinical trials of
angiogenic/arteriogenic therapies included improvements in the Rutherford classification.
The Rutherford scale is a clinical classification that ranks the severity of disease from mild
claudication (Stage 1) to severe ischemic ulcers, gangrene, or tissue loss (Stage 6) (Annex
2013; Rutherford et al. 1997). As a measure of the Fgf2-dependent functional response to
ischemia, mice were graded for the spontaneous or stimulated (tail traction) use of their
ischemic limbs. This scoring method, a surrogate for the Rutherford scale, tracks the severity
of and the recovery from ischemia in the mouse hindlimb. Movement of the ischemic

limb was limited immediately following the surgical procedure and continued for the first
three days following the ischemia surgery where mouse gait was altered and presented as
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dragging and no weight bearing of the ischemic foot. This observation was present in the
ischemic foot of all WT and Fg72-/- mice (Fig. 1). Loss of Fgf2gene expression (Fgf2-I-)
depressed the recovery of ischemic limb function. While WT mice resumed active foot and
limb movement (plantar flexion with flexing of toes and full weight bearing) after 28 days,
Fgf2-1- mice only recovered “normal” use of their ischemic limbs by the end of the study
(42 days of ischemia). These results are reminiscent of the wound healing response that was
observed in Fgf2-/- mice. Excisional dorsal skin wounds had a delay in complete healing
rate relative to WT (Ortega et al. 1998). This response was confirmed to be Fgr2-specific
because Fgril/ Fgf2 double knockouts have a similar delay as Fgr2-/- mice while FgfiI-/-
wounds heal at a similar rate as WT (Miller et al. 2000).

In models of chronic ischemia, loss of or diminished tissue function is typically a
consequence of impaired arteriogenesis, the outward remodeling of pre-existing collateral
vessels or angiogenesis, the growth of the capillary network. When analyzed by
immunohistochemistry, no alterations in angiogenesis or arteriogenesis were observed in
ischemic Fgr2-/- limbs (Fig. 2). Ischemia induced a significant increase in Fgf2-/-
capillary (Fig. 2B) or arteriole (Fig. 2C) densities. However, these vascular changes were
similar to ischemic WT skeletal muscle. A complementary quantitative assessment of the
effect of Fg72deletion on induced revascularization was performed with the use of micro-
computed tomography (micro-CT). This imaging modality addresses the limitations inherent
with the use of the histology for quantifying vascular growth including the subjectivity of the
two-dimensional (2-D) measurements and small sampling. High resolution 3-D micro-CT
imaging provides a powerful, objective and analytical tool for visualizing blood vessels,
evaluating the volumetric architecture, and determining type and extent of the vascular
network. Two distinct volumes of interest (VOI), calf and thigh, were defined in each

of the binarized 3-D images for the computation of morphometric parameters including
vascular volume, diameter, number and separation (Fig. 3). The vessel volume and number
ratios (ischemic/sham) of the calf or thigh for all groups were all greater than 1 indicating
an increase in vessel density as a response to ischemia (Table 2). Further analysis of

the vessels generated in response to ischemia was performed by generating histograms of
vessel size distribution across the entire hindlimb (Fig. 4). WT and Fgf2-/- ischemic limbs
had increased volumes of smaller diameter vessels between 34 and 200 um compared to
their sham cohorts (Figs. 4A-B). Several studies employing the hindlimb ischemia model
and micro-CT technology have also observed increases in volumes of small and/or medium-
sized vessels ranging from 8 to 200 pm (Cristofaro et al. 2013; Duvall et al. 2004; W. Li et
al. 2006). When compared to WT, Fgf2-/- limbs had similar vascular volume, number,
diameter and separation ratios. Together, these findings parallel work by Sullivan and
colleagues where ablation of Fgf2gene expression did not reduce post-ischemic capillary
or arteriole vessel densities (Sullivan, Doetschman, and Hoying 2002). Angiogenesis was
also observed in the eye when Fg72-/- mice were subjected to ischemic retinopathy or
choroidal injury (Ozaki et al. 1998; Tobe et al. 1998). In the heart, however, permanent
coronary artery occlusion resulted in reduced vascular density in Fgf2-/- hearts (Virag

et al. 2007). Complete (Fgf2-/-) or partial (Fgf2+/-) disruption of Fgf2gene expression
decreased basal myocardial capillary density in adult hearts despite normal capillary supply
at birth (Amann et al. 2006). The normal capillary growth at birth is consistent with studies
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from our laboratory and others in which no alterations to baseline capillary development in
Fgf2-/- cardiac or skeletal muscles were detected (House et al. 2003; Sullivan, Doetschman,
and Hoying 2002; Liao et al. 2007). The present study also did not uncover any changes

to capillary vessel development in non-ischemic skeletal muscle (Figs. 2 & 3). The absence
of any differences in vascular growth (angiogenesis or arteriogenesis) in normal or injured
Fgr2-deficient tissues implies that Fg7£2 does not play a role in revascularization. However,
this conclusion might be too reductive when considering Fgf2 expression as a whole. FGF2
protein translation is a complex process that produces two classes of protein isoforms from
a single transcript; one low molecular weight (LMW) and several high molecular weight
(HMW) isoforms. There is increasing evidence that the LMW and HMW isoforms have
disparate roles in cellular functions (Liao et al. 2009; Chlebova et al. 2009),(Liang et al.
2018). The availability of LMW or HMW FGF2 isoform specific knockout mouse models
(Azhar et al. 2009; Liao et al. 2007; Adeyemo, Zhang, and Schultz 2012) does provide an
avenue for the reconsideration of the role the FGF2 protein products in ischemia-induced
revascularization. Ongoing studies in our laboratory are examining the vascular response to
chronic ischemia in the presence of only LMW FGF2 or HMW FGF2 (Harris et al. 2016;
Adeyemo, Zhang, and Schultz 2012).

Vascular growth is regulated by the coordinated balance between release and production of
angiogenic and angiostatic modulators (Persson and Buschmann 2011). The angiogenesis-
related proteins whose expression is altered during revascularization of the ischemic
hindlimb include growth factors, pro-inflammatory and anti-inflammatory cytokines, cell-
adhesion molecules, chemokines and their receptors. In stimulated vascular cells, FGF2
induces a distinct profile of these angiogenic and inflammatory cytokines and chemokines
(Presta et al. 2008, 2009). Therefore, to determine if the diminished functional recovery in
Fgf2-/- mice is a result of absent crosstalk between FGF2, other growth factor, cytokine,
and chemokine expression in ischemic muscles, protein levels of these angiogenesis
mediators were assessed in ischemic muscles after 7 days of ischemia. Several growth
factors including FGF1, FGF7, VEGFs and platelet-derived growth factor (PDGFs) were
similar in expression in Fgf2-/- muscles relative to WTs (see Supplemental Table). Insulin-
like growth factor binding protein (IGFBP-3 and IGFP-2) expression was significantly
increased in ischemic Fgf2-/- limbs (Fig. 5). Classically, IGFBPs are members of the
endocrine IGF signaling pathway, where they serve as carriers of insulin growth factor
(IGF) and regulate the turn-over of circulating IGFs (Yamada and Lee 2009; Baxter 2013).
However, IGF-independent activities on cell growth, apoptosis, and anti-inflammation have
also been attributed to these proteins. Expression of IGFBP-3, in particular, has an inhibitory
effect on cell proliferation and tumor growth (Oh et al. 1995; Yamada and Lee 2009).
Furthermore, microarray studies detected increased IGFBP3 gene expression within a day of
hindlimb ischemia surgery and this change was associated with regeneration of the ischemic
muscle (Paoni et al. 2003; Matsakas et al. 2012). Two other genes in the insulin-like growth
factor (IGF) axis, IGFBP-2 and IGF2 were both increased two-fold during FGF2-induced
cell proliferation in the AR4-2J cancer cell line (Hortala et al. 2005). IGFBP-2, synthesized
by smooth muscle cells, acts in a ligand-dependent manner, interacting with insulin growth
factor to inhibit proliferation and chemotaxis (Duan 2002). Yet, IGFBP-2 participates

in proliferation and differentiation of myoblasts (Sharples et al. 2013) by regulating the
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transition of skeletal myoblasts from GO/G1 phase to S phase and suppression of myotubes
via inhibition of MyoD and MyHC (Wang et al. 2019). Elevated IGFBP-2 may be linked

to the limb impairment observed in ischemic Fgf2-deficient limbs. It is demonstrated that
proinflammatory cytokines induce IGFBP-3 (Price, Moats-Staats, and Stiles 2002). Ligand-
independent actions of IGFBP-3 are associated with anti-inflammatory effects via inhibiting
NF-xB signaling (Lee et al. 2014).

Ischemia also increased expression of chemokines (MCP-1, CXCL12, and CXCL16) with
the loss of Fgf2 gene expression (Fig. 5). MCP-1 (monocyte chemoattractant protein-1)
and CXCL16 are upregulated by endothelial cells in response to FGF2 stimulation where
they promote activation and recruitment of inflammatory cells, monocytes/macrophages

by MCP-1 and T-lymphocytes by CXCL16 (Andrés et al. 2009; Fujii et al. 2006;

Wempe, Lindner, and Augustin 1997). During femoral artery ligation, shear stress and
circumferential wall stress mechanically activates the endothelium. FGF2 released from the
activated endothelium and mesenchymal cells attracts and activates monocytes, which then
in turn supply additional growth factors including FGF2 and other cytokines that promote
continued inflammatory cell recruitment and collateral artery growth (Arras et al. 1998;
Fujii et al. 2006). The activated and FGF2-stimulated endothelium also releases chemotactic
factors like MCP-1 that recruit and prolong the survival of mononuclear inflammatory
cells to amplify the inflammatory response (Ito et al. 1997; Arras et al. 1998; Presta et

al. 2009). CXCL16 is expressed by endothelial cells and leukocytes (Shireman 2007).
CXCL16/CXCR6 ligand/receptor binding has been associated with inflammatory diseases
and may have some relevance in chronic wounds to promote angiogenesis (Bodnar 2015;
Andrés et al. 2009). The CXCR4 receptor for CXCL12 is expressed on endothelial cells
and this receptor expression is modulated by FGF2 activity (Salcedo and Oppenheim
2003). Furthermore, the CXCL12/CXCR4 axis is a key regulator in neutrophil responses

in inflammation and disease (De Filippo and Rankin 2018). Like MCP-1, CXCL16 has
also been shown to regulate inflammatory cell entry (both monocytes and neutrophils) into
injured muscle (Zhang et al. 2009; Rigamonti et al. 2014). Similarly, CXCL12 signaling
enhanced pro-inflammatory responses in vascular development (Salcedo and Oppenheim
2003; Gao, Yu, and Tang 2019; Chatterjee et al. 2015; Kim et al. 2014), vascular repair
(Schober 2008) and angiogenic processes for tumor growth and metastasis (Liekens, Schols,
and Hatse 2011; Salvatore et al. 2010).

To determine if the increased expression of MCP-1, CXCL12, and CXCL16 serves a
functionally relevant role in ischemic Fg72-/- muscles, the degree of inflammatory cell
infiltration was determined. Neutrophil numbers were increased in Fgf2-/- limbs after 3
days of ischemia (Fig. 6A). Neutrophils are a significant part of in early inflammation
associated with muscle injury. Their invasion begins within hours of muscle injury and

can persist for several days (Tidball 2005; Tidball and Villalta 2010). Although there is
evidence that neutrophils play a beneficial or neutral role in muscle ischemia, neutrophils
can also exaggerate muscle damage increase via generation of reactive oxygen species
(Tidball 2005). Monocyte/macrophage infiltration was also increased in the presence of
ischemia in both WT and Fgf2-/- skeletal muscles. Like neutrophils, macrophages are
also activated during ischemic injury and repair. The phenotypes of infiltrating cells during
this process are of two types, classically activated, macrophages and alternatively activated
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anti-inflammatory macrophages known as M2 (MacLeod and Mansbridge 2016; Részer
2015). The degree of infiltration of macrophages at either 3 or 7 days of ischemia was
enhanced by the loss of Fgf2expression (Fig. 6B). Chronic (non-healing) ulcers and wounds
have been shown to have a persistent inflammatory phase and do not have the ability to
transition to the repair phase (Krishna, Moxon, and Golledge 2015; Ruiter et al. 2010). The
enhanced infiltration of macrophages in Fgr2-/- ischemic muscle coupled with the poor
limb functional recovery suggests a decreased wound repair response in these mice. This

is supported by the delayed healing reported in excisional dorsal skin wounds of Fgf2-/-
mice (Ortega et al. 1998; Miller et al. 2000). While repair-associated M2 macrophages
were activated in ischemic Fgf2-/- muscles, their levels were similar to WT (see Figure
6C), which may be insufficient when compared to the degree of the neutrophil and total
macrophage infiltration present in these muscles. This suggests that the delay in ischemic
limb recovery of Fgf2-/— mice in the presence of increased vascular growth may be related
to an imbalance in the types of infiltrating inflammatory cells present in ischemic muscles.

Extracellular matrix (ECM) remodeling proteins (MMP-8, MMP-9 and PAI-1) were

also upregulated in ischemic Fgr2-/- skeletal muscle (Fig. 5). In physiological or
pathophysiological conditions, matrix metalloproteinases (MMP-8 and MMP-9) are secreted
by vascular and inflammatory cells during vascular growth where they degrade the ECM

to facilitate recruitment, proliferation, migration and invasion of endothelial and vascular
smooth muscle cells (Chen et al. 2013; Huang et al. 2009). Additionally, MMPs release and
process non-matrix molecules including growth factors, integrins, and adhesion molecules
which also impact vascular remodeling (Chen et al. 2013). Furthermore, the ECM undergoes
dynamic changes that can lead to matrix fragments activating inflammatory responses
(Dobaczewski, Gonzalez-Quesada, and Frangogiannis 2010);or that modulate chemokine
synthesis via growth factor signaling (Frangogiannis 2012; Cavalera and Frangogiannis
2014) in striated muscle. Like the MMPs, PAI-1 is also involved in ECM remodeling

where it is the main inhibitor of the urokinase-type plasminogen activator (uPA) system
which cleaves adhesion molecules, growth factors and their receptors and degrades the

ECM during endothelial and smooth muscle cell migration (Papetti and Herman 2002).
Pharmacologic inhibition of PAI-1 ameliorated tissue necrosis and enhanced angiogenesis

in mice with hindlimb ischemia (Tashiro et al. 2012). This improved angiogenesis was
associated with increased FGF2 in the PAI-1 inhibitor-treated muscles. Similarly, inhibition
of PAI-1 restored the regenerative ability of skeletal muscle in type 1 diabetic mice (Krause
et al. 2011). Like the IGFBP-2 data, this suggests that the presence of elevated PAI-1

and MMP-9 may underlie the reduced muscle viability (measured as functional recovery)
observed in Fgf2-/- ischemic limbs. Evidence for this exists in mice with chronic muscle
injury (muscular dystrophy) where inhibition of MMP-9 enhances inflammation and reduces
pathology of disease (H. Li et al. 2009). Furthermore, higher serum levels of MMP-9 and
increased inflammatory cell infiltration in diabetic patients has been linked to diminished
healing of foot ulcers (Dinh et al. 2012).

In conclusion, this study reveals that the absence of Fg£2expression compromises

skeletal muscle function at baseline and during recovery from chronic ischemic injury

which occurred in spite of the presence of ischemia-induced revascularization of these
muscles. This was accompanied with upregulated chemokine and cytokine expression during
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ischemia. This increased neutrophil and monocyte recruitment whose actions in the ischemic
muscle environment are important for vascular repair response to chronically ischemic
tissues may further exacerbate the underlying functional defect of impaired wound healing
that occurs with the loss of Fgf2expression. In parallel, these inflammatory cells secreted
ECM remodeling proteins that may also be destructive to ischemic limb recovery. These
results support a more nuanced role for Fgf2expression in the ischemic mouse hindlimb
beyond regulation of vascular growth.
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CVvD cardiovascular disease
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2-D two-dimensional
VEGF vascular endothelial growth factor
VOl volume of interest
WT wildtype
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Figure 1:
Average limb impairment scores of WT and Fg7f2-/- ischemic limbs after induction of

hindlimb ischemia. The scoring system listed in Table 1 was used to assign scores daily for
up to 14 days of ischemia and then weekly for up to 42 days of ischemia. Data are presented
as mean + SEM, n=23-28. #p<0.05 vs. WT. tp<0.05 between WT and Fgf2-/- recovery
curves.
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Figure 2:

(A) Representative photomicrographs of GSI-Lectin* (top panel) or a-SMA-stained vessels
(bottom) in WT and Fgf2-/- sham and ischemic muscle sections harvested at 42 days

of hindlimb ischemia. Capillary (B) and arteriole (C) density (expressed as vessel number/
myofiber number) of sham and ischemic muscles after 42 days of ischemia in WT (white
bars) and Fgf2-/- (black bars). Data are presented as mean + SEM, n=6-8. *p<0.05

vs. SHAM cohort, #p<0.05 vs. WT HLI. Arrows (capillaries, venules), arrowheads (non-
capillary GSI-Lectin-positive vessels, arterioles). Scale bar: 10um
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Figure 3:
Representative 2-D cross-section coronal, sagittal, and axial views of non-ischemic WT (A)

and Fgr2-/- (B) limbs before (left panel) and after (right panel) segmentation. The calf or
thigh regions is highlighted in red with bones segments digitally deleted (white open arrows)
and vessels segmented based on voxel intensity (white arrowheads). Quantification of vessel
morphometry parameters in WT (white bars) and Fgf2-/- (black bars) expressed as a ratio
between the ischemic and sham limbs. Calf parameters (C). Thigh WT parameters (D). Data
are mean + SEM, n=5.
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Figure 4:
Representative 3-D angiograms (A) and quantitative analysis (B-D) of ischemic WT

and Fgr2-/- hindlimbs scanned at 17um resolution. Mean vessel thickness (diameter)
distribution in WT (B) or Fgf2-/- (C) sham and ischemic limbs. The volumes of vessels
were presented over a range of diameters (34um - 442um). (D) Vessel thickness of the
ischemic limbs expressed as a ratio of the corresponding sham limb. Data are mean + SEM,
n=5. *p<0.05 vs. Sham cohort. Scale bar: Imm.
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Figure5:
Expression level of angiogenic-related proteins in WT and Fgf2-/- muscles at 7 days of

ischemia. For each limb, the fold change in ischemic muscle protein expression is presented
as a ratio of the contralateral (sham) limb. Data are presented as mean =+ SEM, n=4. #p<0.05
vs. WT.
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Figure6:
(A) Representative photomicrographs of neutrophils and neutrophil density expressed as

the number of MPO-positive cells per mm?2 of muscle in WT (white) and Fgr2-/-

(black) sham and ischemic skeletal muscles after 3 days of ischemia. (B) Representative
photomicrographs of of total macrophages (Mac-3 positive) and total macrophage density
expressed as the number of Mac-3-positive cells per mm?2 of muscle in WT (white)

and Fgr2-/- (black) sham and ischemic skeletal muscles after 3 or 7 days of ischemia.

(C) Representative photomicrographs of M2a (CD206-positive) macrophages and M2a
macrophage density expressed as the number of CD206-positive cells per mm? of muscle
in WT (white) and Fgr2-/- (black) ischemic skeletal muscles after 3 or 7 days of ischemia.
Data are presented as mean £ SEM, n=4. *p<0.05 vs. Sham cohort, #p<0.05 vs. WT.
Arrowheads (immune-positive cells). Scale bar: 10um
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