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Ischemic injury initiates a sterile inflammatory response that
ultimately participates in the repair and recovery of tissue perfusion.
Macrophages are required for perfusion recovery during ischemia,
in part because they produce growth factors that aid in vascular
remodeling. The input signals governing this pro-revascularization
phenotype remain of interest. Here we found that hindlimb ische-
mia increases levels of resolvin D1 (RvD1), an inflammation-
resolving lipid mediator that targets macrophages via its receptor,
ALX/FPR2. Exogenous RvD1 enhances perfusion recovery during
ischemia, and mice deficient in Alx/Fpr2 have an endogenous de-
fect in this process. Mechanistically, RNA sequencing revealed that
RvD1 induces a transcriptional program in macrophages character-
istic of a pro-revascularization phenotype. Vascularization of ische-
mic skeletal muscle, as well as cutaneous wounds, is impaired in
mice with myeloid-specific deficiency of Alx/Fpr2, and this is asso-
ciated with altered expression of pro-revascularization genes in
skeletal muscle and macrophages isolated from skeletal muscle.
Collectively, these results uncover a role of ALX/FPR2 in revascu-
larization that may be amenable to therapeutic targeting in dis-
eases associated with altered tissue perfusion and repair.
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mpaired tissue perfusion is associated with peripheral artery

disease and critical limb ischemia, diabetic wounds, and myo-
cardial infarction, and can lead to necrosis, fibrosis, and loss of
function (1, 2). Recovery from ischemic injury requires timely
cessation of the inflammatory program and initiation of tissue
restorative processes, including revascularization (3). Macro-
phages are active participants in both the inflammatory and re-
parative phases of the wound healing response (4-7). During the
early phases of inflammation, macrophages produce proin-
flammatory mediators (e.g., cytokines, lipid mediators) and are
programmed to assist in pathogen eradication. Macrophages are
also key mediators of resolution of inflammation, involved in the
clearance of apoptotic cells (i.e., efferocytosis) (8, 9). This process
is associated with dampened proinflammatory mediator pro-
duction and a transition to a tissue-reparative phenotype (4, 10).
Indeed, macrophages are required for tissue revascularization
during tissue injury, and they produce growth factors and cyto-
kines that promote blood vessel growth and remodeling (11-13).

Resolution of inflammation is regulated in part by specialized
proresolving lipid mediators (SPMs), such as resolvin D1 (RvD1)
(14). The complete structure and stereochemical assignment
of RvD1 (7S, 8R, 17S-trihydroxy-4Z, 9E, 11E, 13Z, 15E,
19Z-docosahexaenoic acid) was systematically elucidated (15, 16).
RvD1 is produced by leukocytes and acts in an autocrine and
paracrine manner to blunt neutrophil chemotaxis and proin-
flammatory cytokine production, as well as to enhance macro-
phage efferocytosis (14, 17, 18). These actions of RvD1 are
mediated by specific G protein-coupled receptors, ALX/FPR2 and
GPR32, in humans (18). In mice undergoing peritonitis, regula-
tion of leukocyte trafficking by RvD1 is dependent on ALX/FPR2
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(17, 19). In humans, vulnerable atherosclerotic plaques are de-
ficient in RvD1 compared with stable plaques, and administration
of RvD1 to mice with advanced atherosclerosis decreases necrotic
cores and enhances macrophage efferocytosis (20). RvD1 also
improves left ventricular function after myocardial infarction in
mice (21) and reduces inflammation-driven neointimal hyperpla-
sia following vein graft surgery (22).

While the RvD1-ALX/FPR2 axis has well-defined roles in
macrophage efferocytosis and attenuation of proinflammatory
cytokine production, whether this pathway engages macrophages
to facilitate tissue repair during resolution is incompletely un-
derstood. Here we identified a role of the RvD1-ALX/FPR2 axis
in regulating myeloid cell-dependent tissue revascularization
during injury. These results highlight previously unrecognized
roles of this pathway in the wound healing program that could
potentially be amenable to therapeutic intervention.

Results

The RvD1-ALX/FPR2 Axis Plays a Causal Role in Revascularization
during Ischemia. In response to ischemia, leukocytes are mobi-
lized from the bone marrow and migrate to the injury site (6).
Because leukocytes are both biosynthetic sources and cellular
targets of resolvins that limit excessive inflammatory signaling
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and promote the resolution of inflammation (14), we assessed
levels of RvD1 in mice undergoing hindlimb ischemia (HLI) by
permanent femoral artery ligation. This surgical model induces
sterile tissue injury and leads to endogenous perfusion recovery
via revascularization in healthy mice (23). Using liquid
chromatography-tandem mass spectrometry (LC-MS/MS), we
found that RvD1 is increased as early as 24 h postsurgery, and
that its levels were maintained for 3 d after surgery (Fig. 1 4 and
B). A representative MS/MS fragmentation spectrum of RvD1
from bone marrow is shown in Fig. 14. Multiple studies have
shown that macrophages are required for perfusion recovery in
HLI (11-13). Because macrophages produce RvD1 (24), we
hypothesized that RvD1 could also be produced in the ischemic
muscle when macrophages accumulate in the injured tissue. In-
deed, RvD1 was identified in skeletal muscle of the ischemic
limb, and its levels were increased significantly over those seen in
sham-operated mice by day 5 after induction of HLI (Fig. 1B).

The biological actions of RvD1 are mediated by ALX/FPR2 in
mice (Fig. 1C). We observed a robust induction in Al/Fpr2 gene
expression during ischemia in both bone marrow (>4-fold) and
skeletal muscle (>21-fold) (Fig. 1D). To determine whether
ALX/FPR?2 is required for perfusion recovery, we performed
HLI in mice with global deletion of AL/Fpr2. We validated that
Alx/Fpr2 was expressed in wild-type (WT) macrophages and was
absent in macrophages from Alx/Fpr2~'~ mice (SI Appendix, Fig.
S1 A and B). Using laser speckle contrast perfusion imaging, we
observed that male WT mice recovered nearly 80% perfusion to
the paw by day 10 post-HLI, while Al/Fpr2~'~ mice exhibited a
sustained defect in perfusion recovery throughout the time
course (Fig. 1E). This impaired perfusion was not observed in
female Alx/Fpr2~'~ mice (SI Appendix, Fig. S1C). RvD1 levels in
skeletal muscle of male Al/Fpr2~'~ mice were slightly higher
than those in WT mice on day 3 post-HLI and remained elevated
at day 5 post-HLI (SI Appendix, Fig. S1D).

We next questioned whether perfusion recovery could be en-
hanced by exogenous delivery of RvD1, and whether this action
is ALX/FPR2-dependent. When administered locally as a ther-
apeutic agent beginning 24 h after HLI, RvD1 enhanced the
already robust endogenous perfusion recovery in WT mice but
had no effect in Alx/Fpr2~'~ mice (Fig. 1E). Of note, systemic
treatment with RvD1 (i.e., intraperitoneal [i.p.]) also enhanced
perfusion recovery during HLI (SI Appendix, Fig. S24). These
results indicate that the RvD1-ALX/FPR2 signaling axis plays a
causal role in revascularization after ischemia, and that the en-
hancement of perfusion recovery by therapeutically administered
RvD1 is dependent on its receptor, ALX/FPR2.

Genetic Deficiency of Alx/Fpr2 Impairs Neovascularization and Increases
Tissue Fibrosis without Altering Macrophage Accumulation during HLI.
Because Al/Fpr2~'~ mice have impaired perfusion recovery dur-
ing HLI, we asked whether there were morphological and cellular
changes occurring in the ischemic tissue associated with this de-
fect. Immunofluorescence imaging of skeletal muscle at day
14 post-HLI revealed a significant decrease in the amount of
CD31% cells in Al/Fpr2~'~ mice compared with WT mice, con-
sistent with altered neovascularization and impaired perfusion
(Fig. 24). Decreased perfusion and dysregulated inflammation
commonly lead to exacerbated fibrosis (4). In addition, a separate
study found that RvD1 decreases fibrosis in mice subjected to
myocardial infarction, as defined by decreased expression of ex-
tracellular matrix regulatory genes leading to improved cardiac
function (21). Therefore, we next evaluated the extent of fibrosis
in Al/Fpr2™~ mice by assessing collagen content in ischemic
muscle. We found that expression of several collagens (e.g., Co-
llal, Colla2, Col3al, Col4al) was increased at day 5 post-HLI in
Ab/Fpr2-deficient mice (Fig. 2B). By day 14, we observed a sig-
nificant increase in collagen deposition, as assessed by picrosirius
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red staining, in Alx/Fpr2~~ mice compared with WT mice
(Fig. 2C).

In other models of acute sterile inflammation, RvD1 reduces
neutrophil recruitment via ALX/FPR2 (17, 19). Thus, we next
asked whether differences in the tissue accumulation of neu-
trophils or macrophages could account for the impaired perfu-
sion in Alx/Fpr2~'~ mice. However, no differences in the
percentage of neutrophils (CD45*Ly6G*F4/807) or macro-
phages (CD45*Ly6G F4/80%) were observed in the ischemic
muscle of WT mice vs. Al/Fpr2~/~ mice at day 3 post-HLI
(Fig. 2D). Moreover, local RvD1 treatment did not affect mac-
rophage levels in ischemic muscle at day 3 post-HLI (SI Ap-
pendix, Fig. S2B). These data suggest that alterations in
leukocyte recruitment are unlikely to explain the impaired per-
fusion observed in Alx/Fpr2~'~ mice.

RvD1 Induces a Provascularization Phenotype in Macrophages.
Macrophages are required for revascularization during HLI,
and because macrophage accumulation was not altered in AL/
Fpr2-deficient mice with impaired tissue perfusion during HLI,
we asked whether activation of this pathway regulates macro-
phage phenotype. To this end, we performed RNA sequencing
(RNA-seq) (25, 26) analysis of naive murine bone marrow-
derived macrophages (BMDMs) stimulated with RvD1. This
analysis revealed differential expression of 627 genes (353 up-
regulated and 274 down-regulated) that met our inclusion cri-
teria for normalized expression (>3) and fold change (>1.5) in
RvD1-stimulated macrophages relative to control.

To better understand and visualize the biological pathways
associated with these gene changes, Gene Ontology (GO) en-
richment analysis was performed in which related pathways are
clustered into functionally grouped networks (Fig. 34). As
expected, RvDl1-stimulated macrophages were enriched for
genes involved in biological processes related to immunity and
host defense, such as regulation of defense response, inflammatory
response, innate immune response, and leukocyte chemotaxis. Sur-
prisingly, an extensive network of 24 interrelated pathways associated
with vascular development and regulation was also greatly enriched.
Included in this vascular network were 9 of the 10 most significantly
enriched pathways of the entire analysis (node size in Fig. 34 is
correlated with statistical significance), indicating that RvD1 induces
a vascular transcriptomic signature in macrophages.

Composing this broad vascular network are three specialized
functional clusters of associated pathways (denoted by the pur-
ple, blue, and light-blue shading of the nodes in Fig. 34). Here
nodes with multiple colors have overlap in the genes represented
in each pathway. To further define the identity of each cluster,
we compiled all the genes that make up each of the 24 vascular
process-related pathways and compared the degree of gene
overlap of each cluster (Fig. 3B). A cassette of 34 genes (shown
in the center of the Venn diagram; Fig. 3B) was common to all
three clusters. Several of these genes encode receptors, ligands,
and/or effectors of well-established mediators of vascular growth
and remodeling. Specifically, members of the angiopoietin sig-
naling family angiopoietin-1 receptor (7ek) and both Angptl and
Angpt2 were identified, along with VEGF receptors 1 and 2 (Fit!
and Kdr, respectively) and DIl4, a ligand of the Notch signaling
family. We next quantified the ubiquity of the genes in this cas-
sette among the 24 significantly enriched vascular process-related
pathways. Here 21 of the 34 genes were found in >50% of vascular
pathways, with Tek, Kdr, Fltl, and Angpt] the most common,
found in >75% of vascular pathways (Fig. 3C).

Finally, we examined the RvD1-induced expression changes in
all the genes contained in the vascular process-related pathways
(Fig. 3 D and E). The majority of these genes were up-regulated
by RvD1 (78 of 103, 76%), as were 28 of the cassette of 34
common genes from the cluster analysis (Fig. 3D). The expression
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Fig. 1.

The RvD1-ALX/FPR2 axis contributes to perfusion recovery during HLI. (A) Representative MS/MS fragmentation spectra of RvD1 identified in bone

marrow of mice undergoing HLI (day 3). (Inset) Structure with diagnostic ion assignments. (B) Quantification of RvD1 in ischemic limb bone marrow (Upper)
and skeletal muscle (Lower). n = 3 to 5 per group at each time point. (C) Schematic of RvD1 as a ligand for the ALX/FPR2 receptor. (D) Expression of Alx/Fpr2
(relative to Hprt) in ischemic limb bone marrow (Left) and gastrocnemius muscle (Right) of mice undergoing HLI. n = 4 per group at each time point. In B and
D, *P < 0.05 unpaired Student’s t test vs. sham. (E) Representative laser speckle contrast perfusion images of vehicle-treated WT and Alx/Fpr2~'~ mice shown
on day 0 and day 10 of ischemia, with the red box indicating the ischemic limb. The graph shows quantification of perfusion recovery in WT and Alx/Fpr2~'~
mice following HLI with daily administration of RvD1 (4 ug/kg s.c.) beginning at 24 h after surgery. n = 6 per group. Data represent mean + SEM. *P < 0.05 WT
vehicle vs. Alx/Fpr2~'~ vehicle; AP < 0.05 WT vehicle vs. WT RvD1, two-way ANOVA with Tukey’s multiple comparison test.

changes observed in a subset of genes were further confirmed by
qRT-PCR (SI Appendix, Fig. S34).

As for the vascular pathways, we compiled all the genes in the
immunity/host defense-related pathways and investigated the
RvD1-induced expression changes (SI Appendix, Fig. S3 B and
(). Several of the up-regulated genes are involved in the re-
sponse to IFN signaling (e.g., Rsad2, Usp18, ligpl), while others
are critical for phagosome formation (e.g., Lyst). We note that
some of the vascular-associated genes were also included in the
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immunity/host defense pathways. Taken together, these data
indicate that RvD1 induces a transcriptomic signature in mac-
rophages that is associated with tissue vascularization, as well as
heightened immune functions, that are important for both host
defense and tissue repair.

Myeloid-Specific Deficiency of ALX/FPR2 Impairs Perfusion Recovery
during HLI. After establishing that the revascularization program
is defective in Al/Fpr2~/~ mice and that RvD1 induces a
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Deficiency of Alx/Fpr2 impairs ischemic limb neovascularization and induces fibrosis independently of changes in macrophage recruitment. (A)

Representative immunofluorescence images and quantification of CD317 cells (per high-power field [HPF]) in ischemic gastrocnemius muscle of WT and Alx/
Fpr2~~ mice on day 14 of HLI. n = 3 per group. (Scale bars: 50 ym.) (B) Gene expression of collagens (relative to B2m) in ischemic hamstring of WT and Alx/
Fpr2~~ mice on day 5 of HLI. n = 4 per group. (C) Representative brightfield and grayscale images (Left) and quantification (Right) of picrosirius red-stained
ischemic hamstrings of WT and Alx/Fpr2~'~ mice on day 14 of HLI. (Scale bars: 50 ym.) n = 3 per group. (D, Upper) Representative flow cytometry dot plots of
CD45* leukocytes isolated from ischemic gastrocnemius muscle on day 3 of HLI, with boxes indicating the F4/80* and Ly6G* populations. (D, Lower) Quan-
tification of these populations. n = 4-7 per group. Data are presented as mean + SEM. *P < 0.05, unpaired Student’s t test.

provascular macrophage phenotype, we next questioned whether
expression of ALX/FPR2 in myeloid cells is required for re-
vascularization. For this, we generated mice with myeloid-
specific deletion of ALX/FPR2 by crossing humanized ALX/
FPR2-GFP knockin floxed mice with mice expressing Cre
recombinase under control of the lysozyme M promoter (LysM
Cre) (Fig. 44 and SI Appendix, Fig. S44). Loss of the GFP signal
was validated by flow cytometry analysis in peripheral blood
leukocytes of mice with myeloid-specific deficiency of ALX/FPR2
(referred to as hRALX/FPR2M*®) (SI Appendix, Fig. S4B). Similar
to the defect observed in global Alx/Fpr2~'~ mice, we observed a
significant impairment in perfusion recovery in male hALX/
FPR2M®© mice, which manifested by day 5 post-HLI and per-
sisted through day 10 (Fig. 4B). A decreased abundance of
CD317 cells in ischemic limb skeletal muscle of hALX/FPR2M*C
mice was also evident (Fig. 4C), consistent with mice with a
global Alx/Fpr2-deficiency. No defect in perfusion recovery was
observed in female 24 LX/FPR2MXC mice compared with floxed
controls (SI Appendix, Fig. S4C).

We next questioned the effect of myeloid-specific deletion of
ALX/FPR2 on expression of the vascular process-related genes
that were up-regulated by RvD1 in BMDMs. We assembled a
panel of RvD1-induced genes that were widely represented across
the vascular development and remodeling pathways in the GO
analysis (Fig. 3) and measured their expression in ischemic gas-
trocnemius muscle of AALX/FPR2MXC mice (Fig. 4D). Several of
these genes were down-regulated in AALX/FPR2MXC mice com-
pared with floxed mice, indicating that ALX/FPR2 expression in
myeloid cells regulates their induction during HLI. Similar to what
we observed in mice with global Alx/Fpr2 deficiency, fibrosis was
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2MKO mice

significantly increased in skeletal muscle of hALX/FPR
compared with floxed controls (Fig. 4E).

We have previously shown that RvD1 enhances tissue repair in
skin wounds, and that mice globally deficient in Alx/Fpr2 have an
endogenous deficiency in wound reepithelialization (27). Thus,
to determine whether the regulation of tissue vascularization
that we observed during HLI extends to other tissue injury
contexts, we assessed the vascularization of full-thickness cuta-
neous wounds excised from the dorsal skin of mice (5). Similar to
what we observed in HLI, wound tissue of #4LX/FPR2MXC mice
had a reduction in CD317 vessels compared with floxed mice,
indicative of impaired vascularization during the early phase of
tissue repair (day 3; Fig. 4F). Collectively, these results establish
that activation of ALX/FPR2 signaling specifically in myeloid
cells is required for optimal vascularization during tissue injury.

Myeloid-Specific Deficiency of ALX/FPR2 Impairs Acquisition of a
Provascularization Macrophage Phenotype. Because our results in-
dicated that expression of ALX/FPR?2 in myeloid cells is required
for perfusion recovery during HLI, we next questioned whether
hALX/FPR2MXO mice undergoing HLI have alterations in mac-
rophage accumulation and phenotype in injured muscle. Con-
sistent with our observations in the global Alx/Fpr2~'~ mice, there
were no differences in the accumulation of neutrophils
(CD45"Ly6G*F4/807) or macrophages (CD45"Ly6G~F4/80")
in the ischemic gastrocnemius muscles of 24 LX/FPR2MXC mice
at day 3 post-HLI compared with floxed mice (Fig. 5 4 and C).
To determine whether the phenotype of the macrophages was
affected by loss of Alx/Fpr2, we first assessed the surface ex-
pression of Ly6C. We have previously shown that in a distinct
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Fig. 3. RvD1 induces a provascular transcriptomic signature in macrophages. BMDM s isolated from WT mice were exposed to RvD1 for 6 h, then subjected to
RNA-seq. (A) Graphical depiction of GO enrichment analysis of differentially expressed genes and their associated biological pathways. The colors of the
nodes indicate functional clusters of related biological pathways (as determined by >50% gene overlap between pathways), and the node size is correlated
with pathway enrichment significance. (B) Venn diagram displaying the component genes of the three vascular-related functional clusters. (C) Genes common
to all three vascular-related functional clusters, listed by the percentage of all vascular process-related pathways in which that gene is associated. (D and E)
RvD1-induced expression changes (D, up-regulated; E, down-regulated) in all genes contained in the vascular process-related pathways shown in heatmaps

listed by decreasing normalized expression. n = 3 per group.

model of skeletal muscle injury and regeneration, exogenous
delivery of another SPM, resolvin D2 (RvD2), triggers a shift
from the proinflammatory Ly6C™ to reparative Ly6C'® macrophage
populations (28). However, there were no differences in either the
Ly6C" (CD45"Ly6G F4/80%) or Ly6C* (CD45*Ly6G F4/80")
macrophage subsets, and the ratio of these populations did not
differ between hALX/FPR2MXC mice and floxed mice at this time

point (Fig. 5 B and C).
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We next questioned whether the absence of ALX/FPR2 im-
pairs the ability of macrophages to adopt a provascularization
phenotype. To this end, we isolated F4/80* macrophages from
ischemic gastrocnemius muscles on day 3 post-HLI and mea-
sured the expression of a panel of vascular-related genes that
were induced by RvD1 in vitro (Fig. 5D). Consistent with our
observation in the whole muscle tissue, several of the genes in
this panel were down-regulated in macrophages isolated from
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Fig. 5. Myeloid ALX/FPR2 promotes a provascular macrophage phenotype
in response to ischemic injury. Ischemic gastrocnemius muscle from hALX/
FPR2™ and hALX/FPR2MX® mice on day 3 of HLI were analyzed by flow
cytometry. (A) Representative dot plots of CD45* leukocytes, with boxes
indicating the F4/80* and Ly6G* populations. (B) Representative histograms
of CD45*F4/80* leukocytes, with dashed lines indicating the Ly6C"® and
Ly6C" populations. (C) Quantification of these populations and the ratio of
Ly6C"" cells to Ly6C' cells. n = 8 per group. (D) Schematic of F4/80* cell iso-
lation from ischemic gastrocnemius muscle on day 3 of HLI. (E and F) Ex-
pression of vascular-related genes (relative to Hsp90ab1) in isolated F4/80*
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ischemic muscle of ~ZALX/FPR2MXC mice compared with floxed
mice (Fig. 5E). In contrast, RvD1 treatment of WT mice un-
dergoing HLI increased expression of the majority of these genes
in isolated macrophages (Fig. 5F). These results strongly suggest
that ALX/FPR2 expression in macrophages is required for the
adoption of a specific provascular transcriptomic signature that
is critical for tissue repair after ischemic injury.

Discussion

The results of the present study demonstrate a role for RvD1 and
its receptor, ALX/FPR2, in promoting tissue revascularization
following ischemic injury. RvD1 induced a transcriptomic sig-
nature in macrophages suggestive of participation in tissue vas-
cularization. Indeed, RvD1 was produced in ischemic tissue, and
therapeutic administration of RvD1 enhanced perfusion re-
covery via ALX/FPR2. The endogenous role of this pathway in
revascularization was demonstrated in mice with both global and
myeloid-specific deficiency of Alx/Fpr2. These results indicate
that the RvD1-ALX/FPR?2 axis facilitates revascularization after
ischemic injury largely through actions involving myeloid cells.

It is well documented that RvD1 stimulates resolution of in-
flammation in part by blunting excessive neutrophil recruitment
and by promoting macrophage efferocytosis (15, 18, 19, 29).
These proresolution actions of RvD1 are dependent on signaling
through ALX/FPR2 in mice (17, 19). Here we observed that
mice deficient in Al/Fpr2 have impaired revascularization and
worsening of tissue fibrosis, suggesting an endogenous protective
role of ALX/FPR2 in ischemic injury. These results are con-
gruent with previous studies showing that mice deficient in AL/
Fpr2 have increased inflammation associated with pneumonia
(30), arthritis (31), and cerebral ischemia (32), as well as delayed
tissue repair (i.e., reepithelialization) in skin wounds (27).

While it is known that ALX/FPR2 binds both proinflammatory
and anti-inflammatory ligands (33), these previous studies, along
with our present results, indicate that the presence of anti-in-
flammatory/proresolving ligands such as RvD1 bias the receptor
to resolve inflammation and promote tissue repair (34). Along
these lines, RvD1 mitigates tissue injury induced by ischemia
and/or reperfusion in the heart, lungs, and liver (21, 29, 35, 36),
although the cellular targets and effects on tissue vascularization
in these contexts remain to be identified. We used laser speckle
perfusion imaging to assess changes in tissue perfusion, as well as
immunostaining for CD31 as a marker of vasculature. We cannot
completely rule out the possibility that CD31 staining could also
reflect changes in other cells, such as those in the lymphatic
vasculature.

We observed a temporal regulation of RvD1 biosynthesis in
the bone marrow during ischemia, with subsequent production in
injured skeletal muscle. We speculate that leukocytes are the
predominant cellular source of RvD1 in this context, although
we cannot rule out the participation of other tissue resident cells.
We have previously observed ischemia-induced increases in
other resolvins in the bone marrow, such as RvD2 and RvD4 (37,
38), and found that isolated monocytes produce resolvins in a
lipoxygenase-dependent manner (38). In addition, mice deficient
in Gprl8, the specific receptor for RvD2, also have impaired
recovery of perfusion during HLI, suggesting similar but non-
redundant roles of RvD1 and RvD2 (38). These results extend
previous findings in murine models of ischemia followed by
reperfusion, in which D-series resolvins are biosynthesized and
act as feedback regulators to blunt tissue damage (29, 37). No-
tably, levels of 15-epi lipoxin A4, one of the first-identified

cells from hALX/FPR2™" and hALX/IFPR2MKC mice (E) and WT mice (F) after
daily administration of RvD1 (4 pg/kg s.c.). n = 3 to 4 per group. Data in
graphs represent mean + SEM. *P < 0.05, unpaired Student's t test.
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ligands of ALX/FPR2 (39, 40), are lower in individuals with in-
termittent claudication and critical limb ischemia compared with
healthy individuals, suggesting potential dysregulation of this
endogenous protective pathway in human limb vascularization
(41). Previous studies have also revealed that resolvins can block
certain forms of pathologic angiogenesis, such as that occurring
in corneal neovascularization (42, 43). Thus, future studies are
needed to fully understand how resolvins regulate the restoration
of physiological tissue revascularization during wound healing
while blocking pathological forms of inflammation-induced an-
giogenesis commonly associated with dysfunctional vasculature.

Several studies have demonstrated that RvD1 acts on mac-
rophages to promote efferocytosis and to counter regulate
proinflammatory signaling in a receptor-dependent manner (17,
18, 44). In addition, RvD1 enhances phagocytosis and dampens
inflammatory cytokine production while stimulating production
of anti-inflammatory cytokines in human primary macrophages
(45, 46) and in adipose tissue macrophages of obese mice (44). In
our unbiased transcriptome analysis, RvD1 induced expression
of genes related to host defense (e.g., Gbp3, C3, Rsad2) but also
those related tissue repair and revascularization, providing in-
sight into the regulation of macrophage phenotype by RvDI.
Several of these genes, such as DIl4, Angpt2, Cxcl10, and Gpr30,
are necessary for restoration of revascularization during ischemia
(47-50), indicating that RvD1 likely jumpstarts a tissue re-
vascularization program rather than engaging a specific pathway.
We confirmed that the RvD1-ALX/FPR?2 axis regulates the ex-
pression of these genes in vivo using both gain-of-function
(i.e., RvD1 treatment) and loss-of-function (i.e., hALX/
FPRZMKO) approaches. These changes in macrophage gene ex-
pression occurred independently of Ly6C surface expression.
This is consistent with the transition from inflammation to tissue
repair, in which macrophages respond to local cues and assume a
spectrum of time-dependent phenotypes in both Ly6C™ and
Ly6C' macrophages (7).

While generally thought to be tissue-reparative and anti-
fibrotic, prolonged activation or sustained recruitment of anti-
inflammatory (or M2-like) macrophages may lead to fibrogenesis
(4). We observed an increase in several fibrogenic genes and
marked skeletal muscle fibrosis in Al/Fpr2~'~ mice after ische-
mia. Consistently, a separate study found that RvD1 decreases
fibrosis in mice subjected to myocardial infarction (21). Thus,
RvD1-ALX/FPR2 signaling induces a macrophage phenotype
that promotes vascular remodeling and also potentially prevents
excessive fibrogenesis allowing for accelerated tissue repair.

Overall, our present results assign a previously unrecognized
function for ALX/FPR?2 in the tissue revascularization program.
These results suggest that agonism of ALX/FPR2 could poten-
tially lead to new approaches to stimulating tissue repair in
contexts associated with defective perfusion, such as peripheral
artery disease, critical limb ischemia, and myocardial ischemia,
as well as diabetic wounds. Because all of these conditions are
similarly associated with chronic unresolved inflammation, tar-
geting the RvD1-ALX/FPR2 axis could potentially provide dis-
tinct advantages over traditional anti-inflammatory approaches
that could perturb tissue repair (10, 51-53).

Materials and Methods

Animals and Reagents. C57BL/6J (WT) mice and LysM-Cre (B6.129P2-
Lyz2tm'€relfo/5) mice were purchased from The Jackson Laboratory at 8 to 10
wk of age. Floxed human ALX/FPR2-GFP knockin mice (hALX/FPR™") and Alx/
Fpr2~~ mice were provided by Idorsia Pharmaceuticals. All animal proce-
dures were approved by the Brigham and Women's Hospital Institutional
Animal Care and Use Committee (#2016N000131). Animals were allocated to
experimental groups at random, but investigators were not blinded to the
identity of the groups. One mouse was excluded from the perfusion analysis
due an adverse reaction to anesthesia. M-CSF was purchased from Sigma-
Aldrich, and RvD1 was purchased from Cayman Chemical.

Sansbury et al.

Surgical Procedures.

HLI model. Induction of HLI was performed as described previously (38). In
brief, male and female C57BL/6J (WT), Alx/Fpr2 KO (AIx/FprZ’/’), ALXIFPR2
floxed (hALX/FPR™™, and ALX/FPR2 myeloid-specific KO (hALX/FPR2MKO)
mice were anesthetized with 1.5% to 2% isoflurane (with O, at 2 L/min) and
placed on a temperature-controlled water blanket to maintain a body
temperature of 37 °C. After induction of anesthesia, hair was removed from
the hindlimb using depilatory cream, and buprenorphine (0.5 mg/kg) was
administered via subcutaneous (s.c.) injection. The mice were then placed in
a supine position, and the paws were secured using surgical tape.

A small incision was made on the upper hind limb, just distal to the

peritoneal ridge, perpendicular to the limb. The inguinal adipose tissue was
gently separated with two pairs of forceps and moved away from the un-
derlying tissue to expose the branching of the femoral and internal iliac
arteries. Using ring forceps, the femoral artery and vein were carefully
grasped and elevated, allowing two sutures to be passed underneath without
damaging the vessels. These sutures were then used to create two ligatures of
the vessels ~2 mm apart. The vessels were then transected between the
ligatures using micro scissors, and the incision was closed using n-butyl-ester
cyanoacrylate. For sham-operated animals, the incision was made, and su-
tures were passed under the vessels with no ligatures being tied.
Excisional cutaneous wound healing model. Full-thickness excisional cutaneous
wounds were created as described previously (54). In brief, using depilatory
cream, all hair was removed from the dorsal skin 1 d before wounding. The
next day, ALX/FPR2 floxed (hALXIFPR™) and ALX/FPR2 myeloid-specific KO
(hALX/IFPR2MKO) mice were anesthetized with 1.5% to 2% isoflurane (with
O, at 2 L/min) and placed on a temperature-controlled water blanket to
maintain a body temperature of 37 °C. Buprenorphine (0.5 mg/kg) was ad-
ministered via local s.c. injection. The mice were positioned on their side, and
the dorsal skin was gently pulled away from the body, separating the skin
from the underlying s.c. tissue.

Using a 5-mm biopsy punch, two full-thickness wounds were excised.
Sterile saline (10 pL) was then added topically to each wound. Silicone splints
were affixed to the skin surrounding the wounds with n-butyl-ester cyano-
acrylate, and the wounds were covered with semipermeable polyurethane
dressings. The injury site was then further protected by placing a self-
adherent wrap around the animal covering the wounds. Each day, the
wounds were exposed and sterile saline (10 uL) was added topically.

For both procedures, a second dose of buprenorphine (0.5 mg/kg) was
administered via s.c. injection (either in the limb or on the back) at 24 h after
surgery. In some HLI studies, RvD1 (4 pg/kg) in sterile saline (100 pL) or vehicle
control was injected s.c. into the ligated limb or i.p. using an insulin syringe
beginning 1 d after surgery. This administration was continued daily for up
to 10 d after surgery. At the indicated day after surgery, the mice were killed
by CO, inhalation, and cervical dislocation and tissues were collected for
downstream analyses.

Targeted LC-MS/MS. The abundance of RvD1 was measured in the bone
marrow and skeletal muscle (gastrocnemius and hamstring) of mice exposed
to the sham procedure or HLI. Bone marrow and skeletal muscle from the
ischemic limb were collected at the indicated days following HLI and placed in
ice-cold methanol containing a deuterium-labeled RvD2 (d5-RvD2) synthetic
standard. Bone marrow was immediately stored at —80 °C until further
processing, while skeletal muscle tissue was minced on ice using scissors and
then stored at —80 °C. The tissue was subjected to solid-phase extraction
before to LC-MS/MS as detailed previously (55). In brief, samples were
centrifuged (3,000 rpm for 10 min at 4 °C), and the supernatants were col-
lected. Samples were then acidified (pH 3.5) before solid-phase extraction
via C18 cartridges. Lipid mediators were eluted from the cartridge with
methyl formate, and the solvent was evaporated under a constant gentle
stream of N, gas. Samples were resuspended in methanol:water (50:50) and
then analyzed by LC-MS/MS using a Poroshell reverse-phase C18 column
(100 mm x 4.6 mm x 2.7 pm; Agilent Technologies)-equipped high- perfor-
mance liquid chromatography (HPLC) system (Shimadzu) coupled to a QTrap
5500 mass spectrometer (AB Sciex). The QTrap was operated in negative
ionization mode using scheduled multiple reaction monitoring (MRM) and
specific transitions for RvD1 coupled with information-dependent acquisi-
tion (IDA) and enhanced product ion-scanning (EPI). RvD1 was identified
using retention time and diagnostic MS/MS ions compared with an authentic
standard (Cayman Chemical) and was quantified using MRM peak areas
compared with an external standard curve generated with synthetic RvD1
and after normalization of extraction recovery based on the d5-RvD2 in-
ternal standard (Cayman Chemical).

PNAS | June 23,2020 | vol. 117 | no.25 | 14361

IMMUNOLOGY AND
INFLAMMATION



Laser Speckle Contrast Perfusion Imaging. Immediately before surgical liga-
tion and at the indicated time after surgery, perfusion to the hindlimbs was
measured using a moorFLPI-2 full-field laser speckle imager and the
moorFLPI-2 review software (Moor Instruments). Mice were anesthetized
using isoflurane and maintained under 1.5% to 2% isoflurane (with O, at
2 U/min) on a heated water blanket at 37 °C while imaging was performed.
To determine recovery, the perfusion in the ischemic limb was normalized to
the nonischemic limb and expressed as percent recovery.

qRT-PCR. For analysis of fibrosis-related genes in ischemic limbs, hamstring
muscles were collected from WT and Alx/Fpr2~~ mice at 5 d after surgical
femoral artery ligation and stored in RNAlater solution (Qiagen) at 4 °C. To
measure the expression of vascular-related genes, ischemic gastrocnemius
muscle was removed at 3 d after ligation from hALX/FPR2™M and hALX/
FPR2M© mice or WT mice administered vehicle or RvD1 (4 pg/kg s.c.). The
tissue was then either placed in RNAlater solution or subjected to single-cell
isolation (details below). The muscle was disrupted using a glass pestle and
homogenizer. RNA was isolated using RNeasy Mini Kit (Qiagen), and cDNA
was synthesized using the Applied Biosystems High-Capacity cDNA Reverse
Transcription Kit according to the manufacturer’s instructions. gPCR was
performed using SsoAdvanced Universal SYBR Green Supermix (Bio-Rad) on
an Applied Biosystems QuantStudio 7 Flex real-time PCR system with Pri-
mePCR assay primers (Bio-Rad) specific for Col1a1, Col1a2, Col3al, Col4al,
Col5a1, Col5a2, Col5a3, and Col14a1 for amplification. Primers for expres-
sion of Alx/Fpr2, Angpt1, Angpt2, DIl4, FIt1, Gpr30, Has2, Hey2, Heyl, Hprt,
Hsp90ab1, Kdr, Pecam1, and Tek amplification were purchased from Qiagen
and analyzed using the Bio-Rad CFX96 real-time PCR detection system.

For expression of collagens and vascular genes, data are presented as
relative expression determined by the 272" method after internal nor-
malization to expression of B2m or Hsp90ab1, respectively. Expression levels
of Alx/Fpr2 and Hprt are shown as relative fluorescence units or as the mean
cycle time required for signal amplification, as Alx/Fpr2 was not detected in
cells from Alx/Fpr2-deficient mice and thus could not be quantified using the
2742¢T method. Following PCR, the cDNA samples were subjected to elec-
trophoresis using a 1% agarose gel stained with SYBR Safe DNA Gel Stain
(APEXBIO).

Immunofluorescence and Immunohistochemistry. To determine the extent of
vascularization and fibrosis in injured tissue, ischemic muscle (gastrocnemius
or hamstring) was collected on day 14 of HLI, and full-thickness cutaneous
wounds were excised on day 3 after wounding and then fixed in formalin
and embedded in paraffin. Cross- sections (5 um) of the gastrocnemius
muscle and wounds were cut and stained for CD31 (R&D Systems) with Cy3-
conjugated donkey anti-goat 1gG (Jackson ImmunoResearch) and DAPI
(Invitrogen ProLong Diamond Antifade Mountant with DAPI). In gastroc-
nemius sections, CD31* cells were counted in 9 to 10 high-power fields in
one tissue section from each animal. For wounds, CD31* cells were counted
in 4 to 13 high-power fields from one bisected wound tissue section from
each animal and averaged. For analysis of collagen deposition, cross-sections
(5 um) of the hamstring muscle were stained with picrosirius red (Millipore
Sigma), and images were acquired at a magnification of 20x. The images
were converted to grayscale using ImagelJ, and a threshold was set for each
image depending on the amount of background staining in each section.
The area of positive staining was then calculated using the Image) mea-
surement function. For quantification, a minimum of 4 fields and a maxi-
mum of 28 fields per tissue section were averaged for each animal.

Flow Cytometry and Cell Isolation. Leukocyte populations in ischemic gas-
trocnemius muscle were assessed via flow cytometry, and F4/80* cells were
isolated on day 3 following surgical ligation. For this, WT (vehicle and RvD1-
treated) and Alx/Fpr2~'~ or hALXIFPR2™® and hALXIFPR2VMKC mice were
euthanized by CO, inhalation, cervical dislocation was performed, and the
ischemic muscle was removed and subjected to a two-step digestion pro-
tocol (56). The tissue was first placed in a solution containing 75 U/mL col-
lagenase Il and 250 mM CacCl, in PBS and gently pulled apart using forceps,
followed by incubation for 30 min at 37 °C. Following this incubation, the
tissue was further physically disrupted using a syringe plunger, washed with
cold PBS, then centrifuged (130 x g for 5 min at 4 °C). The tissue was
resuspended in a second digestion solution containing 2.4 U/mL dispase |,
1.5 U/mL collagenase D, and 250 mM CaCl, in PBS, followed by incubation
for 1 h at 37 °C, with low-speed vortex mixing at 15-min intervals. Digested
tissue was finally filtered using a 40-pm cell strainer and washed in FACS
buffer. The resulting suspension was spun down (515 x g for 5 min at 4 °C),
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resuspended in FACS buffer, and then subjected to analysis of leukocyte
populations via flow cytometry or isolation of purified F4/80* cells. This was
achieved using an F4/80 (APC anti-F4/80; eBioscience) antibody-based mag-
netic bead positive selection kit (EasySep; STEMCELL Technologies) according
to the manufacturer’s instructions. Expression of a panel of vascular-related
genes was assessed in the purified cells as described above. For flow
cytometry, cells were washed with FACS buffer, incubated in Fc-block, and
stained with primary-conjugated fluorescent antibodies (PerCP anti-CD45,
APC anti-F4/80, PE anti-Ly6G, and PE/Cy7 anti-Ly6C; eBioscience) for 30 min.
For validation of myeloid-specific ALX/FPR2 deletion, peripheral blood col-
lected from mouse tails was incubated with lysis buffer to remove the red
blood cells. After washing with FACS buffer, cells were analyzed based on
GFP expression using a BD Biosciences FACSCanto flow cytometer and
FlowJo software.

BMDM Isolation and Culture. Bone marrow was isolated from WT mice fol-
lowing euthanasia by CO, inhalation and cervical dislocation. The intact
femurs and tibias from both legs were removed and cleaned of muscle tis-
sue. The epiphyses of each bone were removed, and the bone marrow was
flushed using a 25 G needle and 5 mL of basal medium (DMEM/F12, sup-
plemented with 10 mM L-glutamine, 10% FBS, and 1% penicillin/strepto-
mycin). Macrophages were differentiated in growth medium (basal medium
supplemented with 10 ng/mL M-CSF or 20% L929 conditioned medium) as
described elsewhere (57). On day 7 of differentiation, cells were liberated
with a cell scraper, collected, and spun down at 400 x g for 10 min. Cells
were then resuspended in basal medium, counted, and plated for experi-
ments (six-well plates or 6-cm dishes). The following day, for RNA-seq and
gene expression studies, cells were incubated without or with RvD1 (10 nM)
in DMEM for 6 h, then lysed and collected in RLT buffer (Qiagen) containing
10 pL/mL B-mercaptoethanol and kept at —80 °C until RNA isolation.

RNA-Seq.

RNA isolation. RNA was isolated from macrophage samples using the RNeasy
Mini Kit (Qiagen) according to the manufacturer’s instructions.

RNA-seq library preparation. Using the TruSeq RNA Sample Preparation Kit
(Illumina), a cDNA library was constructed from 100 to 400 ng of total RNA.
This was achieved by pulling down poly-A-tailed RNA molecules with poly-T
oligo-coated magnetic beads. The mRNA was then purified and fragmented
with divalent cations at 85 °C, after which cDNA was synthesized with ran-
dom primers and SuperScript Il enzyme (Life Technologies). Next, second-
strand synthesis was carried out, followed by end repair, single “A" base
addition, and ligation of barcode indexed adaptors to the DNA fragments.
PCR analyses specific to these adaptors were then performed to produce the
sequencing libraries. Using E-Gel EX 2% agarose gels (Life Technologies), the
libraries were size-selected and then purified with QIAquick Gel Extraction
Kit (Qiagen), followed by sequencing with the lllumina HiSeq 2500 system.
RNA-seq analysis. For analysis, Tophat2 aligned the resulting reads to the
mm10 mouse assembly, followed by downstream analysis of the aligned
reads using StrandNGS version 2.8, build 230243. Once these steps were
complete, the raw reads were normalized using the DESeq method and then
subjected to statistical analyses. Genes with fold change >1.5 and P < 0.05, as
determined by one-way ANOVA and Tukey’s post hoc test on the normal-
ized counts, were considered statistically significant and differentially
expressed.

GO Enrichment Analysis. Genes meeting our inclusion criteria of normalized
expression >3, fold change >1.5, and P < 0.05 were uploaded to the Cyto-
scape open source software platform, and GO analysis was performed using
the ClueGO plug-in application (58). The resulting associated biological
pathways/terms were then visually displayed in functionally grouped net-
works according to the similarity of the component genes within each term.
To construct these networks, a two-tailed hypergeometric test was per-
formed to test for enrichment and depletion within the dataset, followed by
Bonferroni step-down correction for multiple testing of P values. Graphi-
cally, the size of the nodes reflects the significance associated with that
term, while the color indicates the functionally grouped networks to which
the term belongs. Nodes shaded with multiple colors indicate that >50% of
the genes associated with that term are common to each of the functionally
grouped networks indicated by the colors. All terms displayed met our in-
clusion criteria of a corrected P value of <0.05 and a minimum threshold of
either three genes or 4% of all genes associated with the term were in-
cluded on our list of RvD1-affected genes.
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DNA Isolation and PCR for Mouse Genotyping. DNA was isolated from mouse
tails by adding an alkaline digestion buffer (25 mM NaOH and 0.2 mM EDTA)
and boiling the sample at 96 °C for 30 min. The digested samples were mixed
with neutralization buffer (40 mM Tris:-HCI), and the supernatants were
subjected to PCR amplification with primers specific for the floxed human
FPR2 (forward, 5- AGCCCAGAGTCCATTAGGCAGTACTCA-3'; reverse, 5'- CAG
TGGAGAGATGTCAAAACCTTAATCAAAAA-3’) and/or the mouse LysM-cre
(0IMR3066, 5-CCCAGAAATGCCAGATTACG-3; oIMR3067, 5-CTTGGGCTG
CCAGAATTTCTC-3; 0lMR3068, 5-TTACAGTCGGCCAGGCTGAC-3’). The am-
plified products were then separated by electrophoresis using 1% agarose
gels stained with SYBR Safe DNA Gel Stain (APExBIO).

Statistical Analysis. Data are presented as mean + SEM. Statistical compari-
sons between two groups were conducted using an unpaired two-tailed
Student’s t test, while comparisons of multiple groups were performed
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