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SUMMARY

The role of CD4+ T cells in the ischemic tissues of T2D
patients remains unclear. Here, we report that T2D
patients’ vascular density was negatively correlated
with the number of infiltrating CD4+ T cells after
ischemic injury. Th1 was the predominant subset,
and Th1-derived IFN-g and TNF-a directly impaired
human angiogenesis. We then blocked CD4+ T cell
infiltration into the ischemic tissues of both Leprdb/db

and diet-induced obese T2D mice. Genome-wide
RNA sequencing shows an increased proliferative
and angiogenic capability of diabetic ECs in ischemic
tissues. Moreover, wire myography shows enhanced
EC function and laser Doppler imaging reveals
improved post-ischemic blood reperfusion. Mecha-
nistically, functional revascularization after CD4 cor-
eceptor blockade was mediated by Tregs. Genetic
lineage tracing via Cdh5-CreER and Apln-CreER
and coculture assays further illustrate that Tregs
increased vascular density and induced de novo
sprouting angiogenesis in a paracrinemanner. Taken
together, our results reveal that Th1 impaired while
Tregs promoted functional post-ischemic revascu-
larization in obesity and diabetes.
INTRODUCTION

Peripheral artery disease (PAD) often has been diagnosed in the

aging population; however, there is an increasing incidence of

PAD in the younger population as a result of the global diabetes
1610 Cell Reports 24, 1610–1626, August 7, 2018 ª 2018 The Author
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epidemic (Steinberger et al., 2003). Type 2 diabetes (T2D) in

particular promotes atherosclerosis and endothelial dysfunction

with progression to critical limb ischemia (CLI); 30% of T2D

patients require amputations, with a severely compromised

survival rate (Howard et al., 2015). To date, there are few if any

effective strategies to slow the progression of CLI. Although

numerousmediators, including proangiogenic factors, transcrip-

tion factors, and signaling molecules, have been implicated in

promoting functional revascularization in normoglycemic animal

models after physically induced ischemia, clinical trials targeting

these pathways for medical revascularization in diabetic patients

have been largely disappointing (Raval and Losordo, 2013).

Therefore, more studies are needed to understand the patho-

genesis between normoglycemic and diabetic PAD and to un-

ravel specific treatments targeting diabetic PAD.

It has been reported that new blood vessels are regenerated

via sprouting angiogenesis after ischemic injury in normogly-

cemic mice. Accumulating evidence reveals that infiltrating

T cells in the ischemic sites facilitate that revascularization. Athy-

mic nude mice that lack T cells exhibit a reduced capability for

post-ischemic revascularization (Couffinhal et al., 1999). Revas-

cularization is also impaired in CD4-deficient mice after ischemic

injury (Stabile et al., 2003). Moreover, it has been demonstrated

that interleukin (IL)-17 deficiency leads to significantly reduced

post-ischemic blood perfusion (Hata et al., 2011), suggesting

that IL-17-producing CD4+ TH17 cells are required for vascular

regeneration. Nevertheless, obese adipose tissues of both ro-

dents and humans show hallmarks of chronic inflammation

with recruitment of different T cell subsets (Feuerer et al., 2009;

Nishimura et al., 2009; Winer et al., 2009; McLaughlin et al.,

2014) known to play an instrumental role in the development

of insulin resistance (McLaughlin et al., 2014). Whether these

infiltrating CD4+ T cells regulate vascular regeneration in diabetic

PAD remains unknown.
(s).
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Figure 1. CD4+ Th1 Subset Impairs Vascular Growth and Function in T2D

(A and B) (A) Immunostaining on frozen sections and (B) quantification for SMA+ (green) and CD31+ (red) cells with nuclear DAPI counterstain (blue) showing a

significantly reduced number of blood vessels per unit area in ischemic muscles of T2D (n = 4) than normoglycemic (n = 3) patients with PAD after below-the-knee

amputation. Scale bars: 40 mm.

(C and D) Flow cytometric quantification of (C)%CD31+CD144+ or (D)%CD4+CD3+ cells in the ischemic muscles of normoglycemic (n = 5) or T2D (n = 8) patients.

(E) Scatterplots showing a negative correlation between EC density and CD4+ T cell infiltration into the ischemic muscles of normoglycemic and T2D patients.

(F) qRT-PCR of purified CD31+CD144+ ECs from (C). Gene expression levels in T2D were compared to normoglycemic patients.

(legend continued on next page)
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CD4+ regulatory T cells (Tregs) are potent suppressors of the

immune system. Emerging evidence demonstrates that they

accumulate in injured tissues and promote wound healing and

regeneration of multiple organ systems, including heart muscle

(Weirather et al., 2014), skeletal muscle (Burzyn et al., 2013),

skin (Ali et al., 2017), and central nervous (Dombrowski

et al., 2017). Nevertheless, it remains unclear whether they are

involved in the regeneration of the peripheral vascular system.

Here, we investigate whether infiltrating CD4+ T cells in ischemic

tissues regulate vascular regeneration in T2D by blocking their

ability to respond to self-antigens expressed after injury via cor-

eceptor blockade with a non-lytic anti-CD4monoclonal antibody

(mAb) previously used to promote antigen-specific tolerance

with the induction of Tregs in the transplantation setting (Lui

et al., 2010, 2014). We demonstrate that CD4 coreceptor

blockade led to reduced vascular inflammation, promoted endo-

thelial cell (EC) proliferation, and enhanced vascular function via

apelin (Apln)-mediated sprouting angiogenesis. Such improve-

ments were facilitated by Tregs. Dissimilar from normoglycemia,

our results reveal that CD4+ effector T cells impaired while Tregs

promoted functional post-ischemic revascularization in T2D.

RESULTS

CD4+ Th1 Subset Impairs Vascular Growth and Function
in Hyperglycemia
We asked whether there was any correlation between vascular

density and tissue infiltration of CD4+ T cells in T2D patients.

We collected the gastrocnemius muscles and nearby arteries

of amputated limbs from both normoglycemic (n = 8) and T2D

(n = 12) patients with PAD (Table S1). We performed co-staining

for specific markers of smooth muscle cells: smooth muscle

actin (SMA) and ECs: CD31 (Figure 1A). Our results showed

that T2D patients had significantly reduced SMA+CD31+ blood

vessels compared to normoglycemic patients (Figure 1B). We

confirmed EC density by flow cytometry (Figure S1A) and found

that there were significantly reduced %CD31+CD144+ vessel

ECs in T2D than in normoglycemic patients (Figure 1C). Alterna-

tively, we demonstrated that there were significantly increased

%CD4+CD3+ T cells in T2D than in normoglycemic patients

(Figures 1D and S1B). Statistical analysis confirmed the negative

correlation between vascular density and tissue infiltration of

CD4+ T cells in normoglycemic and T2D patients (Figure 1E;

Pearson’s correlation coefficient r = �0.573). Our qPCR data

also suggested that T2D ECs could facilitate T cell activation

and proliferation because there were significantly upregulated

genes, including Il1b, Il2, and Tnfa, expressed by the purified

CD31+CD144+ vessel ECs of T2D than of normoglycemic

patients (Figure 1F).

To investigate which CD4+ T cell subset impaired angio-

genesis, we performed intracellular cytokine staining, including

Th1-specific interferon-g (IFN-g) and tumor necrosis factor-a
(G and H) Flow cytometric quantification of (G) various CD4+ T cell subsets or (H) C

T2D (n = 4) patients, respectively.

(I and J) (I) In vitro tube formation assay(scale bars: 50 mm) and (J) quantification

L-glucose) or hyperglycemic (25 mM D-glucose) conditions with IFN-g or TNF-a,

All data (B–D, F–H, and J) are presented as means ± SEMs. *p < 0.05, **p < 0.01
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(TNF-a), Th2-specific IL-4 and IL-6, and Th17-specific IL-17

by flow cytometry (Figure S2A). We revealed that Th1 cells

were predominantly present in the ischemic tissues of patients

because approximately 80% of CD4+ T cells expressed IFN-g

and TNF-a, and the expression levels of IFN-g and IL-6 were

significantly upregulated in T2D than in normoglycemic patients

(Figure 1G). Moreover, our flow cytometric analysis showed

significantly reduced %CD4+CD25+FOXP3+ Tregs among total

CD4+ T cells in ischemic tissues of T2D than of normoglycemic

patients (Figures 1H and S2B). To ask how Th1 cells contributed

to reduced vascular density in T2D patients, we cultured mature

human embryonic stem cell (hESC)-ECs in 25mM L- or D-glucose

with solvent control (PBS) or Th1 cytokines, respectively (Fig-

ure 1I). L-glucose served as an osmotic control for D-glucose

and did not affect the in vitro angiogenesis (tube formation) of

hESC-ECs. More important, D-glucose significantly reduced

the total tubule length of hESC-ECs compared to L-glucose (Fig-

ure 1J), suggesting that the high glucose level directly impaired

angiogenesis. Moreover, IFN-g and TNF-a significantly reduced

the total tubule length of hESC-ECs in L-glucose compared to

PBS, and the same concentration significantly impaired in vitro

angiogenesis in D- than in L-glucose. Taken together, Th1 cells

impaired angiogenesis in a paracrine manner.

Diabetic Endothelial Cells Are Pro-inflammatory
Previous studies revealed that CD4+ T cells are required for post-

ischemic revascularization in normoglycemic mice (Stabile et al.,

2003; van Weel et al., 2007; Hata et al., 2011); yet, whether they

facilitate that revascularization in T2D remains unknown. To

address this question, we generated a severe hindlimb ischemia

model in Leprdb/+ and Leprdb/db mice that recapitulated PAD in

normoglycemic and T2D patients, respectively. To examine the

endogenous capability of T2D mice for vascular regeneration,

we compared vessel density, EC density, and post-ischemic

reperfusion of Leprdb/+ and Leprdb/db mice by immunostaining,

flow cytometry, and laser Doppler imaging, respectively (Fig-

ure 2A). Our results showed a significantly reduced number of

SMA+CD31+ blood vessels (Figure 2B) and CD45�CD31+ ECs

(Figures 2C, S3A, and S3B) in the ischemic muscles of Leprdb/db

than in Leprdb/+. Leprdb/db also exhibited significantly impaired

post-ischemic reperfusion compared to Leprdb/+ (Figure S4). In

addition, we found that the number of CD4+CD3+ T cells was

significantly increased in the ischemic muscles of Leprdb/db

compared to its non-ischemic muscles or to those of Leprdb/+

(Figures 2D, S3A, and S3C). The number of CD4+ T cells was

negatively correlated to the number of ECs in the ischemic mus-

cles of Leprdb/+ and Leprdb/db (r =�0.8; Figure 2E), which is in line

with the human data (Figure 1E). Moreover, we demonstrated

that various CD4+ T cell subsets did not differ in quantity in the

non-ischemic muscles of Leprdb/+ and Leprdb/db (Figure 2F);

however, the numbers of Th1, Th2, and Th17 cells were signifi-

cantly increased in the ischemic tissues of Leprdb/db than in
D4+CD25+FOXP3+ Treg in the ischemic muscles of normoglycemic (n = 3) and

of the total tubule length of hESC-ECs cultured under normoglycemic (25 mM

respectively.

.



(legend on next page)
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Leprdb/+ (Figure 2G). We also found that the number of

CD4+CD25+FOXP3+ Tregs was significantly increased in

Leprdb/+ post-ischemia (Figure 2H). However, this increase

was not significant in Leprdb/db and the number of

CD4+CD25+FOXP3+ Tregs in the ischemic and non-ischemic

muscles of Leprdb/db was significantly less than that of Leprdb/+.

Taken together, our results from the analogous mouse model

were consistent with the human data that showed significantly

more CD4+ T cells—predominantly, the Th1 subset and reduced

Tregs in the ischemic muscles of T2D than in control mice.

To delineate the phenotypic difference in the ECs of Leprdb/+

and Leprdb/db, we purified CD45�CD31+ ECs from ischemic

muscles by flow cytometry and performed genome-wide tran-

scriptomic profiling by RNA sequencing (RNA-seq). A total of

13,555 protein-coding genes were identified, 1,028 of which

were differentially expressed in the ECs of Leprdb/db than in

Leprdb/+. These differentially expressed genes were then

analyzed with functional annotations by Gene Ontology (GO)

enrichment analyses to identify genes and/or gene sets that

are involved in biological processes. Our results showed that

the top 15 significantly upregulated pathways in diabetic ECs

were associated with innate and immune responses (Figure 2I;

Table S2). The differentially expressed genes of these pathways

were also demonstrated by heatmap (Figure 2J). We validated

some of these data by qPCR, with a focus on cytokine

production. We found significantly upregulated gene expression

of the pro-inflammatory cytokines, including Il1b, Il2, Il6, Il17,

and Tnfa, in ECs of Leprdb/db than in Leprdb/+ (Figure 2K). Our

results were consistent with the human data that T2D ECs

were pro-inflammatory (Figure 1F).

CD4 Coreceptor Blockade Reduces Vascular
Inflammation and Promotes Vascular Regeneration in
Leprdb/db

To elucidate the role of CD4+ T cells in therapeutic angiogenesis

in T2D, we blocked their activation, proliferation, and/or infiltra-

tion using a non-lytic anti-CD4mAb (clone YTS177) as previously

described (Lui et al., 2010, 2014) and examined revascularization

at 4 weeks after ischemia (Figure 3A). While anti-CD4 mAb did

not affect recipients’ blood glucose level or body weight, there

were increased EC density (Figures 3B, S5A, and S5B) and

reduced infiltration of CD4+CD3+ T cells (Figures 3C, S5A,

and S5C), with a significant negative correlation coefficient

(r = �0.7; Figure 3D) in the ischemic muscles of YTS177-treated
Figure 2. Reduced Vascular Density and Increased Vascular Inflamma

(A) Schematic diagram showing the experimental design (n = 20/group).

(B) Immunostaining on frozen sections and quantification for SMA+ (green) and C

reduced number of blood vessels per unit area in the ischemic muscles of Leprd

(C and D) Flow cytometric quantification showing absolute number of (C) CD31+ o

being gated on CD45� or CD45+ cells, respectively.

(E) Scatterplots showing a negative correlation between EC density and CD4+ T

(F–H) Flow cytometric quantification of various CD4+ T cell subsets in (F) non-isch

muscles of Leprdb/+ and Leprdb/db.

(I and J) Genome-wide RNA-seq results showing (I) the top 15 most significa

CD45�CD31+ ECs purified from the ischemic muscles of Leprdb/db compared to L

by GO functional clustering.

(K) Quantitative RT-PCR of CD45�CD31+ ECs purified from (C). Gene expression

All data (B–D, F–H, and K) are presented as means ± SEMs. *p < 0.05, **p < 0.01

1614 Cell Reports 24, 1610–1626, August 7, 2018
than in isotype control immunoglobulin G2a (IgG2a)-treated

Leprdb/db mice. It is important to note that YTS177 induces the

internalization of CD4 molecules, so we performed both surface

and intracellular staining for CD4. Although the number of CD4+

T cells were significantly reduced in both ischemic and non-

ischemic muscles after YTS177 treatment, only the EC density

of ischemicmuscles was altered, suggesting an antigen-specific

effect for YTS177 in response to neoantigen after injury. We also

examined capillary density by immunostaining for CD31, as

previously described (Kikuchi et al., 2014), and observed signif-

icantly more CD31+ capillaries in the ischemic muscles of

YTS177-treated than of the IgG2a-treated group (Figure S6A).

In line with the flow cytometric data (Figure 3B), our findings re-

vealed that the beneficial effect of YTS177 on revascularization

was localized to ischemic tissues because there was no differ-

ence in the capillary density of non-ischemic tissues between

YTS177-treated and IgG2a-treated groups.

To delineate the phenotypic difference in diabetic ECs after

CD4 coreceptor blockade, we purified CD45�CD31+ ECs from

the ischemic muscles of IgG2a-treated or YTS177-treated

mice by flow cytometry. We performed quality control of sorted

ECs by qPCR and confirmed that they significantly upregulated

EC-specific genes such as Pecam-1 (CD31), Cdh5 (CD144), and

Flk-1 20- to 200-fold and did not express pericyte and/or smooth

muscle cell-specific genes such as Pdgfr-b and Smmhc (Fig-

ure S6B). We then performed RNA-seq and found a total of

1,107 protein-coding genes differentially expressed in diabetic

ECs treated with YTS177 rather than IgG2a. Our results showed

that the top 10 pathways in terms of biological processes

that were significantly upregulated in YTS177-treated ECs

were associated with cell proliferation (Figure 3E; Table S3).

The differentially expressed genes of these pathways were

demonstrated by heatmap (Figure 3F). To validate our RNA-

seq data, we performed immunostaining and found significantly

increased %Ki67+CD31+ cells among total CD31+ ECs in the

ischemic muscles of the YTS177-treated group than in the

IgG2a-treated group (Figure 3G), indicating increased EC prolif-

eration after YTS177 treatment (Figure 3H). Moreover, we found

a significantly increased number of SMA+CD31+ blood vessels in

the ischemic muscles of the YTS177-treated group than in the

IgG2a-treated group (Figures 3G and 3I).

Furthermore, to confirm increased post-ischemic angiogen-

esis in YTS177-treated mice, we performed qPCR to score for

gene expression of angiogenic factors. We found significantly
tion in the Ischemic Tissues of Leprdb/db Mice

D31+ (red) cells with nuclear DAPI counterstain (blue) showing a significantly
b/db than Leprdb/+ mice. Scale bars: 40 mm.

r (D) CD4+CD3+ cells/g tissue in the ischemic and non-ischemic muscles after

cell infiltration into the ischemic muscles of Leprdb/+ and Leprdb/db.

emic or (G) ischemic muscles or (H) CD4+CD25+FOXP3+ Treg in the ischemic

nt biological processes as determined by upregulated genes expressed by

eprdb/+ mice, and (J) differentially expressed genes on heatmap as determined

levels in Leprdb/db were compared to Leprdb/+ mice.

.



Figure 3. CD4 Coreceptor Blockade Promotes Vascular Regeneration in the Ischemic Tissues of Leprdb/db Mice

(A–C) Schematic diagram showing experimental design (n = 20/group) (A). Flow cytometric quantification showing absolute number of (B) CD31+ or (C)

CD4+(surface and intracellular) CD3+ cells/g tissue in the ischemic and non-ischemic muscles after being gated on CD45� or CD45+ cells, respectively.

(legend continued on next page)
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upregulated expression of Ang1, Fgf2, Hgf, Ngf, Pdgfb, Scf, and

Sdf1a in purified ECs of the YTS177-treated group than of the

IgG2a-treated group (Figure 3J). In addition, we observed signif-

icantly downregulated gene expression of pro-inflammatory

cytokines, including Il1b, Il2, Il6, Il17, Il23a, and Tnfa, in purified

ECs of the YTS177- treated group than of the IgG2a-treated

group (Figure S6C), suggesting that vascular inflammation in

T2D was at least in part mediated by the infiltrating CD4+

T cells. Taken together, our findings showed that CD4 corecep-

tor blockade not only reduced vascular inflammation but also

increased vascular and capillary density and promoted endo-

thelial cell proliferation in the ischemic tissues of T2D mice.

Dissimilar to normoglycemia, CD4+ T cells negatively regulated

post-ischemic revascularization in T2D.

CD4 Coreceptor Blockade Enhances Vascular Function
in Leprdb/db

To examine the role of CD4+ T cells in endothelium-dependent

vasoreactivity, we performed wire myography in Leprdb/db

2 weeks after ischemic injury (Figure 4A). There was significantly

augmented acetylcholine (ACh)-induced endothelium-depen-

dent relaxations (EDRs) in the femoral arteries of the ischemic

limbs of the YTS177-treated group than of the IgG2a-treated

group (Figure 4B). The augmented EDRs in the YTS177-treated

group were abolished with the nitric oxide synthase (NOS)

inhibitor N(G)-nitro-L-arginine methyl ester (L-NAME), suggesting

that there was increased endothelial NO bioavailability in the

ischemic tissues of T2D mice following CD4 coreceptor

blockade. Similarly, there were significantly reduced phenyleph-

rine (Phe)-induced vasocontractions (Figure 4C), indicating bet-

ter EC function in the femoral arteries of the ischemic limbs of the

YTS177-treated group than of the IgG2a-treated group. Our re-

sults also demonstrated that there were no differences in ACh-

mediated EDRs (Figure 4D) or Phe-induced vasocontractions

(Figure 4E) in the femoral arteries of the non-ischemic limbs of

the YTS177- and IgG2a-treated groups, respectively, indicating

that the therapeutic effect of YTS177 on enhancing endothelial

function was specifically localized to ischemic tissues only.

To elucidate the role of CD4+ T cells in functional reperfusion,

we performed laser Doppler imaging in Leprdb/db weekly for

4 weeks post-ischemic injury (Figure 4F). Our results showed a

significant improvement in blood reperfusion in the ischemic

limbs of the YTS177-treated group than of the IgG2a-treated

group in a dose-dependent manner (Figure 4G). Taken together,

our findings showed that CD4 coreceptor blockade improved

post-ischemic vascular function in T2D.
(D) Scatterplots showing a negative correlation between EC density and CD4+ T c

Leprdb/db.

(E and F) Genome-wide RNA-seq results showing (E) the top 10 significant biologic

ECs purified from the ischemic muscles of YTS177-treated as compared to Ig

determined by GO functional clustering.

(G–I) (G) Immunostaining on frozen sections, scale bars: 20 mm and (H and I) quan

cells and nuclear DAPI counterstain (blue) showing a significantly increased numb

ischemic muscles of YTS177-treated than IgG2a-treated mice.

(J) Quantitative RT-PCR of CD45�CD31+ ECs purified from ischemic muscles by fl

treated mice.

All data (B–D, H–J) are presented as means ± SEMs. * p < 0.05, **p < 0.01.

1616 Cell Reports 24, 1610–1626, August 7, 2018
CD4 Coreceptor Blockade Enhances Vascular
Regeneration and Function in Leprdb/db via Tregs
Recently, Tregs were demonstrated to promote wound healing

and organ regeneration (Li et al., 2018). To examine whether

CD4 coreceptor blockade induced functional revascularization

through Tregs, we functionally depleted Tregs via a lytic anti-

CD25 mAb (clone PC61), as previously described (Lui et al.,

2010; Setiady et al., 2010; Weirather et al., 2014). We asked

whether YTS177 and PC61 alter the number of activated CD4+

T cells and T cell subsets in the ischemic tissues of T2D. Our

flow cytometric analysis showed that YTS177 significantly

reduced the absolute number of CD4+CD3+CD25+FOXP3� acti-

vated T cells in ischemic tissues compared to that of the IgG2a-

treated group (Figure 5A). Moreover, we performed intracellular

cytokine staining on CD4+ T cells and found that YTS177 signif-

icantly reduced while PC61 did not alter the number of cytokine-

expressing T cells, including IFN-g, TNF-a, IL-4, IL-6, or IL-17, in

ischemic tissues compared to that of IgG2a; this indicated that

YTS177 reduced and PC61 did not alter the population of Th1,

Th2, or Th17 subsets after injury (Figure 5B). Furthermore, both

YTS177 and PC61 treatments significantly reduced the absolute

number of CD4+CD3+CD25+FOXP3+ Tregs (Figure 5C) and the

ratio of Tregs to activated T cells compared to IgG2a (Figure 5D).

Our results demonstrated that YTS177 reduced both activated

and Tregs and PC61 specifically depleted Tregs in ischemic

tissues.

We asked whether CD4 coreceptor blockade enhanced Treg

function in ischemic tissues for facilitating vascular regeneration.

We performed laser Doppler imaging to assess vascular function

following CD4 coreceptor blockade in the absence of Tregs (Fig-

ure 5E). Our results demonstrated that YTS177-mediated reper-

fusion in ischemic tissues was abolished following PC61 treat-

ment at all indicated time points within 4 weeks post-ischemia

(Figure 5F), suggesting that CD4 coreceptor blockade-induced

functional revascularization in T2Dwas promoted through Tregs.

CD4 Coreceptor Blockade Enhances Vascular
Regeneration and Function in DIO Mice
In addition to Leprdb/db, we used lineage-tracing diet-induced

obese (DIO) mice as an independent T2D model (Figure 6A).

Impaired glucose tolerance was confirmed by the glucose toler-

ance test (GTT) (Figure 6B). Because DIO mice were at least

3 months older than Leprdb/db mice following treatment with

a high-fat diet before ischemic injury, we observed a more

severe PAD phenotype such as autoamputation. Nevertheless,

autoamputation was reduced by 5-fold after YTS177 treatment
ell infiltration into the ischemic muscles of IgG2a-treated and YTS177-treated

al processes as determined by upregulated genes expressed by CD45�CD31+

G2a-treated mice, and (F) differentially expressed genes on a heatmap as

tification for Ki67+ (green) or SMA+ (green; scale bars: 40 mm) with CD31+ (red)

er of (H) Ki67+CD31+ ECs or (I) SMA+CD31+ blood vessels per unit area in the

ow cytometry. Gene expression levels in YTS177-treated compared to IgG2a-



Figure 4. CD4 Coreceptor Blockade Promotes Endothelial Cell Function in the Ischemic Tissues of Leprdb/db Mice

(A) Schematic diagram showing experimental design (n = 6–20/group).

(B–E) Concentration-dependent EDRs of mouse femoral arteries of the (B) ischemic or (D) non-ischemic limbs to ACh were measured after treatment with

IgG2a or YTS177, respectively. (B) EDRs were antagonized by co-treatment with the NO synthase (NOS) inhibitor L-NAME. (C and E) Concentration-dependent

vasocontractions of mouse femoral arteries of the (C) ischemic or (E) non-ischemic limbs to Phe were measured after treatment with IgG2a or YTS177,

respectively.

(legend continued on next page)
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(4 in 10 IgG2a versus 1 in 13 YTS177; Figure 6C). To determine

whether CD4 coreceptor blockade also promoted functional

reperfusion in DIO mice, we performed laser Doppler imaging

weekly for 4 weeks post-ischemic injury. Consistent with the

results in Leprdb/db (Figure 4F), we showed significant improve-

ment in blood reperfusion in the ischemic limbs of the YTS177-

treated group than of the IgG2a-treated group (Figures 6D

and 6E). Taken together, our findings showed that CD4 corecep-

tor blockade improved post-ischemic vascular function in two

independent T2D models.

To examine whether the therapeutic effect of YTS177 was

specific to ECs, we performed fate mapping for ECs via Cdh5-

CreER, in addition to immunostaining for CD31. The genetic line-

age-tracing Cdh5-CreER;Rosa26YFP/+ (YFP, yellow fluorescent

protein) mice were treated with tamoxifen at the indicated time

points, as previously described (He et al., 2017), to label all

ECs before ischemic injury (Figure 6A). Our quantitative results

by flow cytometry showed a significant loss of YFP+CD31+

ECs in ischemic than in the non-ischemic muscles of the

IgG2a-treated group but not the YTS177-treated group; there

was a significant increase in %YFP+CD31+ ECs in the ischemic

muscles of the YTS177-treated than of the IgG2a-treated group

(Figures 6F and 6G). Notably, there was a significant increase

in %YFP+CD31� cells in the ischemic than in the non-ischemic

muscles of the IgG2a-treated group and a significant increase

in %YFP+CD31� cells in the ischemic muscles of the IgG2a-

treated group than of the YTS177-treated group (Figures 6F

and 6H). In fact, a previous report showed that CD144+CD31�

cells developed before the maturation of CD144+CD31+ ECs

during differentiation of ESCs (Orlova et al., 2014). Therefore,

the YFP+CD31� cells found in the ischemic muscles of the

IgG2a-treated group could be immature ECs with reduced or

impaired endothelial function.

CD4 Coreceptor Blockade Facilitates Apelin-Mediated
Sprouting Angiogenesis via Tregs
Previous work shows that pre-existing ECs form new blood ves-

sels and mediate cardiac neovascularization through sprouting

angiogenesis after ischemia (Liu et al., 2015; He et al., 2017).

We then asked whether Tregs facilitated sprouting angiogenesis

in the ischemic tissues of T2D mice. Accumulating evidence

demonstrates that APLN is a marker for sprouting angiogenesis

because hypoxia induces APLN expression that regulates EC

proliferation and angiogenesis during cardiovascular regenera-

tion (Eyries et al., 2008; Kidoya et al., 2010; Tempel et al.,

2012). We, therefore, used the genetic lineage-tracing Apln-

CreER line to study the role of Tregs in sprouting angiogenesis

after ischemic injury in T2D. Apln-CreER;Rosa26YFP/+ mice

were treated with a high-fat diet for 3 months to induce T2D

before ischemic injury and were induced with tamoxifen at

days 0 and 2 post-ischemia to label all sprouting ECs (Liu

et al., 2015) (Figure 7A). To examine whether active sprouting
(F and G) (F) Laser Doppler images and (G) quantification of the ischemic and non

change in the blood flow of YTS177-treated (a total of 0.4 mg from 0.1 mg once we

IgG2a-treated mice.

All data (B–E and G) are presented as means ± SEMs. *p < 0.05, **p < 0.01, and
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angiogenesis was completed 4 weeks after ischemia, we per-

formed immunostaining for the estrogen receptor (ESR) to detect

CreER, a surrogate for active APLN expression (Liu et al., 2015).

While we barely observed sprouting ESR+CD31+ ECs in the

non-ischemic muscles of both groups, there were significantly

reduced ESR+CD31+ sprouting ECs in the ischemic muscles of

the YTS177+PC61-treated than in the YTS177-treatedmice (Fig-

ures 7B and 7C), suggesting that active sprouting angiogenesis

took place only in the presence of Tregs following CD4 core-

ceptor blockade. To investigate the accumulative event of

sprouting angiogenesis since the beginning of ischemic injury,

we quantified YFP expression among CD45�CD31+ cells by

flow cytometry (Figure 7D). As expected, YFP+CD31+ sprouting

ECs were found in ischemic but scarcely in non-ischemic mus-

cles (Figure 7E). Following ischemia, there were significantly

reduced %YFP+CD31+ sprouting ECs in the YTS177+PC61-

treated group than in the YTS177-treated group (Figure 7E),

suggesting that Tregs facilitated the induction of Apln expression

by ECs, thereby driving sprouting angiogenesis in T2D.

Tregs Directly Promote Angiogenesis in Hyperglycemia
in a Paracrine Manner
To ask whether Tregs directly regulated angiogenesis in hyper-

glycemic conditions, we have performed co-culture experiments

with Tregs and ECs at 25 mM D-glucose in vitro (Figure S7). Our

results showed that mouse ECs failed to form tubes, yet Tregs,

conditioned medium of Treg, or Treg-related paracrine factors,

including IL-10 and amphiregulin (AREG), significantly promoted

tube formation (Figure S7A) and increased total tubule length

compared to the PBS control (Figure S7C). We also performed

immunostaining for Ki67 and CD31 to assess whether Tregs ex-

erted any mitogenic effects on ECs (Figure S7B). Our results

showed that Tregs, IL-10, or AREG increased the total number

of CD31+ cells (Figure S7D), but only Tregs or IL-10 enhanced

the total number of Ki67+CD31+ cells (Figure S7E). In fact,

AREG significantly reduced EC proliferation, indicating that

AREG mediated angiogenesis via another mechanism. More-

over, we found that Tregs, IL-10, or AREG significantly enhanced

Apln gene expression (Figure S7F), which is in line with our in vivo

studies (Figure 7). To ask whether Treg directly regulated angio-

genesis in humans, we performed co-culture experiments with

hESC-ECs. Our results showed that IL-10 or AREG significantly

promoted tube formation at 25 mM D-glucose in vitro (Figures

S7G and S7H). In summary, our results showed that Tregs or

Treg paracrine factors directly regulated angiogenesis in both

mouse and human settings.

DISCUSSION

There is an increasing incidence of PAD as a result of the growing

epidemic of obesity and diabetes. Because of complications

associated with diabetes, including atherosclerosis, vascular
-ischemic limb perfusion index showing a dose- and time-dependent dynamic

ekly for 4 weeks or a total of 1.6 mg from 0.4 mg once weekly for 4 weeks) than

***p < 0.001.



Figure 5. CD4 Coreceptor Blockade Promotes Vascular Regeneration and Function in Leprdb/db Mice via Tregs

(A–D)Flow cytometric quantification showing the absolute number per gram tissue of (A) CD4+(surface and intracellular)CD25+FOXP3� activated T cells,

(B) various CD4+ T cell subsets, (C) CD4+(surface and intracellular)CD25+FOXP3+ Treg, or (D) the ratio of CD4+CD25+FOXP3+ Treg to CD4+CD25+FOXP3�

activated T cells in the ischemic and non-ischemic muscles of IgG2a-, YTS177-, or PC61-treated Leprdb/db, respectively.

(E and F) (E) Laser Doppler images and (F) quantification of the ischemic and non-ischemic limb perfusion index showing a time-dependent dynamic change in the

blood flow of YTS177-, YTS177+PC61-, or PC61-treated compared to IgG2a-treated mice.

All data (A–D and F) are presented as means ± SEMs; n = 6/group. *p < 0.05, **p < 0.01, and ***p < 0.001.
inflammation, and endothelial dysfunction, trials targeting dia-

betic PAD have largely failed. The present study aimed to under-

stand the cellular and molecular signatures of diabetic PAD and

to report the unappreciated role of CD4+ effector cells and Tregs

in modulating regeneration of the peripheral artery system in

T2D. By collecting the amputated limbs from both normoglyce-

mic and T2D patients with PAD, we found increased numbers
of infiltrating CD4+ T cells, particularly Th1 cells, and reduced

vascular density in the ischemic tissues of T2D patients than of

normoglycemic patients. We also observed the same negative

correlation in T2D mice after hindlimb ischemia. In fact, previous

reports reveal that autoreactive CD4+ T cells infiltrate injured tis-

sues to facilitate healing of the peripheral vascular (Stabile et al.,

2003, van Weel et al., 2007, Hata et al., 2011), cardiovascular
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Figure 6. CD4 Coreceptor Blockade Enhances Vascular Regeneration and Function in DIO Mice

(A) Schematic diagram showing experimental design using Cdh5-CreER;Rosa26YFP/+ DIO mice (n = 6/group).

(B) GTT results showing insulin resistance after feeding with a high-fat diet for 3 months.

(C) Quantification of autoamputated limbs post-ischemic injury in IgG2a-treated (n = 10) or YTS177-treated (n = 14) mice.

(D and E) (D) Laser Doppler images and (E) quantification of the ischemic and non-ischemic limb perfusion index showing a time-dependent dynamic change in

the blood flow of YTS177-treated compared to IgG2a-treated mice.

(legend continued on next page)
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(Hofmann et al., 2012), and central nervous systems (Moalem

et al., 1999) in normoglycemic models. Whether these tissue-

infiltrating CD4+ T cells promote healing and de novo formation

of new blood vessels after ischemic injury in T2D remains

unknown.

To address this question, we blocked proliferation, activa-

tion, and infiltration of CD4+ T cells into the ischemic tissues

of T2D mice using a non-lytic anti-CD4 mAb. If the infiltrating

CD4+ T cells were essential for post-ischemic revascularization

in T2D, similar to normoglycemia, then we would observe

impaired angiogenesis and endothelial dysfunction after CD4

coreceptor blockade. We used two T2D models in this study:

transgenic Leprdb/db and DIO mice, the latter being more phys-

iologically relevant to human T2D. Following CD4 coreceptor

blockade, the results of genome-wide transcriptomic profiling

and immunohistochemistry showed enhanced EC prolifera-

tion, and Cdh5-CreER lineage-tracing experiments revealed

significantly increased CDH5+CD31+ mature ECs in ischemic

tissues. Furthermore, wire myography and laser Doppler

data demonstrated enhanced vasoreactivity such as EDRs,

increased endothelial NO production, and increased blood

reperfusion in ischemic tissues. Collectively, our findings

revealed that CD4 coreceptor blockade significantly promoted

rather than reduced EC proliferation and function after

ischemic injury in both Leprdb/db and DIO mice. Therefore, tis-

sue-infiltrating CD4+ T cells contributed to impaired vasculo-

genesis and endothelial dysfunction in T2D. Nevertheless, it

is unclear whether other T cell subsets also regulate vascular

regeneration. In fact, we observed the CD4�CD3+ population

in the ischemic tissues of both patients and the analogous

mouse models. It requires future investigations into their

role and functional relation with CD4+ T cells in modulating

ischemic injury in T2D.

Immune-mediated tissue repair is an emerging paradigm in

the field of regenerativemedicine. A large body of evidence high-

lights the importance of macrophages in tissue repair and regen-

eration (Wynn and Vannella, 2016; Eming et al., 2017). Neverthe-

less, whether adaptive immune cells such as T cells contribute to

tissue regeneration is less studied. In fact, targeting T cells for

tissue regeneration offers unique advantages such as long-

term therapeutic efficacy because of T cell memory and speci-

ficity toward autoantigens released during injury. We observed

that vascular regeneration via CD4 coreceptor blockade was

localized in the ischemic but not the non-ischemic tissues.

Recently, CD4+ Tregs were shown to play a direct or an indirect

role in tissue repair and regeneration. Weirather et al. (2014)

show that Tregs indirectly improve the healing of heart muscle

after myocardial infarction by modulating the differentiation of

pro-regenerative M2 macrophages. Burzyn et al. (2013) also

reveal that Tregs directly promote satellite cell activation and

skeletal muscle regeneration via AREG production, and Arpaia

et al. (2015) demonstrate that Tregs facilitate tissue repair after
(F–H) (F) Dot plots and (G and H) quantification of cell populations in the ischemic

mature ECs in the ischemic muscles of YTS177-treated than IgG2a-treated mic

muscles of YTS177-treated than IgG2a-treated mice.

All data (B, E, G, and H) are presented as means ± SEMs. *p < 0.05, **p < 0.01.
influenza infection. Moreover, Dombrowski et al. (2017) note

that Tregs promote oligodendrocyte differentiation and myelin

regeneration in the central nervous system, and Ali et al. (2017)

reveal that Tregs facilitate proliferation and differentiation of

hair follicular stem cells in skin. Nevertheless, whether Tregs

regulate regeneration of the peripheral vascular system remains

unclear.

In this study, we observed that the ischemic tissues of T2D

patients or Leprdb/db mice had a significantly reduced number

of CD4+CD25+FOXP3+ Treg compared to their normoglycemic

counterparts. Treatment with CD4 coreceptor blockade also

reduced the ratio of Tregs to activated T cells in ischemic tissues,

given that we considered all CD4+ T cells, including those that

had internalized (intracellular) CD4 molecules. We found, albeit

with a smaller amount, that the vascular regenerative effect

of CD4 coreceptor blockade was mediated by Tregs because

functional reperfusion following immunotherapy was abolished

with PC61 treatment that specifically and functionally depletes

CD4+CD25hi Tregs. One limitation in relating T cell quantity to

function is that we assumed that all CD4-expressing T cells

were functional. However, conventional CD4+ T cells that inter-

nalized CD4molecules could be less likely to exert effector func-

tion because they require CD4 to interact with antigen-present-

ing cells in response to neoantigens during ischemic injury. If

conventional CD4+ T cells were to use LAG3 in the replacement

of CD4 for antigen recognition, their proliferation and activation

could also be inhibited because ectopic expression of LAG3

on CD4+ T cells significantly reduces their proliferative activity

and confers on them suppressor activity (Huang et al., 2004).

Alternatively, Tregs can bind to antigens via LAG3 instead of

CD4, and LAG3 enhances the regulatory function of Tregs (Do

et al., 2016). Therefore, it is possible that Tregs may conse-

quently have an operational advantage when CD4 is internalized.

It has also been reported that YTS177 alone facilitates Treg func-

tion during the induction of immune tolerance to skin allografts

(Cobbold et al., 2004).

Furthermore, in our genetic lineage-tracing experiments

using Apln-CreER, we specifically demonstrated that Tregs

potentiated the de novo formation of new blood vessels

through regulating apelin expression as depletion of Treg via

PC61 downregulated apelin expression in ECs that drives func-

tional sprouting angiogenesis in ischemic tissues (Eyries et al.,

2008; Kidoya et al., 2010; Tempel et al., 2012). Our in vitro

angiogenesis assays also showed that Tregs operated in a

paracrine manner as conditioned medium or factors derived

from Tregs such as IL-10 or AREG promoted tube formation.

Tregs or IL-10 directly promoted EC proliferation, and Tregs,

IL-10, or AREG facilitated apelin expression. Nevertheless,

the signals that activated Treg recruitment into ischemic tissues

remain unknown. In future follow-up studies, one could perform

a genome-wide search in a single-cell resolution coupled with

flow cytometric analysis and loss-of-function studies in vivo
and non-ischemic muscles showing (G) significantly increased %YFP+CD31+

e, and (H) significantly reduced %YFP+CD31� immature ECs in the ischemic
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Figure 7. CD4 Coreceptor Blockade Promotes Apelin-Mediated Sprouting Angiogenesis in DIO Mice via Tregs

(A) Schematic diagram showing experimental design using Apln-CreER;Rosa26YFP/+ DIO mice (n = 6/group).

(B and C) (B) Immunostaining on frozen sections and (C) quantification for ESR+ and CD31+ cells showing significantly more active sprouting angiogenesis in the

ischemic muscles of YTS177-treated than YTS177+PC61-treated mice. Scale bars: 50 mm.

(D and E) (D) Dot plots and (E) quantification among CD45�CD31+ cells in the ischemic and non-ischemic muscles showing significantly reduced %YFP+CD31+

sprouting ECs in the ischemic muscles of YTS177+PC61-treated than YTS177-treated mice.

All data (C and E) are presented as means ± SEMs. *p < 0.05 and **p < 0.01.
to determine signals that activate local Tregs for driving

vascular regeneration in T2D.

Taken together, our results address a long-standing question

of why diabetic humans (Simons, 2005) and mice lack functional

revascularization post-ischemia, even though there is clear evi-

dence of the infiltration and activation of CD4+ T cells known to

promote vascular function in normoglycemia. We have high-
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lighted a hitherto novel role of CD4+ T cells in impairing vasculo-

genesis and a regenerative role of Tregs in promoting de novo

functional sprouting angiogenesis in T2D by stimulating EC

proliferation and upregulating apelin expression in the ECs of

ischemic tissues. Our findings offer new avenues for developing

novel therapeutics targeting Treg-mediated regeneration of the

peripheral artery system in obesity and diabetes.



EXPERIMENTAL PROCEDURES

Human Patients

All of the procedures were approved by The Chinese University of Hong Kong

(CUHK) Hospital Authority Clinical Research Ethics Committee. Samples were

collected after below-the-knee amputations from the gastrocnemius muscles

of 8 normoglycemic and 12 T2D patients with PAD (Table S1). Patients with

infections were excluded to prevent interference in immune cell analysis.

Mice

All of the procedures were approved by the CUHK Animal Experimentation

Ethics Committee. Male adult Leprdb/db and Leprdb/+ mice were purchased

from Jackson Laboratory. Foxp3hCD2 reporter (Miyao et al., 2012), Cdh5-

CreER (He et al., 2017), and Apln-CreER (Liu et al., 2015) were generated,

as described previously. For Cre induction, tamoxifen was dissolved in corn

oil (20 mg/mL) and administered by oral gavage (0.15 mg tamoxifen/g body

weight) at the indicated time points. Specifically, Cdh5-CreER;Rosa26YFP/+

was treated with tamoxifen at week �4 and �2 pre-ischemia and day 0

post-ischemia, and Apln-CreER;Rosa26YFP/+ was treated with tamoxifen at

day 0 and 2 post-ischemia. A high-fat diet (60% fat, Envigo) was fed for at least

4 months to induce DIO. The GTT was performed with D-glucose (2 g/kg body

weight) injected intraperitoneally (i.p.) following 16 hr of fasting.

Cell Cultures

Naive CD4+hCD2+ Tregs were purified from the spleen of Foxp3hCD2 by flow

cytometry and activated in vitro by anti-CD3 (Biolegend), anti-CD28 (Bio-

legend), 40 ng/mL IL-2 (Peprotech), and 10 ng/mL transforming growth factor

(TGF-b) (RnD Systems), as described previously (Fantini et al., 2007). After

that, Tregs were used for co-culture experiments with mouse ECs in a ratio

of EC:Treg at 2:1 after 4–5 days of activation. Mouse ECs were isolated from

the aorta of 5-week-old mice, as described previously (Tian et al., 2012a),

and cultured in EGM-2 medium (Lonza) containing 25 mM D-glucose (Sigma)

for 3 days in the presence of Tregs, conditioned medium of Treg (in EGM-2),

or Treg-derived factors such as 50 ng/mL IL-10 (Biolegend) or 50 ng/mL

AREG (Peprotech). For hESC cultures, H9 ESCs (WiCell) were maintained in

mTseR1 medium (Stemgent) and differentiated into hESC-ECs with a protocol

modified from a previous report (Patsch et al., 2015). Briefly, hESCs were

cultured in mesoderm differentiation medium containing 50% DMEM/F12

and 50% neurobasal media supplemented with 1% N2, 2% B27, and 50 mM

2-mercaptoethanol. Growth factors and small molecules, including 8 mM

CHIR 99021 (Selleckchem) and 25 ng/mL BMP4 (Peprotech), were added to

mesoderm differentiation medium at days 1–4. At days 4–7, hESCs were

cultured in EC differentiation medium containing StemPro-34 SFM medium

(Life Technologies) supplemented with 1% GlutaMAX (Thermo Fisher Sci-

entific), 200 ng/mL VEGF-A (Peprotech), and 2 mM Forskolin (Abcam). At

days 7–10, CD31+CD144+ hESC-ECs were purified by flow cytometry and

maintained to mature in StemPro-34 SFM medium supplemented with 1%

GlutaMAX and 50 ng/mL VEGF-A. At days 10–18, mature hESC-ECs were

cultured in 25 mM glucose (L or D, Sigma), with the last 3 days in the presence

of cytokines, including 10 ng/mL IFN-g, 50 ng/mL TNF-a, 50 ng/mL IL-10, or

50 ng/mL AREG (all Peprotech).

Tube Formation Assay

A total of 15,000 mouse aortic ECs or hESC-ECs were plated into each well of

a 96-well plate with 50 mL Matrigel (BD Biosciences). Images were taken after

20 hr of cultures and analyzed by ImageJ with the Angiogenesis Analyzer plug-

in for the quantification of tube networks and total tubule length.

Severe Hindlimb Ischemia

Mice were anesthetized with ketamine (100 mg/kg) and xylasine (10 mg/kg).

Unilateral ischemia was induced by ligating the femoral artery at two points

proximal and distal to the bifurcation of the superficial and the deep femoral

arteries, followed by excision of the intervening segment (Krishna et al., 2016).

Administration of mAbs

Non-lytic anti-CD4 mAbs (clone YTS177) were generated, as described previ-

ously (Qin et al., 1989, 1990). We i.p. injected 0.4 mg IgG2a (isotype control) or
anti-CD4 mAb once weekly for 4 weeks post-ischemia, and 1 mg lytic anti-

CD25 mAb (clone PC61, BioxCell) was i.p. injected on days 0, 2, and 4 post-

ischemia, as described previously (Lui et al., 2010).

Skeletal Muscle/Single-Fiber and EC Isolation

The quantification of ECdensity and immune infiltrates was examined after sin-

gle-fiber isolation, as described previously (Zhou et al., 2015). For mice, the

muscles of the femur were minced and enzymatically digested in buffer D con-

taining 1000 U/mL collagenase II (Worthington) and 1%penicillin/streptomycin

(Pen/Strep) (GIBCO) in F10 medium (Sigma) at 37�C for 1.5 hr with agitation.

Muscle cells were washed with 10% horse serum (GIBCO) and 1% Pen/Strep

(GIBCO) in F10 medium and further digested with 11 U/mL dispase (GIBCO)

and 1000 U/mL collagenase II at 37�C for 0.5 hr with agitation. For patients,

gastrocnemius muscles were minced and digested in buffer D. Two rounds

of agitateddigestionwere neededwith eachat 37�C for 1 hr. For ECs, the lumen

of human arteries was first washed with PBS and incubated in buffer D at 37�C
for 1 hr with agitation. Afterward, ECs were flushed out with PBS and washed

with fetal bovine serum (FBS)-containing medium.

Flow Cytometry and Cell Sorting

Redblood cellswere first removedwith lysis buffer (eBiosciences) at room tem-

perature for 5 min. For human tissues, the dissociated mixtures of muscle cells

and immune infiltrates or ECswere blockedwith 2%serum and incubated with

fluorochrome-conjugated antibodies at 4�C for 30 min. For mouse tissues, the

dissociatedmixture ofmuscle cells, ECs, and immune infiltrateswere first incu-

bated with 2% rat serum, followed by staining with fluorochrome-conjugated

antibodies at 4�C for 30 min. For intracellular staining, dissociated cells were

re-stimulated in vitro at 37�C for 6 hr in the presence of ionomycin (1 mg/mL,

Sigma), phorbol-12-myristate-13-acetate (50 ng/mL, Sigma), and brefeldin A

(BD Biosciences). After that, intracellular staining was achieved by a staining

kit per the manufacturer’s instructions (eBiosciences). For human or mouse

tissues, we targeted the following antigens: CD2, CD3, CD4 (clone RM4-4 for

mouse CD4), CD25, CD31, CD45, CD144, FOXP3, IL-4, IL-6, IL-17, IFN-g,

and TNF-a (BD Biosciences or Biolegend). Cells were then washed three times

with 2% FBS-containing PBS and analyzed on a flow cytometer (BD FACSAria

Fusion). Propidium iodide (PI, BD PharMingen)-positive dead cells were

excluded from live cell analysis or sorting, and fluorescence-activated cell sort-

ing (FACS) datawere analyzed by the FlowJo software (Tree Star). Because the

same weight of the dissected muscles of Leprdb/db contained more fat than

Leprdb/+, the absolute cell number per gram tissue was also normalized to

the same cell number after muscle dissociation, during which adipocytes

were removed when we compared Leprdb/+ and Leprdb/db.

Immunostaining and Confocal Microscopy

Briefly, muscles were collected in cold PBS and fixed in 4% paraformaldehyde

at 4�C for 1 hr. After washing in PBS, muscles were equilibrated in 30% su-

crose at 4�C overnight before freezing in optimal cutting temperature (OCT)

for cryosectioning. Sections of 6 mm were blocked with 0.1% Triton X-100/

2% goat serum at room temperature for 1 hr, followed by incubation of primary

antibodies (CD31, BD Biosciences; YFP, Abcam; ESR, Abcam; Ki67, Abcam;

SMA, R&D Systems) at 4�C overnight. Alexa Fluor-conjugated secondary an-

tibodies (Invitrogen) were used at 4�C for 30 min and nuclear counterstain

DAPI (Vector Labs) was used at room temperature for 5 min. Slides were

mounted with fluorescence mounting medium (Dako) and dried at 4�C over-

night in the dark. Fluorescence was detected by confocal microscope (Leica)

and analyzed by ImageJ (NIH) with quantification by blind cell counting.

Laser Doppler Imaging

Mice were anesthetized, and blood perfusion was assessed serially at rest

with a laser Doppler perfusion imager (Moon Instruments) at days 7, 14,

21, and 28 post-ischemia. Vascularity index as a measure of perfusion

(normalized to the muscle area) was quantified and expressed by a ratio of

ischemic to non-ischemic limbs, as described previously (Babu et al., 2015).

Wire Myograph

Vasoreactivity was measured in wire myograph, as previously described (Tian

et al., 2012b). Femoral arteries were removed and dissected in oxygenated
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ice-cold Krebs solution that contained (in mmol/L): 119 NaCl, 4.7 KCl, 2.5

CaCl2, 1 MgCl2, 25 NaHCO3, 1.2 KH2PO4, and 11 D-glucose. Measurements

of isometric tension were recorded in wire myograph (Danish Myo Technol-

ogy). The arterial segments were stretched to optimal baseline tension at 1

mN. After that, they were washed in Krebs solution three times and allowed

to equilibrate for 1 hr before being contracted with 60 mmol/L KCl to test

viability. EDR was measured by testing concentration responses to the cumu-

lative addition of ACh in Phe (3 mmol/L) pre-contracted segments. Some

arteries were incubated with NO synthase inhibitor L-NAME (100 mmol/L,

30 min) before testing vasodilation. Vasoconstriction induced by cumulative

concentration of Phewas tested before and after L-NAME, which reflects basal

NO production.

Real-Time qPCR

Total RNAwas isolated from flow cytometer-sorted live cells using the RNeasy

Mini Kit (QIAGEN) and reverse transcribed using the iScript cDNASynthesis Kit

(Bio-Rad), according to the manufacturers’ instructions. qPCR was analyzed

on the QuantStudio 12K Flex Read-Time PCR system (Thermo Fisher Scienti-

fic) via SYBR Green (Bio-Rad). Gene expression was indicated by a relative

quantitation value determined by the 2_ddCT method, which represents the

fold change normalized to the housekeeping genes b-actin and Gapdh. The

relative gene expression level of each sample was compared with an internal

control.

RNA-Seq and Functional Annotations

Total RNA was isolated and analyzed on the Agilent Tape station for RNA

integrity numbers (RINs) before library preparation. RNA-seq libraries were

prepared using the TruSeq Stranded mRNA Library Prep Kit according to

the manufacturer’s protocol (Illumina). mRNA was isolated using poly-T oligos

conjugated to magnetic beads and then fragmented and reverse-transcribed

to cDNA. Deoxyuridine triphosphates (dUTPs) were incorporated during sec-

ond strand synthesis and thus were not amplified. cDNA underwent end-

repair, ligation with indexed adapters, and PCR amplification. Nucleic acid

was cleaned up after each step using AMPure XP beads (Beckman Coulter).

Libraries were quantified, pooled, and sequenced at single-end 50 bp on the

Illumina HiSeq platform. Raw sequencing data were demultiplexed and

converted into FASTQ files using VASAVA (version 1.8.2). Libraries were

sequenced at an average depth of 20 million reads per library. The sequenced

reads were aligned to the mouse reference genome (mm9) with an annotated

gene model file (refSeq 20140714) using Tophat (version 2.0.4) (parameters

for single reads: -p 20–transcriptome-mismatches 3–bowtie1–genome-read-

mismatches 3). Reference genome and gene model file were downloaded

from the University of California, Santa Cruz (UCSC) genome browser. The

expression abundances of all genes were estimated by running Cufflinks in

its expression level estimation mode across all of the samples. The differential

expression analysis was performed using an in-house bioinformatics pipeline

(Tsui et al., 2014). This pipeline adopts an M-A plot-based method to compare

expression levels. For each gene, the M was calculated as the log2 difference

of expression abundance between two conditions, and the A was calculated

as the averaged expression abundance in log2 scale. The M can be binned

using a sliding-window size (e.g., 0.0001). If an M element fell in the upper

5th percentile or the lower 5th percentile in the corresponding bin, then the

associated genes were considered to be differentially expressed genes. The

identified differentially expressed genes in comparison of CD45�CD31+ ECs

isolated from the ischemic tissues of Leprdb/db and Lepr db/+ or of YTS177-

treated and IgG2a-treated mice were further annotated with GO using the

David Bioinformatics Tool (NIH).

Statistics

All of the data were expressed as means ± SEMs with biological replicates,

n = 6 unless otherwise specified, performed under the same conditions. Sta-

tistical analysis was performed using the two-sided unpaired Student’s t test

for comparing differences between two groups, while date from over two

groupswas analyzed by ANOVA followed by Tukey’smethod for multiple com-

parisons. Quantification of tube networks and total tubule length was analyzed

by a one-way ANOVA with a Dunnett test by comparing each parameter

with the PBS control. Significance was accepted when p < 0.05. Correlation
1624 Cell Reports 24, 1610–1626, August 7, 2018
between two variables was determined by the Pearson correlation coefficient

calculated using R (R Foundation).
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