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Abstract

Objective—The surgical transfer of skin, fat, and/or muscle from a donor site to a recipient site
within the same patient, is a widely performed procedure in reconstructive surgeries. A surgical
pre-treatment strategy that is intended to increase perfusion in the flap, termed “flap delay”, is a
commonly employed technique by plastic surgeons prior to flap transplantation. Here, we explored
whether CD68*/CD206* macrophages are required for arteriogenesis within the flap by
performing gain-of-function and loss-of-function studies in a previously published flap delay
murine model.

Methods and Results—Local injection of M2-polarized macrophages into the flap resulted in
an increase in collateral vessel diameter. Application of a thin biomaterial film loaded with a
pharmacological agent (FTY720), which has been previously shown to recruit CD68*/CD206*
macrophages to remodeling tissue, increased CD68*/CD206" cell recruitment and collateral vessel
enlargement. Conversely, when local macrophage populations were depleted within the inguinal
fat pad via clodronate liposome delivery, we observed fewer CD68" cells accompanied by
diminished collateral vessel enlargement.

Conclusions—Our study underscores the importance of macrophages during microvascular
adaptations that are induced by flap delay. These studies suggest a mechanism for a translatable
therapeutic target that may be used to enhance the clinical flap delay procedure.
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INTRODUCTION

Microvascular growth and remodeling are adaptive processes that have been widely studied
in skeletal muscle®1316 heart*0, and brainl8, among many other organs. Arteriogenesis and
angiogenesis represent two compensatory mechanisms that are crucial to restore proper
blood flow and maintain tissue health in response to biomechanical and biochemical cues.
Arteriogenesis is the process by which collateral vessels increase their diameter19.21:41
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while angiogenesis is the formation of new capillaries from pre-existing blood vessels®51:57,
Far less is known about these microvascular remodeling responses in adipose tissue, despite
the fact that plastic surgeons have attempted to invoke these microvascular adaptations using
a surgical technique called “flap delay”26:34, which is intended to improve autologous soft
tissue, or adipose flap, vascularization. Flap delay involves the ligation of the main vascular
pedicle into the flap 10-14 days prior to tissue transfer. It is believed that the induction of
altered blood flow into the flap elicits a vascular remodeling response within the flap, which
leads to better flap survival following transplantation.

Previously, we published a murine model of flap delay®! and showed that the enlargement of
pre-existing collateral vessels (arteriogenesis) predominated over angiogenesis in the
inguinal fat pad following ligation of the main feeding artery. Moreover, arteriogenesis was
accompanied by recruitment and proliferation of anti-inflammatory, CD68*/CD206*
macrophages®3 (historically designated as “M2” macrophages2431:33). In order to evaluate
the necessity for CD68*/CD206™ macrophages in arteriogenesis during flap delay, we
conducted a series of gain-of-function and loss-of-function studies using our published
murine model of flap delay by altering macrophage populations within the inguinal fat pad
via: 1) delivery of exogenous macrophages via injection into the inguinal fat pad (gain-of-
function), 2) pharmacological treatment with locally delivered FTY720, a S1P receptor-1
and -3 agonist (gain-of-function), which has previously been shown to elevate numbers of
M2 macrophages and enhance collateral vessel diameter enlargement in skeletal muscle and
skin2, and 3) delivery of clodronate liposomes, which has previously been shown to deplete
circulating monocytes and tissue-resident macrophages1-17:38:52 (loss-of-function).

MATERIALS AND METHODS

Bone marrow isolation for macrophage injection study

All animal procedures were approved by the University of Virginia Institutional Animal
Care and Use Committee. We followed a previously published protocol? to isolate bone
marrow from four twelve week-old male C57BL/6 mice (Charles River Laboratories,
Wilmington, MA). Briefly, mice were euthanized via carbon dioxide asphyxiation and the
skin of the back legs was removed using sterile iris scissors. Muscle, fat, and fascia
surrounding the fibula, tibia, and femur were removed with sterile forceps and No. 11
scalpel blades. After removing the majority of muscle, fat, and fascia, the back legs were
excised from the animal and stored in a sterile container containing PBS. Under a biosafety
cabinet, the femur was dissociated from the tibia/fibula at the knee joint and complete
removal of the fascia, fat, and muscle was accomplished using a No. 11 scalpel blade while
submerged in sterile PBS. After the bones (tibia/fibula and femur) were void of surrounding
tissue, the ends of the bones were cut with sterile iris scissor to expose the bone marrow
compartment. A 23-gauge needle was used to poke two holes in the bottom of sterile 200
microliter PCR tubes. Open-ended bones (one fibula and one femur) were placed in the PCR
tubes and closed and these closed PCR tubes were placed into sterile two milliliter
microcentrifuge tubes (two total tubes per mouse). The tubes were spun at 3000 RPM in a
microcentrifuge for 10 seconds to extract the bone marrow compartment via centrifugal
force. Successful extraction was confirmed by observation of a dark red pellet at the bottom
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of the two milliliter microcentrifuge tube and bones that were no longer red in color.
Repeated centrifugation was necessary in some trials to entirely extract bone marrow. The
bone marrow pellet was resuspended in one milliliter of erythrocyte lysis buffer
(eBioscience, San Diego, CA) and incubated at room temperature for eight minutes. After
incubation, samples from each mouse were combined into a 15 milliliter centrifuge tube and
spun at 1100 RPMs for five minutes. The supernatant was discarded, and the pellet from one
mouse was suspended in 50 milliliters of media (RPMI media with 1% penicillin/
streptomycin, 20 mM HEPES, 10% fetal bovine serum, and 10% L 929 cell conditioned
media). Ten milliliters of cell suspension were added to each 100 mm cell culture dish (total
of 5 dishes per mouse), which were placed in an incubator that maintained 37°C and 5%
CO..

Culture of bone marrow-derived macrophages

Bone marrow-derived cells were inspected daily for contamination, and the cell culture
media (RPMI media with 1% penicillin/streptomycin, 20 mM HEPES, 10% fetal bovine
serum, and 10% L929 cell conditioned media) was changed every four days. The bone
marrow cells were differentiated into macrophages after seven days in culture following a
previously published protocol?4. After seven days of differentiation in the L929 conditioned
media, the media was switched to RPMI media without L929 conditioned media (1%
penicillin/streptomycin, 20 mM HEPES, 10% fetal bovine serum). Cells were maintained in
culture in this RPMI media for no more than two weeks and were not passaged.

Differentiation of macrophages into M2 phenotype

Media was supplemented with IL-4 (R&D Systems, Minneapolis, MN) to polarize bone
marrow derived macrophages (passage zero) into the M2 phenotype?4. Ten microliters of 10
pg/mL IL-4 was added to ten milliliters of fresh RPMI media (without L929 conditioned
media) for a final concentration of IL-4 of 10 ng/mL. Spent media was removed, and the
IL-4 containing media was added and incubated for 24 hours prior to use of the cells.

Vybrant Dil labeling of M2 macrophages prior to injection

After polarization with 1L-4 supplemented media, the cells were labeled with Vybrant Dil
cell-labeling solution (ThermoFisher Scientific, Waltham, MA) in order to visualize the cells
using confocal microscopy after injection into the inguinal fat pad. Cells were removed from
dishes with a 15 minute incubation of Accutase (Innovative Cell Technologies, San Diego,
CA) and resuspended in RPMI media (without L929 conditioned media) at a concentration
of one million cells per milliliter. Five microliters of Vybrant Dil cell-labeling solution per
milliliter of cell suspension was added directly to the suspension and mixed well via gentle
pipetting. The cells were incubated on ice for 15 minutes protected from light. Cells were
centrifuged at 1100 RPM for five minutes and washed with sterile PBS. This process was
repeated three times for a total of three PBS washes and centrifugations. After the final
centrifugation, the supernatant was discarded and cells were suspended at a final
concentration of 300,000 cells/mL.
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Injection of Vybrant Dil labeled and unlabeled cells into inguinal fat pad

Wild type C57BL/6 mice were anesthetized and a one-centimeter incision was made over
the left and right epigastric artery. The collateral vessel entering the inguinal fat pad was
found on both sides by undermining fascia and surrounding adipose tissue. Please see our
previously published study“3 for an anatomical schematic of the inguinal fat pad and
collateral vessel. Using a 27G syringe (BD Soloshot™, Franklin Lakes, NJ), 100 microliters
of the Dil-labeled cell solution (300,000 cells/mL) was injected directly into the left inguinal
fat pad. 100 microliters of unlabeled cells (no Vybrant Dil labeling, 300,000 cells/mL) were
injected directly in the right inguinal fat pad. Incisions were sutured closed with 8-0 nylon
suture (Ethicon, Somerville, NJ).

Harvest and immunostaining of adipose tissue following direct cell injection

Mice were euthanized via CO, asphyxiation three days post-injection to quantify the
retention of injected Vybrant Dil labeled cells and the total number of macrophages present
post injection. The area of the inguinal fat pad surrounding the collateral vessel was
harvested as previously described?3. Samples of the tissues that had been injected with
Vybrant Dil labeled cells from each mouse (n = 3) were divided into three, small (~1 mm3)
pieces for immunostaining. All three samples were submerged in 50 microliters of 4% PFA
solution and incubated overnight at 4°C protected from light. All samples were washed with
PBS three times. Sample 1 was mounted on a gelatin-coated slide and imaged immediately
after PBS washing as described previously*3. Samples 2 and 3 were submerged in 100
microliters of 5% mouse serum in 0.3% (volume/volume) Triton X-100/PBS for 3 hours at
room temperature to permeabilize and block the tissue. The permeabilization and blocking
solution was removed. Sample 2 was submerged in 100 microliters of Alexa Fluor 488
conjugated isolectin (1:300, GS-1B,4, ThermoFisher Scientific, Waltham, MA) and Alexa
Fluor 647 anti-mouse CD68 (1:200, Clone FA-11, AbD Serotec, Raleigh, NC) diluted in 5%
mouse serum in 0.3% Triton X-100/PBS. Sample 3 was submerged in 100 microliters of
Alexa Fluor 488 conjugated isolectin (1:300, GS-1B4, ThermoFisher Scientific, Waltham,
MA) and Alexa Fluor 647 anti-mouse CD206 (1:200, clone C068C2, BioLegend, San
Diego, CA) diluted in 5% mouse serum in 0.3% Triton X-100/PBS. Samples 2 and 3 were
incubated overnight on a rocker at 4°C protected from light. Samples were washed five times
for five minutes each wash with 0.3% Triton X-100/PBS and then mounted on gelatin-
coated slide. Samples were imaged using a Nikon TE 2000-E2 microscope equipped with a
Melles Griot Argon Laser System and a Nikon D-Eclipse C1 confocal attachment (Nikon
Instruments, Melville, NY). Four unique FOVs were used for macrophage quantification.

Inguinal fat pad ligation surgery

A previously published murine model of flap delay*3 was used for the following “ligated”
and “sham” surgeries. Briefly, the epigastric artery, which feeds the subcutaneous fat pad,
was isolated via blunt dissection. In “ligated” surgeries, the epigastric artery was severed
following suture ligation. In contralateral “sham” surgeries, a 10-0 nylon suture (Ethicon,
Somerville, NJ) was simply passed underneath the epigastric artery but the artery was not
severed. Samples of the inguinal fat pad were harvested and immunofluorescently labeled at
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specific time points designated below. For a more thorough description of the model used
please see our previous study*3.

Collateral vessel harvest and diameter quantification

Collateral vessel diameters were quantified as previously described®3. Briefly, collateral
vessels entering the inguinal fat pad were carefully removed to maintain structural integrity.
After removal, vessels were maximally dilated using an adenosine solution and immediately
fixed with 4% PFA. Tissue samples were stained with monoclonal anti-actin, a-smooth
muscle Cya3 to visualize arterioles and quantify arteriole diameter. Confocal microscopy was
used to acquire images of the feeding branch into the inguinal fat pad, the first branch in the
fat pad, and the second branch in the fat pad. ImageJ was used to calculate vessel diameters
at each of these branch points. For a more detailed protocol of this process, please see our
previous study*3.

Injection of Vybrant Dil labeled cells during ligation surgery

In a separate study, ligation surgeries were performed on the left and right side of C57BL/6
mice as described above and previously*3. Immediately after severing the epigastric artery
on the left side, 30,000 Vybrant Dil labeled M2-polarized cells (100 microliters,
concentration of 300,000 cells/mL) were injected directly into the inguinal fat pad
surrounding the area where the collateral vessel enters. To serve as a vehicle control for the
same mouse, 100 microliters of sterile PBS was injected directly into the right inguinal fat
pad where the collateral vessel enters immediately after severing the epigastric artery.
Incisions on both sides were closed with 8-0 nylon suture (Ethicon, Somerville, NJ). This
procedure was repeated in three mice (n = 3).

Harvest and immunostaining of collateral vessel and surrounding adipose tissue after
ligation and Dil labeled cell injection

Collateral vessels and the surrounding adipose tissue was harvested three days post-surgery
and stained for a.-smooth muscle actin FITC (1:200, clone 1A4, Sigma, St. Louis, MO), and
Alexa Fluor 647 anti-mouse CD206 (1:200, clone C068C2, BioLegend, San Diego, CA) as
previously described®3. Vessel diameters were quantified for the feeding vessel, the first
branch, and the second branch, and CD206* cells were quantified as previously described?3.
Data presented include vessel diameter measurements of the feeding collateral vessel, the
first branch of the collateral vessel, and the second branch of the collateral vessel. Three
mice were repeated in three mice (n = 3).

Fabrication of FTY720 loaded and unloaded PLAGA films

A previously published solvent-casting technique was used to fabricate PLAGA thin films
loaded with FTY7202. Briefly, 350 mg of PLAGA (50:50 lactide:glycolide, 0.59 dL/g
inherent viscosity, Sigma, St. Louis, MO) was mixed with 2 mL of dichloromethane in a
glass scintillation vial until the polymer was completely dissolved. For drug loaded thin
films, 1.75 mg of FTY720 (Cayman Chemical, Ann Arbor, MI) was mixed into the polymer/
solvent solution prior to casting. For unloaded thin films, this step was omitted. The
polymer/solvent/drug solution was quickly poured into a Bytac Teflon lined P35 glass Petri
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dish. The Petri dish was sealed with Parafilm and was stored and allowed to dry at —20°C for
seven days. After drying, films were stored at room temperature in a desiccator until ready to
use.

Film preparation for in vivo use

Prior to implantation into mice, the PLAGA thin films were sterilized. Thin films were
extracted using a one millimeter biopsy punch (Integra, Plainsboro, NJ) and had an
approximate area of 0.785 mm?2. Films were soaked in 70% ethanol for 30 seconds followed
by a soak in sterile PBS for 30 seconds. It is important to note that complete degradation of
PLAGA films this size takes several weeks and significant degradation will not occur during
our three day studies*%4,

Inguinal ligation and sham surgeries and thin film placement

Ligation surgeries were performed on left and right side of C57BL/6 mice as described
above and previously#3. Immediately after severing the epigastric artery, a one millimeter
FTY720-loaded or unloaded PLAGA thin film was placed immediately adjacent to the
collateral vessel entering the inguinal fat pad. The thin film was placed underneath the
fascial layer so as to minimize displacement away from the inguinal fat pad and region of
interest (Figure 4A,B). The left side of the mouse had the FTY720 loaded PLAGA film
while the right side had an unloaded PLAGA film. Sham surgeries were performed on
separate mice on both the left and right side of C57BL/6 mice. Again, the left side had the
drug loaded thin film and the right side had the unloaded thin polymer film. Incisions were
closed with 8-0 nylon suture (Ethicon, Somerville, NJ). The process described above was
also repeated with sham surgeries on the left and right side in a separate set of experiments.
These procedures were repeated in three mice (n = 3).

Harvest and immunostaining of collateral vessel and surrounding adipose tissue after
ligation and PLAGA film placement

Collateral vessel and surrounding adipose tissue around the PLAGA thin film was harvested
three days post-surgery and stained for Alexa Fluor 488 anti-mouse CD206 (1:200, Clone
C068C2, BioLegend, San Diego, CA), a-smooth muscle actin Cy3 (1:200, Clone 1A4,
Sigma, St. Louis, MO), and Alexa Fluor 647 anti-mouse CD68 (1:200, Clone FA-11, AbD
Serotec, Raleigh, NC) as described above. Vessel diameters were quantified for the feeding
vessel, the first branch, and the second branch, and CD206™ cells were quantified. Data
presented include vessel diameter measurements of the feeding collateral vessel, the first
branch of the collateral vessel, and the second branch of the collateral vessel.

Injection of clodronate and control liposomes into inguinal fat pad

To assess the efficacy of clodronate liposome-mediated depletion of macrophages within the
inguinal fat pad, we performed direct injection of clodronate loaded liposomes and control
liposomes (PBS-loaded liposomes) into the inguinal fat pad. A one centimeter incision was
made above the epigastric artery and blunt dissection was used to locate the collateral vessel
entering the side of the inguinal fat pad. Using a 27G syringe (BD Soloshot™ 301793,
Franklin Lakes, NJ), 100 microliters of clodronate-loaded liposomes and control liposomes
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(ClodronateLiposomes.org, Haarlem, The Netherlands) were injected directly into the
inguinal fat pad at the insertion site of the collateral vessel. Successful injection was
confirmed by visual observation of a bubble formed within the inguinal fat pad. Clodronate
liposomes were injected into the right inguinal fat pad of the mouse, and control liposomes
were injected into the left inguinal fat pad. After injection the incision was closed with 8-0
nylon suture (Ethicon).

Immunostaining of adipose tissue and macrophage quantification following liposome

injection

To determine the temporal effect of clodronate liposome injection on macrophage depletion,
adipose tissue surrounding the collateral vessel was harvested as described previously*3 at 6
hours, 12 hours, and 24 hours for three mice per time point. Harvested adipose tissue was
stained with Alexa Fluor 568 conjugated isolectin (1:300, GS-1B4 ThermoFisher Scientific,
Waltham, MA) and Alexa Fluor 647 anti-mouse CD68 (1:200) as described above. Three
unique FOVs were acquired for each sample as 40 pm z-stacks and the number of CD68*
cells were quantified using ImageJ to assess macrophage depletion.

Ligation of epigastric artery coupled with liposome injections

After discerning the temporal effect of clodronate liposomes, we performed a separate set of
experiments to evaluate the effect of macrophage depletion on the vascular remodeling
observed within the inguinal fat pad. Briefly, following ligation of the epigastric artery in
C57BL/6 mice, 100 microliters of clodronate loaded liposomes (left side of mouse) or
control liposomes (right side of mouse) were injected directly into the inguinal fat pad at the
insertion site of the collateral vessel. Surgical incisions were closed with 8-0 nylon suture
and mice were allowed to recover for three days post-surgery prior to tissue harvest. This
procedure was repeated in three mice (n = 3).

Harvest and immunostaining of collateral vessel and surrounding adipose tissue after
ligation and liposome injection

The collateral vessel was carefully removed to retain structural integrity in order to evaluate
vessel diameter. Adipose tissue surrounding the collateral vessel was also harvested during
the removal process and was used for macrophage quantification. Harvested collateral
vessels and surrounding adipose tissue samples were stained concurrently with a-smooth
muscle actin Cy3 (1:200, Clone 1A4, Sigma, St. Louis, MO) and Alexa Fluor 647 anti-
mouse CD68 (1:200, Clone FA-11, AbD Serotec, Raleigh, NC) as described previously*3.
Four unique FOVs were acquired for each sample as 40 um z-stacks and the number of
CD68™ cells were quantified using ImageJ. Data presented include vessel diameter
measurements of the feeding collateral vessel, the first branch of the collateral vessel, and
the second branch of the collateral vessel.

Statistical analysis

Student’s t-tests were used for statistical analyses between groups with statistical
significance asserted at p-values < 0.05. All data are presented as average + standard
deviation.
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Dil labeling allows for visualization of M2-polarized macrophages

Murine bone marrow was harvested, and bone marrow-derived macrophages were cultured
for seven days in macrophage differentiation media, as described above. After polarization
to an M2 phenotype by IL-4 supplementation, cells were stained with Dil, and fluorescence
microscopy was used to visually confirm successful staining. While in culture, the in vitro
M2-polarized macrophages displayed the typical “fried egg” appearance (Figure 1A).
Labeling the cells with Dil allowed for visualization of the cell membrane via florescence
microscopy (Figure 1B). We observed near complete labeling of the culture bone marrow-
derived cells with the Dil stain (Figure 1C).

Dil labeled cells remain in the inguinal fat pad three days post-injection

Dil signal in

To assess the retention capability of the directly injected Dil-labeled macrophages, we
injected 30,000 labeled cells into the inguinal fat pad at the site where the collateral vessel
enters. On the contralateral side, we injected unlabeled macrophages to serve as a
fluorescence control. We aimed to determine if the injected cells were retained in the tissue
for three days post-injection, which is the time frame during which we observed the
arteriogenic remodeling response in our previous study#3. Inguinal fat pad tissue that had
been injected with either unlabeled cells or Dil-labeled cells was excised three days post-
injection. After fixation with 4% PFA and without permeabilizing the tissue (Sample 1
above), we mounted the tissue and visualized a substantial number of Dil* cells that had
been retained in the region of interest. We did not observe any fluorescence signal in the
tissues that were injected with unlabeled cells (Figure 2A), which indicates that the
fluorescent signal observed in the tissue injected with Dil-labeled cells (Figure 2B) was
generated by the injected cells.

injected macrophages is lost after tissue processing

We analyzed pieces of adipose tissue from cell-injected inguinal fat pads to determine if the
cells that had been injected could be co-labeled with the macrophage markers CD68 and
CD206 (Samples 2 and 3, respectively). This co-labeling of injected cells with macrophage
markers (CD68 and CD206) would allow us to visualize if the injected Dil-labeled cells
were still expressing surface markers indicative of macrophage phenotypes /7 vivo. Prior to
staining with macrophage antibodies, a permeabilization step was required to facilitate
antibody binding within the adipose tissue. Although we did not observe Dil signal (red
channel) in tissues that had been injected with Dil-labeled macrophages, we observed robust
CD68, CD206, and lectin staining in these tissues (Figure 2C—F). The lack of Dil signal in
the tissue may have been due to the permeabilization step and the ensuing egress of the Dil
dye from the cellular membrane?®. Nonetheless, the fact that we observed many Dil* cells
within tissues that were not subjected to permeabilization and immunostaining supports the
presence of Dil-labeled cells in these immunostained tissues.
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Number of CD68* and CD206* cells is elevated in macrophage-injected tissue without
ligation surgery

We quantified the number of CD68* and CD206* cells in cell-injected and uninjected tissue
to determine if injection of /n vitro differentiated macrophages increased the total number of
macrophages three days post-injection. We observed an increase in both CD68" cells and
CD206™ cells in injected inguinal fat pads when compared to uninjected (PBS-injected)
inguinal fat pads (Figure 2C&D, E&F,G&H).

Injection of M2 macrophages increases CD206* cell counts and collateral vessel diameters
within inguinal fat pad after ligation surgery

Immediately after the main feeding arterioles to both the left and right inguinal fat pads were
ligated, 30,000 M2-polarized macrophages (100 microliters) were injected into the left
inguinal fat pad, while 100 microliters of sterile PBS was injected into the right inguinal fat
pad. Three days after ligation surgery, we observed a significant increase in the number of
CD206™ cells in the tissue injected with M2-polarized cells when compared to PBS-injected
fat pads (p-value < 0.05) (Figure 3A). Within cell-injected fat pads, we counted an average
of 87 + 23 (S.D.) CD206™ cells, while in PBS-injected fat pads we counted an average of 51
+10 (S.D.) CD206" cells (Figure 3A). Of note, the CD206™ cell counts within PBS-injected
fat pads were in close agreement with CD206™" cell counts observed in our previous ligation
surgeries with no injections*3. The retention of the Dil dye taken together with the injected
cell retention studies described above, the fact that CD206* cell counts were elevated in the
fat pads that were injected with M2-polarized macrophages suggests that injected M2-
polarized macrophages are retained within the fat pad three days after the ligation surgery.

We also quantified collateral vessel diameters and observed a significant diameter increase
upon pairing each vessel branch with its corresponding branch in the contralateral fat pad,
whose feeding artery also underwent surgical ligation but received vehicle control (PBS)
injection instead of M2-polarized macrophages (Figure 3B). In comparing these data to our
previously published data*3, we observed similar collateral vessel diameters for PBS-
injected tissues and tissues that had been ligated but received no injection (Figure 3B).
Relative to PBS-injected tissues or tissues that did not receive any injection following
ligation, direct injection of M2-polarized macrophages in the inguinal fat pad led to an
enhanced enlargement of collateral vessel diameters following ligation surgery (Figure 3B).

FTY720-loaded and unloaded films remain in place post-implantation

We confirmed that the FTY720-loaded thin film remained in place after it was surgically
placed in the inguinal fat pad. A thin fascial layer is present above the mouse inguinal fat
pad, and this connective tissue structure was used to hold the thin film in place, as described
in the methods. After three days post-implantation, the film was located within a few
microns of where it was implanted (Figure 4A,B) in all mice receiving this treatment.

FTY720-loaded thin films increase CD206" cell recruitment and enhance collateral vessel
enlargement in ligated tissue

FTY720-loaded thin films significantly increased the number of CD206* cells in the ligated
tissue compared to unloaded films three days after ligation surgery (p-value < 0.001).
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FTY720-loaded films had an average of 93 + 25 (S.D.) CD206" cells/FOV, while unloaded
films had an average of 51 + 14 (S.D.) CD206™" cells/FOV (Figure 4C). In comparison to our
prior ligation study with no implanted film#3, the unloaded films had approximately the
same number of CD206™* cells/FOV, suggesting that the unloaded film does not alter the
CD206™ cell recruitment (Figure 4C). The FTY720-loaded films had a much greater number
of CD206™ cells/FOV compared to our prior study (93 vs. 45 CD206* cells/FOV). Taken
together, these data suggest that FTY720 aids in the recruitment of CD206* macrophages to
the remodeling fat pad, similar to what has been observed in skeletal muscle?.

Comparing collateral vessels of inguinal fat pads treated with unloaded versus FTY720-
loaded films revealed that FTY720-loaded films significantly increased collateral vessel
diameters following ligation surgeries (Figure 4D). Data from our previous study showed an
increase in the diameter of collateral vessels in ligated fat pads when compared to sham-
treated fat pads, indicative of arteriogenesis in the collateral vessel in response to the ligation
surgery (Figure 4B). Importantly, the diameters of the collateral vessels in the ligated tissues
that were treated with unloaded film were not significantly different than those that were
ligated but did not receive any film, suggesting that the thin fllm, by itself, did not
significantly affect collateral vessel remodeling (Figure 4D).

As another control study, FTY720-loaded or unloaded thin films were applied to the inguinal
fat pad immediately following sham surgeries. Collateral vessel diameters in inguinal fat
pads that were treated with FTY720-loaded or unloaded films following the sham procedure
were statistically similar to one another (Figure 4D), despite the fact that the number of
CD206™ cells in FTY720-loaded tissue (average 59 + 9 (S.D.) CD206* cells/FOV) was
elevated compared to those measured in tissues treated with unloaded films (33 £ 13 (S.D.)
CD206™ cells/FOV) (p-value < 0.05) (Figure 4C). These data suggest that while FTY720
recruits CD206™" cells to the tissue in the absence of ligation, collateral vessel enlargement is
contingent on ligation.

Clodronate liposomes deplete local macrophage populations 24 hours after injection,
reduce CD68* cell counts after ligation surgery, and restrict collateral vessel diameter
enlargement following ligation surgeries

Following injection of either clodronate-loaded liposomes or control liposomes, we
quantified the number of CD68* cells within the region of interest surrounding the collateral
vessel in the unoperated inguinal fat pad. After 6 hours and 12 hours, there was no
significant difference in the number of CD68+ cells/FOV between control liposomes and
clodronate liposomes (Figure 5A-D,G). Twenty-four hours after injection of clodronate
liposomes, we observed a reduced number of CD68™ cells in the tissue relative to tissue
injected with control liposomes (Figure 5E,F). The number of CD68* cells/FOV was
significantly reduced to an average of 19 + 5 (S.D.) CD68* cells/FOV when compared to
control liposomes average of 80 + 19 (S.D.) CD68" cells/FOV (Figure 5G). After six and
twelve hours, there was no significant difference in the number of CD68* cells between
control and clodronate liposome treated inguinal fat pads suggesting that clodronate
liposome macrophage depletion is time-dependent. Taken together, these data suggest that
clodronate liposome injection significantly reduces the CD68* macrophage population in the

Microcirculation. Author manuscript; available in PMC 2018 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Seaman et al.

Page 11

inguinal fat pad, and that control liposomes do not significantly affect CD68* macrophage
counts.

Tissue treated with either control or clodronate-loaded liposomes were harvested three days
after the ligation surgery was performed. Fat pads that had been injected with clodronate
liposomes experienced a significant reduction in the number of CD68™ cells (average 28 + 7
(S.D.) CD68* cells/FOV) when compared to control liposome-injected fat pads (average 90
+ 13 (S.D.) CD68" cells/FOV) (p-value < 0.01) (Figure 6A). These data support that
clodronate liposomes effectively reduce macrophage counts in the inguinal flap delay model.

The diameters of collateral vessels in clodronate liposome-treated, ligated fat pads were
significantly less than those in the paired collateral vessel branches of control liposome-
treated, ligated fat pads (Figure 6B). This macrophage depletion study suggests that
macrophages play an important role in the enlargement of collateral vessel diameters, and
that this enlargement may be restricted by depletion of the macrophage population within
the adipose tissue.

Further, comparison between adipose tissues that only underwent surgical ligation of the
feeding artery and those that underwent clodronate liposome treatment in addition to feeding
artery ligation reveals a relative decrease in the overall diameters of the collateral vessels of
tissues that received clodronate liposomes (Figure 6B). While this comparison spans two
trials that were conducted independently, it further suggests that depletion of macrophages
within the fat pad reduces the arteriogenic response of collateral vessels.

DISCUSSION

The microvasculature rapidly adapts its structure and function in response to biochemical
and biomechanical cues®2551.57, The plastic surgery community has exploited
microvascular growth and remodeling responses by utilizing a surgical pre-treatment
technique to enhance the repair of soft tissue defects with autologous flaps. “Flap delay”
involves the surgical restriction of blood flow into the tissue flap several days prior to its
transfer to the recipient site, and this alteration leads to better flap survival after final
surgical transfer for reconstruction. In our previous study3, we examined a murine model of
flap delay and observed significant arteriogenesis (i.e. enlargement of collateral vessel
diameters) in the adipose flap in response to the ligation of the main vascular pedicle.
Preceding collateral diameter enlargement, we observed an increase in the recruitment of
circulating monocytes and local increases in the number of CD206* cells (historically
defined as M2 macrophages?4:31:33). We also observed local proliferation of recruited
macrophages surrounding the collateral vessels, as evidenced by positive Ki-67 staining.
Based on these findings, we hypothesized that M2 macrophages play a significant role in the
arteriogenic response observed within the flap.

Herein, we aimed to test the hypothesis that the recruitment of M2 macrophages is necessary
for arteriogenesis following the flap delay procedure. Our gain-of-function studies
successfully increased M2 macrophage numbers, which was accompanied by more extensive
diameter enlargement in the collateral vessels feeding the inguinal fat pad. Conversely, loss-
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of-function studies that effectively reduced the macrophage population significantly
attenuated the arteriogenic response. Together, these studies confirm that M2 macrophages
are instrumental in driving vascular remodeling in fat and help elucidate the interplay
between the microvasculature and immune system in remodeling adipose tissue. More
broadly, these findings support the therapeutic targeting of macrophages to enhance and/or
accelerate the desirable vascular adaptations invoked by the flap delay procedure.

Although this study is the first, to our knowledge, to confirm a role for macrophages in
orchestrating collateral vessel remodeling in adipose tissue, the process of collateral vessel
enlargement has been studied extensively in skeletal muscle. Our group, as well as others,
have demonstrated the importance of M2 macrophages in the arteriogenic response
following an alteration in blood flow in skeletal muscle2°:53, In these studies (as well as our
previous study*#3) we observed a similar process in adipose tissue — the recruitment of
circulating monocytes and an increase in the number of M2 macrophages. In skeletal muscle
and adipose tissue, we have observed an increase in collateral vessel diameter which is likely
contingent on the increase of M2 macrophages®. Indeed, collateral vessel diameter
enlargement, the hallmark of arteriogenesis, has been shown in other tissues to be reliant on
the recruitment of circulating monocytes followed by their extravasation into the interstitial
tissue>32, Extravasated monocytes differentiate into macrophages and then secrete potent
growth factors such as FGF-2, which stimulate smooth muscle cell and endothelial cell
proliferation*1:42, This study, as well as other studies previously conducted in our lab230,
have reported the potential therapeutic potential of increasing monocyte recruitment to
remodeling tissue. Increasing monocyte recruitment to adipose tissue as reported in this
study may have potentially exciting therapeutic potential. Localized proliferation of the
vascular cells leads to the expansion of the collateral vessel diameter, causing an increase in
blood flow3%42, Lasch et al. reported that inhibition of arginase attenuates collateral vessel
arteriogenesis in skeletal muscle by reducing M2 macrophage accumulation and
recruitment8. While our study did not delineate between recruited and tissue-resident
macrophage populations or assess local growth factor levels, it is a first step toward these
logical follow-on studies.

In our first gain-of-function experiment, local injection of M2-polarized macrophages into
the inguinal fat pad enhanced the arteriogenic response of the collateral vessels, but there are
several caveats that should be considered. Throughout these studies (and the other gain-of-
function and loss-of-function studies), immunofluorescent labeling of adipose tissue was
used for cellular quantification and visualization. Because of the limited number of channels
available for confocal imaging and the need to immunofluorescently visualize microvascular
changes, we were not able to use more than one antibody to label macrophages in our
quantification studies. For our studies, we used CD68 to immunofluorescently label all
macrophages and CD206 to immunofluorescently label M2 macrophages for quantification
purposes. Although CD68 is a well-accepted marker of macrophages3, other cell types also
express CD68 including mast cellsl0, endothelial cells!®, fibroblasts!®, and osteoclasts’.
CD206 is also used frequently in the literature to label M2 macrophages®%:5, but other cell
types can also express CD206 such as dendritic cells®. Because we were limited to one
marker for macrophage identification and thus did not use a panel of markers to identify the
macrophages, the conclusions of this study may be tempered because we did not rule out the
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other possible cell types that could be expressing CD68 or CD206. The use of flow
cytometry with a panel of multiple macrophage markers for macrophages (i.e. CD68,
CD163, F4/80) and M2 macrophages (i.e. CD206, Arginase-1, Ym136) may help eliminate
this potential caveat to our studies. Importantly, we believe that we are able to distinguish
macrophages from other cell types based on their morphometry and spatial location within
the adipose tissue. We were not able to co-label injected cells (Dil) with M2 macrophage
markers (CD206) due to our staining protocol which included tissue permeabilization, but,
in the future, it may be possible to utilize a different cellular stain (i.e. PKH-262°, calcein-
AMB) that is more resilient to permeabilization techniques. Because of the absence of Dil
signal in the tissue, we are not able to say definitively that we are increasing the local M2
macrophage population via direct injection. Indeed, the CD206* cells depicted in Figures
2E,F were not positive for Dil, but we believe that the lack of Dil signal is due to the
permeabilization step prior to immunofluorescently labeling the samples, which is consistent
with other reports in the literature®. We were encouraged by the finding that many Dil+
cells were observed in samples not subjected to permeabilization (Figure 2B) and the finding
of increased numbers of CD206+ cells in the Dil-injected tissues. The use of flow cytometry
to confirm the observed increase in CD206" cells within the tissue would allow for the
quantification of cells expressing Dil (or other dyes) and M2 macrophage markers and
would allow us to determine the effect of local M2 macrophage populations more exactly. It
is unknown whether the injected macrophages maintained an M2 phenotype after they were
injected into the inguinal fat pad. Macrophages are plastic and can polarize across
phenotypes based on different environmental cues2346. An interesting and important follow-
on experiment would be to inject non-polarized macrophages (M0) or M1-polarized into the
remodeling fat pads and see if there is an effect on the remodeling collateral vessels. If these
proposed studies do not elicit the same effect as injected M2 macrophages, this may provide
confidence that the enhancement in collateral vessel enlargement is due to the M2
macrophages that are retaining their phenotype /n vivo. Additionally, we injected 30,000
M2-polarized macrophages per inguinal fat pad, but we believe that it would be important to
determine their dose effect and titrate the number of injected cells. It is possible that we
injected a supraphysiological number of M2 macrophages into the fat pad and the enhanced
arteriogenic response observed would not be observed in a normal inflammatory response
within the fat pad. In our previous study, we observed increased numbers of proliferating
macrophages within remodeling fat pads specifically in the localized region around the
remodeling collateral vessels*3. Studies in skeletal muscle have also shown that local
proliferation of macrophages within an ischemic tissue is, in part, responsible for the
observed arteriogenic response?. Therefore, it would be important to evaluate whether
injected macrophages also proliferate within the fat pad and whether proliferation of injected
macrophages is required for an enhanced arteriogenic remodeling response.

Recent studies conducted in collaboration with our group have found that application of an
FTY720-loaded PLAGA film increased M2 monocyte/macrophage recruitment, as well as
arteriogenesis in ischemic skeletal muscle*4. Here, we applied an FTY720-loaded film as a
gain-of-function intervention to study how enhanced recruitment of M2 macrophages affects
arteriogenesis in adipose tissue. In these gain-of-function studies, we found an increase in
the arteriogenic effects observed coupled with an increase in the number of M2 macrophages
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recruited to the remodeling fat pad. While we did not quantify local FTY720 concentrations
in the tissue, we are confident that the drug exhibited bioactivity based on previous release
studies that have confirmed drug release for several weeks and the long half-life (7 days) of
FTY7202245, In the future, it is important to consider the dose of FTY720, as we only
evaluated one concentration of drug. It is also possible that FTY720 acted on other cell types
within the adipose tissue, which contributed to the arteriogenic response. Indeed, it is well
known that a number of various other cell types (e.g. mast cells??, neutrophils!?-14, and
mural cells22), many of which have been implicated in arteriogenesis, also express S1P
receptor-1 and -3, which are activated by FTY720. Taken together, both gain-of-function
methods for expanding the M2 macrophage population led to increased collateral vessel
diameters in response to ligation surgery, corroborating the role that M2 macrophages play
in arteriogenesis.

In our loss-of-function study, we used injections of clodronate-containing liposomes in our
pre-clinical model of flap delay as a means to locally deplete macrophage populations within
the inguinal fat pad. Injection of clodronate liposomes successfully reduced the local
macrophage population within inguinal fat pads 24 hours after injection and restricted the
arteriogenic response observed previously. Clodronate liposomes serve as a useful tool to
transiently and locally deplete macrophage populations within a tissue, and they have been
used extensively in the literature’-11:52, However, there are several caveats to their usage.
First, there are numerous phagocytic cells types other than macrophages (e.g. mast cells,
neutrophils, dendritic cells) within adipose tissue that would be subjected to the phagocytic,
apoptotic mechanism enacted by clodronate liposomes. While we demonstrate the ability of
clodronate liposomes to deplete macrophage populations, there is also a possibility that the
clodronate liposomes depleted other cell populations within the inguinal fat pad, some of
which may also be implicated in the arteriogenic response. For example, Heissig et al.
showed that mast cells are necessary for the revascularization of skeletal muscle in a
hindlimb ischemia model and proposed that the secretion of MMP-9 and VEGF is central to
this process20. The role of neutrophils in arteriogenesis is not well known, but a study by
Soehnlein et al. suggested that neutrophils play a role in recruitment of circulating
monocytes#”48. Ohki et al. report that G-CSF administration aids in revascularization
through protein secretion by neutrophils3®. So, while it is possible that other phagocytic cells
in addition to macrophages were depleted in our studies, the use of control liposomes (PBS
loaded) served as an important contralateral control. We injected the liposomes during the
ligation surgeries, and based on our previous findings we expected that the macrophage
population in clodronate liposome-treated tissues would be significantly depleted at 24 hours
(Figure 5). It is important to note that clodronate and the liposomes used are non-toxic
themselves so side effects (local and systemic) are limited. Free clodronate drug, which can
be released from dead macrophages, has an extremely short half-life /n vivo (15 minutes)
and will not easily pass the phospholipid bilayers of the cellular membrane*37. Clodronate
liposome-mediated macrophage depletion is a transient effect38, and it is unclear how long
the depletion lasts. The literature reports ranging durations of macrophage depletion (from 1
week37 to 3 weeks#) depending on application technique, tissue type, and volume of
liposomes delivered. We are unaware of any other studies in which clodronate liposomes
have been directly injected into adipose tissue, and as such we cannot be certain that the
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macrophage depletion persisted for three days post-surgery when tissue was harvested,
although the existing literature would support this. Further, we injected clodronate liposomes
during surgery rather than 24 hours prior to surgery, and thus during the first 24 hours after
surgery there was a population of macrophages present within the tissue. Future studies are
needed to determine whether and to what extent injection of clodronate liposomes prior to
surgery would affect diameter enlargement of collateral vessels in the inguinal fat pad.

CONCLUSIONS

This study confirms our hypothesis that macrophages, and specifically M2-polarized
macrophages, are necessary for the collateral vessel remodeling response observed in the
murine model of flap delay. We demonstrated that both local administration of M2
macrophages into the inguinal fat pad and pharmacological recruitment of M2 macrophages
to the inguinal fat pad increased the arteriogenic response in collateral vessels following
ligation of the main feeding artery to the inguinal fat pad. Further, we performed a loss-of-
function macrophage depletion study, in which the arteriogenic response was significantly
restricted. Taken together, our studies underscore the importance of macrophages in
collateral vessel arteriogenesis within adipose tissue, and may implicate macrophages as a
therapeutic target that can be manipulated to enhance the flap delay procedure.
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PERSPECTIVES

Surgical tissue reconstruction is a widely practiced technique to reconstruct soft tissue
defects but survival of the tissue flap is often low because of improper vascularization.
Our data suggest that M2-polarized macrophages are necessary for the arteriogenic
remodeling response within adipose tissue flaps. We hope that this paper may suggest a
mechanism for a translatable therapeutic target that may be used to enhance the clinical
flap delay procedure and improve reconstructive surgeries.
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Figure 1. Fluorescent labeling of bone marrow-derived macrophages
In vitro culture of bone marrow-derived macrophages can be fluorescently labeled with Dil.

A.) Bone marrow-derived macrophages display prototypical “fried egg” morphology in
culture. B.) Dil, a membrane dye, labels macrophages prior to injection. C.) Nearly all bone
marrow-derived macrophages are labeled with Dil. Scale bar = 50 um.
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Figure 2. In vivo injection of bone marrow-derived macrophages
Fluorescent immunohistochemical labeling reveals an increase in CD68* and CD206™ cells

in inguinal fat pads injected with Dil labeled, M2-polarized macrophages. A.) No
fluorescent signal was detectable in inguinal fat pads that were injected with unlabeled cells
(scale bar = 50 um), whereas (B.) Dil labeled cells were visible in inguinal fat pads that were
injected with Dil labeled, M2-polarized macrophages (scale bar = 50 um). C.,D.)
Fluorescent immunohistochemical labeling of inguinal fat pad revealed increase in CD68*
cells in (C) Dil+ cell injected tissue when compared to (D) uninjected tissue (scale bar = 20
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um). E.,F.) Fluorescent immunohistochemical labeling of inguinal fat pad revealed increase
of CD206" cells in (E) Dil+ cell injected tissue when compared to (F) uninjected tissue
(scale bar = 20 pm) G.) Number of CD68" cells in injected inguinal fat pads was increased
compared to uninjected inguinal fat pads. n = 6 mice. Student’s t-test, * = p-value < 0.05.
H.) Number of CD206* cells was increased in injected inguinal fat pads when compared to
uninjected inguinal fat pads. n = 5 mice. Student’s t-test, * = p-value < 0.05. Data are mean
+ standard deviation.
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Figure 3. Injection of bone marrow-derived macrophagesinto inguinal fat pad
Injection of bone marrow-derived macrophages increased the number of CD206* cells and

increased collateral vessel diameters when compared to PBS-injected inguinal fat pads. A.)
Quantification of the number of CD206* cells/FOV. Student’s t-test, * = p-value < 0.05.
Data are mean + standard deviation. B.) Individual diameter measurements for collateral
vessels in PBS-injected tissues were paired with corresponding collateral branch diameter
measurements in cell-injected tissues (in the same mouse). Collateral vessels in fat pads
receiving cell injections had increased diameters when compared to corresponding collateral
vessels in PBS-injected fat pads. Data from fat pads experiencing either sham surgery or
ligation surgery (without PBS or cell injection) from a previously published study“ are
presented for comparison purposes. Paired t-test, ** = p-value < 0.01, * = p-value < 0.05. n
= 3 mice for all experiments, 4 unique FOVs for CD206™" cell quantification.
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Figure4. FTY720 déelivery toinguinal fat pad
FTY720-loaded PLAGA films were applied to inguinal fat pads, resulting in enhanced

arteriogenesis. A.) Representative images of PLAGA film placement during ligation surgery
and (B.) three days post-surgery. Scale bar = 500 um C.) Quantification of CD206* cells in
unloaded and FTY720-loaded PLAGA films three days after sham or ligation surgery.
Quantification reveals a significant increase in the number of CD206™ cells in ligated tissue
treated with FTY720-loaded films vs. unloaded films. After sham surgery, a significant
increase in the number of CD206* cells was observed in FTY720 treated tissue. Student’s t-
test, * = p-value < 0.05, ** = p-value < 0.01. *** = p-value < 0.001 D.) Individual diameter
measurements for collateral vessels in inguinal fat pads treated with FTY720-loaded film
were paired with corresponding branch diameter measurements for collateral vessels in fat
pads treated with unloaded film (in the same mouse). A significant increase in the diameters
of collateral vessels was observed in fat pads treated with FTY720-loaded film when
compared to fat pads treated with unloaded films. No significant increase was seen in the
sham surgery trials between FTY720-loaded and unloaded films. Sham and ligated data
from a previously published study“3 are presented for comparison purposes. Paired t-test, *
= p-value < 0.05. n = 3 mice for all experiments, 4 unique FOVs for CD206" cell
quantification.
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Figure 5. Clodronate depletion of CD68" macrophages within inguinal fat pad
Direct injection of clodronate liposomes into the inguinal fat pad significantly depleted local

CD68* macrophage populations after 24 hours. A.,B.) Representative image of control
liposome-injected inguinal fat pad (A) and clodronate liposome-injected inguinal fat pad (B)
at 6 hours. C.,D.) Representative image of control liposome-injected inguinal fat pad (C) and
clodronate liposome-injected inguinal fat pad (D) at 12 hours. E.,F.) Representative image of
control liposome-injected inguinal fat pad (E) and clodronate liposome-injected inguinal fat
pad (F) at 6 hours. G.) Quantification of CD68* cells at 6 hours, 12 hours, and 24 hours
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following either control liposome or clodronate liposome injection. A significant decrease in
the number of CD68™ cells was observed 24 hours post-injection in clodronate liposome-
injected inguinal fat pads (Student’s t-test, * = p-value < 0.05) relative to control liposome-
injected fat pads. Scale bar = 100 um, n = 3 mice for each time point, 3 unique FOVs for
CD68™ cell quantification.
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Figure 6. Injection of clodronate liposomes within remodeling inguinal fat pad
Clodronate liposomes depleted the local macrophage population after ligation surgery and

affected the arteriogenic response of collateral vessels. A.) Quantification of CD68* cells
reveals a significant decrease in the number of CD68* cells within clodronate liposome-
treated tissue compared to control liposome-treated tissue. Student’s t-test, ** = p-value <
0.01 B.) Collateral vessel diameters in the clodronate liposome-injected tissues were paired
with the diameter measurements from the corresponding collateral vessel branches in the
control liposome-injected tissues in the same mouse. Collateral vessels in control liposome-
injected fat pads had larger diameters compared to corresponding collateral vessels in
clodronate liposome-injected fat pads. Sham and ligated data from a previously published
study*3 is presented for comparison purposes. Paired t-test, ** = p-value < 0.01. n = 3 mice
for all experiments, 4 unique FOVs for CD68™ cell quantification.
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