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HEALTH AND MEDICINE

The generation of stable microvessels in ischemia is
mediated by endothelial cell derived TRAIL

Sian P. Cartland'?t, Manisha S. Patil'%1, Elaina Kelland "2, Natalie Le'?, Lauren Boccanfuso',
Christopher P. Stanley1'2, Pradeep Manuneedhi Cholan', Malathi I. Dona3, Ralph Patrick?,

Jordan McGrath®, Qian Peter Su®’, Imala Alwis’, Ruth Ganss?, JosephE. Powell®°,

Richard P. Harvey"’"’”, Alexander R. Pinto?, Thomas S. Griffith'3, Jacky Loa’, Sarah J. Aitken®'%"3,
David A. Robinson®>, Sanjay Patel’, Mary M. Kavurma'**

Reversal of ischemia is mediated by neo-angiogenesis requiring endothelial cell (EC) and pericyte interactions
to form stable microvascular networks. We describe an unrecognized role for tumor necrosis factor-related
apoptosis-inducing ligand (TRAIL) in potentiating neo-angiogenesis and vessel stabilization. We show that the
endothelium is a major source of TRAIL in the healthy circulation compromised in peripheral artery disease (PAD).
EC deletion of TRAIL in vivo or in vitro inhibited neo-angiogenesis, pericyte recruitment, and vessel stabilization,
resulting in reduced lower-limb blood perfusion with ischemia. Activation of the TRAIL receptor (TRAIL-R) restored
blood perfusion and stable blood vessel networks in mice. Proof-of-concept studies showed that Conatumumab,
an agonistic TRAIL-R2 antibody, promoted vascular sprouts from explanted patient arteries. Single-cell RNA se-
quencing revealed heparin-binding EGF-like growth factor in mediating EC-pericyte communications dependent
on TRAIL. These studies highlight unique TRAIL-dependent mechanisms mediating neo-angiogenesis and vessel
stabilization and the potential of repurposing TRAIL-R2 agonists to stimulate stable and functional microvessel

Copyright © 2024 The
Authors, some rights
reserved; exclusive
licensee American
Association for the
Advancement of
Science. No claim to
original U.S.
Government Works.
Distributed under a
Creative Commons
Attribution
NonCommercial
License 4.0 (CC BY-NC).

networks to treat ischemia in PAD.

INTRODUCTION

Peripheral artery disease (PAD) affects >230 million people world-
wide (I). Correcting the ischemia caused by PAD is a key compo-
nent of current surgical revascularization techniques, but patients
still experience disease progression characterized by vessel throm-
bosis, ulceration, and gangrene. These complications of severe
PAD often necessitate surgical amputation of limbs. Alarmingly,
by 2050, >3.5 million US citizens are expected to live without a limb
(2). Surgical revascularization and amputation merely address the
immediate complications of PAD while the underlying disease pro-
cesses continue to place patients at risk of further adverse limb and
cardiovascular outcomes.

One therapeutic approach is to stimulate angiogenesis and bypass
the arterial occlusion, restoring the nutrient supply necessary for tis-
sue survival. “Therapeutic angiogenesis” has been studied experimen-
tally but attempts to achieve this in people using angiogenic factors
such as vascular endothelial growth factor (VEGF) have failed (3).
These treatments did not adequately maintain stability of the newly
formed endothelial cell (EC) vessels, which were underdeveloped,
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disorganized, and leaky, like those observed in tumor vasculature (4).
To generate functional microvessel networks in ischemia, pericyte in-
vestment is essential, but processes mediating angiogenesis and EC-
pericyte cross-talk are not fully understood. Microvessel development
and function is disrupted in cardiovascular diseases, and this limita-
tion has driven the need to better understand processes mediating
blood vessel formation and stabilization in ischemia.

Tumor necrosis factor-related apoptosis-inducing ligand (TRAIL)
was discovered almost 30 years ago for its unique ability to selectively
kill human cancer cells upon binding to its apoptosis-inducing recep-
tors, TRAIL-R1 and TRAIL-R2 [also known as death receptors 4 and
5; (DR4 and DR5, respectively)]. TRAIL-mediated signaling in mice
is similar except that only one signaling receptor exists at the protein
level, TRAIL-R (also DR5). In contrast to the canonical apoptosis-
inducing function of TRAIL, we identified alternate non-apoptotic
functions in the vasculature (5-13). Using a mouse model of PAD,
Trail””~ mice developed limb necrosis associating with a marked re-
duction in vascularization and blood perfusion (11). We and others
have shown that exogenous TRAIL administration stimulated angio-
genic processes in vitro and in vivo (11, 14, 15). Whether TRAIL can
stimulate stable microvasculature in PAD is unknown.

We have discovered that EC-derived TRAIL modulates EC-
pericyte interactions for effective microvessel function so that stable
blood vessel networks are created. We identified that ECs are a ma-
jor contributor of circulating TRAIL levels, compromised in pa-
tients with PAD, and associating with reduced numbers of stable
microvessels in ischemic amputated tissues. Activation of TRAIL-R
restored blood perfusion, vascularization, and vessel stabilization in
mice. Proof-of-concept studies showed that Conatumumab, a hu-
man agonistic TRAIL-R2 monoclonal antibody (mAb) used in can-
cer therapy (16), stimulated angiogenic sprouts ex vivo in vessels
isolated from patients with PAD. Together, these data suggest that
TRAIL-R2 agonist therapy could be a feasible means to increase

10f17


mailto:mary.​kavurma@​hri.​org.​au

SCIENCE ADVANCES | RESEARCH ARTICLE

limb perfusion by improving blood vessel function and promoting
stable microvascular networks, a potentially life-changing outcome
for these patients.

RESULTS

TRAIL and TRAIL-R2 expression and interaction are
augmented in 24-hour hypoxia in ECs

The impact of hypoxia on TRAIL or TRAIL receptor gene expres-
sion in ECs is unclear. To examine this, human microvascular EC-1

(HMEC-1) were exposed to hypoxic (2% O,) or normoxic condi-
tions over 24 hours. Trail and Trail-R2 mRNA was ~2- and ~1.5-fold
higher after the induction of hypoxia, with no changes to Trail-R1
mRNA (Fig. 1A and fig. S1). TRAIL and TRAIL-R2 surface protein
expression was also amplified with 24-hour hypoxia, with no change
in total TRAIL-R1 protein expression (Fig. 1, B to D). TRAIL physi-
cally interacted with TRAIL-R2 but not TRAIL-R1 under normal
conditions, and this interaction was further augmented with hypox-
ia (Fig. 1E). These results indicate that TRAIL-TRAIL-R2 signaling
may be relevant in PAD.
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Fig. 1. TRAIL and TRAIL-R2 expression and interaction are augmented in hypoxia. (A) Trail, Trail-R1, and Trail-R2 mRNA expression in HMEC-1 after exposure to hy-
poxia (2% O,) or normoxia (21% O5) for 24 hours, qPCR normalized to p-actin (n = 6 to 8 per treatment). (B) Total internal reflection fluorescence microscopy images (left)
and quantification (right) of TRAIL cell surface expression (n = 3 per treatment). (C) TRAIL-R2 cell surface expression by flow cytometry (n = 4 per treatment). (D) Left:
Western blot of TRAIL-R1 and B-actin. Right: TRAIL-R1 protein expression normalized to p-actin (n = 4 per group). (E) Protein-protein interactions between TRAIL-TRAIL-R1
and TRAIL-TRAIL-R2, measured using the Duolink Proximity Ligation Assay. Interactions are indicated by red staining. Left: Representative image. Right: Quantification
(n = 6 per treatment). Results are means + SEM; Students t test or two-way analysis of variance (ANOVA); *P < 0.05, *#P < 0.01, and **##P < 0.001.
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Reduced plasma TRAIL levels in patients associate with

reduced numbers of stable microvessels with ischemia

We collected plasma from 11 patients with PAD and found that circu-
lating TRAIL levels were markedly reduced compared to those in 12
healthy individuals, whereas TRAIL-R2 levels were increased (Fig. 2,
A and B, and table S1). Muscle tissues were collected following below-
knee amputation, and ischemic tissues had lower stable microvessel
numbers (CD31*SMA*vessels < 50 pm in diameter, arrows) (Fig.2,C
and D), associating with impaired endothelial-dependent vasodilation
(Fig. 2E). Single-cell RNA sequencing (scRNA-seq) of mononuclear

cells from nonischemic and ischemic muscle tissue from a patient
identified four EC (EC1 to EC4) populations (fig. S2, A and B).
scRNA-seq revealed the endothelium as a substantial source of
TRAIL, and its expression reduced with ischemia (fig. S2, C and D,
and Fig. 2F); ischemia was verified by ~3.5-fold increased Hiflo
mRNA (fig. S2E). Trail mRNA was also suppressed in ischemic limbs
of wild-type mice after hindlimb ischemia (HLI), our preclinical
model of PAD, associating with reduced blood perfusion to the limbs
(fig. S2, F and G). Moreover, hypoxia-inducible Trail mRNA expres-
sion was no longer evident in HMEC-1 at 7 days (fig. S2H). Because
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Fig. 2. Plasma TRAIL levels are reduced in PAD, associating with reduced microvessel numbers with increasing ischemia. Plasma (A) TRAIL and (B) TRAIL-R2 levels
in PAD versus healthy individuals (n = 11 to 12 per group). (C) Schematic illustrating tissue harvest locations from below-knee amputations. (D) Stable microvessel num-
bers in nonischemic and ischemic regions of amputated tissues. Left: Representative image of stable microvessels (CD317SMA*, yellow arrows). Laminin (myocytes,
white), CD31 (ECs, red), and SMA (pericytes, green); scale bars, 20 pm. Middle: Microvessel quantification. Right: Myocyte number is reduced with ischemia (n = 3 per
group). (E) Myography showing impaired endothelial function in arteries isolated from nonischemic versus ischemic regions. Left: Arterial relaxation in response to in-
creasing doses of acetylcholine (ACh). Right: No change in sodium nitroprusside (SNP)-mediated relaxation (n = 5 per group). (F) Trail and (G) Nox4 mRNA expression in
patient tissues (n = 5 per group). MRNA normalized to B-actin. Results are means + SEM; Mann-Whitney U test, paired t test, or two-way ANOVA; *P < 0.05, **P < 0.01,
##%kP < 0,001, and ****P < 0.0001.
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NADPH oxidase-4 (NOX4) is downstream of TRAIL and is critical
for endothelial function and angiogenesis in lower extremity isch-
emia (11, 17), Nox4 mRNA was measured, and its expression was also
reduced with ischemia in patient limbs (Fig. 2G). Thus, under chron-
ic conditions of ischemia or hypoxia, suppression of TRAIL may
compromise EC function(s) including processes of angiogenesis and
vessel stabilization.

ECs are a major cellular and circulating source of

TRAIL in mice

To examine the contribution of EC-derived TRAIL to angiogenesis
and vessel stabilization, we generated EC-specific Trail '~ (Trail®“™"")
mice. Quantitative polymerase chain reaction (QPCR) analysis of the
CD31" EC population isolated from Trail®“~/~ lung and brain
confirmed deletion of Trail mRNA, but not of its receptor, Trail-R
(fig. S3, A and B). In contrast, Trail and Trail-R mRNA levels were
unaltered in vascular smooth muscle cell-rich aortae between each
genotype (fig. $3C). We examined aortae of adult Trail®“’~ and
Trail®*"* mice to assess whether EC-specific TRAIL deletion af-
fected large vessel architecture. No change in media area was ob-
served, nor there were differences in collagen or elastin content
(fig. S3D). The absence of TRAIL in the endothelium did not affect
plasma cholesterol, insulin, or glucose levels, but plasma TRAIL levels
were reduced in Trail"“~'~ by ~60% (table S2), indicating that ECs
are a major source of TRAIL in the circulation.

EC-derived TRAIL stimulates neo-angiogenesis and pericyte
recruitment and wrapping

Pericyte investment is critical to forming healthy and sustainable vas-
culature, which stabilizes and matures nascent blood vessels. Without
proper acquisition and pericyte coverage, EC microvascular functions
are compromised. For example, reduced EC-pericyte association re-
sults in vascular leak and impaired blood flow (18). We found signifi-
cantly more leakage (~2-fold) into highly vascularized organs of
Trail’C~/~ mice (Fig. 3A). We next examined the contribution of EC-
derived TRAIL to facilitate blood vessel formation using the Matrigel
plug assay as a model of angiogenesis. Capillary density and perivas-
cular cell content in plugs from Trail*“~~ were ~60 and 50% less than
in plugs from Trail®“*’* mice (Fig. 3, B and C, arrows). Because peri-
cytes are defined by >2 markers, we assessed the most common, NG2
(neural/glial antigen 2), RGS5 (regulator of G protein signaling 5), and
PDGEFRp (platelet-derived growth factor receptor—p) and found ~50%
reduction in mRNA of each within the plug (Fig. 3D). In vitro, Trail*’*
ECs formed ~50% more tubules than Trail '~ ECs at 6 hours, dissoci-
ating by 24 hours (Fig. 3E and fig. S4A). Primary pericytes also had a
threefold increased capacity to migrate to Trail”’* but not Trail '~ ECs
(Fig. 3F). Further, physiological doses of recombinant TRAIL stimu-
lated primary pericyte proliferation and migration but not of a peri-
cyte precursor cell line, 10 T1/2, suggesting that TRAIL may be
responsible for recruitment and proliferation of mature pericytes
(fig. $4, B to E). Exposure of pericytes to Trail”’* but not Trail '~ EC
tubules prolonged their survival to 24 hours (Fig. 3G). These confirm
that TRAIL-expressing ECs are important for angiogenesis, pericyte
recruitment, and wrapping, which is necessary for vessel stabilization.
Trail*“~~ mice have impaired microvascular networks
inischemia

HLI causes major ischemia in skeletal muscle of limbs. Trai gas-
trocnemius tissues had a significant reduction in stable microvessels

lEC—/ -
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3 days after HLI and remained reduced at day 28 (Fig. 4, A and B;
CD31*SMA™ < 50 pm in diameter, arrows), associating with reduced
blood perfusion over time (Fig. 4C). There was no change in larger
vessel numbers (fig. S5A). Consistent with reduced pericyte invest-
ment, a ~50% reduction in Ng2 and Pdgfrf but not Rgs5 mRNA was
observed in ischemic tissues of Trail®“~/~ mice at day 3 (Fig. 4D).
Furthermore, Trail®“ ™~ aortic explants exposed to hypoxia exhibited
diminished sprout numbers and sprout length (Fig. 4, E to G).

scRNA-seq identifies altered gene expression profiles with
ischemia in Trail*“”’~ mice

To examine the molecular determinants of EC processes dependent
on TRAIL signaling, we performed scRNA-seq of mononuclear cells
isolated from control and ischemic tissues of Trail"“~~ and Trail"“*'*
mice 3 days after HLI, where stable microvessel numbers and peri-
cyte marker expression are reduced (Fig. 4, A and D). Unlike the
human setting, mice presented with seven EC (EC1 to EC7) and one
lymphatic EC (LEC) subtypes (fig. S6, A to C). We identified 3636
differentially expressed genes (DEGs) in the EC1 to EC7 popula-
tions. Interrogation of these in ischemic Trail*“*/* tissues showed
enrichment for positive adenosine 5’-triphosphate synthesis and
metabolic processes, translation, mitochondrial organization, and
aerobic respiration, findings not observed in Trailf®~/~ ischemic
limbs (fig. S7, A to C and tables S4 and S5).

We next examined TRAIL expression and found that it was en-
riched in all EC populations in Trail®*'* mice (fig. $6, D and E). In
response to ischemia, TRAIL expression was reduced in EC5, EC7,
EC1, EC2, EC4, and LEC by 67.8, 62.9, 40.7, 22.0, 22.8, and 13.6%,
respectively (fig. S6E). We could not assess TRAIL expression in
EC6 as this group was completely absent after ischemia (fig. S6B). In
contrast, EC3 showed increased TRAIL expression by 38%, imply-
ing that this microvessel population could contribute to TRAILSs
beneficial effects in ischemia (fig. S6, E and F, and table S3). Inspec-
tion of the up-regulated DEGs within this EC subtype identified
many pro-angiogenic genes (Table 1).

TRAIL signals facilitate EC-pericyte communication

We next assessed EC-to-pericyte communications using CellChat
(19). Multiple signals were enriched in the EC1 to EC7 population
when comparing control versus ischemic Trail®“*/* limbs, including
the most studied EC-pericyte signal, PDGF-to-PDGFRp (fig. S8A).
When we directly compared EC-pericyte signals in ischemic limbs
between genotype, many pathways were altered (fig. S8B). Of inter-
est, heparin-binding EGF-like growth factor (HBEGF) signals were
absent in Trail’“~’~ ischemic limbs (fig. S8B, arrows). HBEGF is
known to regulate pericyte recruitment via its receptors EGFR and
ERBB2 (20-22). Notably, TRAIL was reported to increase HBEGF
transcription in ECs (23), suggesting that this pathway may be im-
portant. Validation studies confirmed ~50% reduction in Hbegf in
Trail~ versus Trail"’* ECs, whereas the negative control Lamcl
mRNA was unchanged (Fig. 5A). Erbb2 mRNA was reduced in
Trail*“~'~ limb tissues, with no changes to Egfr (Fig. 5B). HBEGF
receptors were also expressed in primary pericytes (Fig. 5C). Hu-
man ischemic versus nonischemic muscle showed reduced mRNA
expression for Hbegf and Erbb2 but not Egfr (Fig. 5D). We examined
the TRAIL-HBEGF link further; administration of recombinant
HBEGF to Trail®~’~ gastrocnemius increased stable blood vessel
numbers and improved blood reperfusion 14 days after HLI (Fig. 5,
E and F). This was, in part, through increased expression and
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Fig. 3. EC-derived TRAIL regulates neo-angiogenesis, pericyte recruitment, and vessel stabilization. (A) Permeability of Evans Blue (EB) into highly vascularized or-
gans from Trail"*”* and Trail"“~"~ mice (n = 7 to 8 per group). Trail’**’* and Trail"“~’~ mice were injected with Matrigel; plugs were collected 28 days later and (B) capillary
density (CD31, red) and (C) perivascular cell (SMA, green) content determined by microscopy; scale bars, 20 pm (n = 4 to 5 per group). (D) EC and pericyte mRNA marker
expression in Matrigel plugs was measured by gPCR, normalized to -actin (n = 4 to 5 per group). (E) Tubule formation in Trail*’* and Trail”~ ECs at 6 hours. Left: Repre-
sentative images; scale bars, 500 pm. Right: Quantification (n = 4 per group). (F) Pericyte migration to Trail*’* and Trail”~ ECs by Transwell assay at 8 hours (n = 3 per
group). (G) Increased tubule numbers at 24 hours in Trail*’* but not Trail™’~ ECs cocultured with pericytes. Left: Representative images; scale bars, 100 pm. Right: Quanti-
fication. ECs and pericytes isolated from mouse brain. Results are means + SEM; Student’s t test, paired t test, or Mann-Whitney U test; *P < 0.05, **P < 0.01, ***P < 0.001,

and **#%P < 0.01.
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Table 1. Top 20 up-regulated genes in response to ischemia in EC3. NADH, reduced form of nicotinamide adenine dinucleotide (oxidized form); IL-6,
interleukin-6; Stat6, signal transducer and activator of transcription 6; PI3K, phosphatidylinositol 3-kinase; mTOR, mammalian target of rapamycin.
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phosphorylation of endothelial nitric oxide synthase (eNOS) (Fig. 5G).
These findings highlight the TRAIL-HBEGF axis in mediating EC-
pericyte communications necessary for stable microvessel forma-
tion in ischemia.

TRAIL-R activation stimulates stable microvessels

in ischemia

We next tested whether TRAIL-R activation could promote micro-
vascular networks in Trail”~ and Trail*’* ECs. EC proliferation
and tubule formation were increased with an agonistic anti-mouse
TRAIL-R mAb, MD5-1 (Fig. 6, A and B). MD5-1 also increased
angiogenic sprouting ex vivo, whereas Trail-R™'~ aortic rings ex-
hibited impaired sprouting (Fig. 6, C and D). In HMEC-1, agonis-
tic TRAIL-R2 mAb stimulated proliferation, migration, and tubule
formation (Fig. 6, E to G). In contrast, TRAIL-RI neutralization
had no effect on TRAIL-dependent in vitro processes of angiogen-
esis (Fig. 6, H and I). We next administered MD5-1 directly to
ischemic Trail®“~'~ limbs. MD5-1 restored blood perfusion and
increased stable microvessel numbers at 7 days (Fig. 7, A and B), a
finding associated with increased expression of Hbegf, Erbb2, and
Egfr mRNA (Fig. 7C). In contrast, Trail-R™ =/~ ischemic limbs had
reduced blood perfusion and reduced stable microvessel numbers
after HLI (Fig. 7, D and E); no change in large vessel numbers was
observed with treatment or genotype (fig. S5, B and C). Further-
more, Conatumumab increased sprouting by >50% in blood ves-
sels isolated from ischemic regions of human amputated limbs
(Fig. 7, F and G). Collectively, these indicate that TRAIL receptor
activation stimulates stable microvessel formation and repurpos-
ing Conatumumab, an agonistic TRAIL-R2 mAb developed for
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cancer therapy, could be a very real possibility in stimulating stable
blood vessel networks as a treatment of PAD.

DISCUSSION

Patients with PAD have a higher risk of all-cause cardiovascular mor-
tality, with a risk of stroke or heart attack equal to patients with coro-
nary artery disease (24). Even after successful revascularization, the
systemic health impact of PAD persists, with more hospitalizations,
reinterventions, and reduced life expectancy versus any other patient
group with atherosclerosis (25). With no major advances in revascu-
larization techniques in the last two decades, an approach to increase
blood perfusion by injection of therapeutics to improve vessel function
and stimulate stable microvascular networks could be life-changing
for these patients. This study sought to identify the critical molecules
involved in reversing the effects of ischemia. We discovered five key
findings: (i) the endothelium is a major source of TRAIL in the circu-
lation; (ii and iii) EC-derived TRAIL stimulated stable microvascular
networks forming EC tubes, recruiting pericytes, increasing pericyte
wrapping, and prolonging microvessel survival. Notably, the impor-
tance of the HBEGF pathway in TRAIL-dependent EC-pericyte com-
munications was identified. (iv) TRAIL was suppressed in PAD,
associating with impaired EC function, and reduced stable microves-
sel numbers with ischemia; and (v) activating the TRAIL-R2 in vitro,
in preclinical PAD, and ex vivo in human blood vessels isolated from
patient amputations increased stable microvessel networks. A sum-
mary of these findings is illustrated in Fig. 8. Our study provides
knowledge as to how EC-derived TRAIL promotes microvessel de-
velopment in ischemia, characterizing non-apoptotic functions and
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Fig. 5. EC-pericyte interactions are altered in ischemic limbs of Trailf’~ mice. (A) Hbegf and Lamc1 mRNA levels in ECs isolated from Trail*’* and Trail”~ mice
(n = 4 to 7 per genotype). (B) mRNA expression of Hbegf receptors Erbb2 and Egfr, and Lamc1 receptors ItgaT and ltgb1 in gastrocnemius muscle from Trailf<<*/*
and Trail®“~’~ mice (n = 5 to 8 per genotype). (C) Erbb2 and Egfr expression in primary murine pericytes. (D) mRNA expression of Hbegf receptors Erbb2 and Egfr in
nonischemic and ischemic skeletal muscle from patients with PAD (n = 5). (E) Stable microvessel numbers in gastrocnemius muscle of Trailf~/~ mice treated with
vehicle or recombinant murine HBEGF and 14 days after HLI (n = 6 to 7 per treatment). (F) Laser Doppler imaging showing blood perfusion over time in Trailf¢~/~
mice treated with vehicle or recombinant HBEGF (1 ug I.M., 2 days before surgery, day of surgery, and then daily). Top: Representative image of blood flow at
14 days. Bottom: Quantification (n = 6 to 7 per treatment). (G) Recombinant human HBEGF increases eNOS expression and phosphorylation (p-eNOS) in HMEC-1.
B-Actin demonstrates unbiased loading. All mMRNA expression was normalized to B-actin. Student'’s t test, paired t test, or two-way ANOVA; *P < 0.05 and

***P < 0.001.

laying the foundations for TRAIL receptor agonists for therapeutic
use in people with ischemic vascular conditions.

ECs play an essential role in vascular homeostasis, and EC dys-
function contributes to every stage of PAD (26). Our work previously
revealed the non-apoptotic effects of TRAIL in ECs. Specifically,
physiological doses of TRAIL protected ECs from death, reduced
EC reactivity, and improved endothelial integrity in response to
oxidative damage (13). Global TRAIL deletion in mice also impaired
endothelial-dependent arterial vasodilation, increased inflammation,
and accelerated atherosclerosis (6, 7, 10, 11, 13), whereas TRAIL

Cartland et al., Sci. Adv. 10, eadn8760 (2024) 4 October 2024

promoted angiogenesis by increasing p-eNOS and nitric oxide
production (15, 27) in a NOX4-mediated manner (11), a finding
supported by others (17, 28). It is important to note the limitations
of the HLI model of PAD. While this model induces lower extremity
ischemia, it is more representative of acute limb ischemia, rather
than a chronic atherosclerosis model. Nevertheless, our findings
are important because TRAIL levels are reduced in patients with
atherosclerotic diseases (7, 13, 29) and circulating TRAIL levels
predict poor prognosis in coronary artery disease (30, 31), heart
failure (31), and acute myocardial infarction (32), but its role in
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Fig. 7. TRAIL-R2 activation stimulates angiogenesis. (A) Laser Doppler imaging showing blood perfusion in HLI Trail®“™"~ mice treated with MD5-1 or IgG over 7 days
(1 pg I.M,, 2 days before, 2 days after, and 6 days after surgery). Left: Representative image at 7 days. Right: Quantification over time and (B) stable microvessel numbers
(CD31*SMA™) in gastrocnemius from ischemic limbs (n = 6 to 7 per group). (C) mRNA expression of Hbegf and its receptors Erbb2 and Egfr, and Lamc1 and its receptors
Itgar1 and ltgb1 in gastrocnemius muscle of mice, normalized to p-actin (n = 5 to 6 per genotype). (D) Laser Doppler imaging showing blood perfusion in HLI Trail-R*"* and
Trail-R™"~ mice over 28 days. Left: Representative image at 28 days. Right: Quantification over time and (E) stable microvessel numbers (CD31*SMA™*) in gastrocnemius
from ischemic limbs 28 days after HLI (n = 5 to 6 per group). (F) Sprouting in blood vessels harvested from ischemic tissues of patients with PAD undergoing below-knee
amputation. Vessels were exposed to Conatumumab or IgG (500 ng/ml) for 7 days; scale bars, 200 um. (G) Quantification of sprout area (white dotted lines), normalized
to vessel segment area using ImageJ (n = 3 per treatment). Results are means + SEM; Students t test; *P < 0.05 and **P < 0.01.
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PAD is unclear. We previously estimated that ~30% of plasma
TRAIL was derived from cells originating in the bone marrow (7).
We now show that ~60% of TRAIL in the circulation is produced
by the endothelium but suppressed in patients with high-risk
PAD. scRNA-seq data from muscle biopsies showed reduced Trail
mRNA in ECs (33) and in capillaries (34) from PAD versus healthy
age-matched individuals, supporting our work. Our findings sug-
gest that reduced TRAIL levels in the circulation and tissue reflect
impaired EC function(s). How the newly identified downstream
gene targets affect TRAIL-dependent EC processes in PAD patho-
physiology is now unknown and requires further elucidation.

Pericytes reside within the basement membrane of microvessels
including in terminal arterioles, precapillary venules, and capillaries,
adhering to the surface of ECs via peg-socket interactions. The result-
ing connection and cross-talk influence the formation, stabilization,
and remodeling of the microvasculature. We discovered that EC-
derived TRAIL is a molecular facilitator of EC-pericyte cross-talk me-
diated by HBEGE. Hbegf mRNA was reduced in ECs lacking TRAIL
but increased in Trail*“~/~ limbs treated with MD5-1. HBEGF ad-
ministration improved blood perfusion in Trail®“~'~ ischemic limbs
by increasing the formation of stable microvessels. Given that agonis-
tic TRAIL-R2 stimulates the EGFR in cardiomyocytes (35), TRAIL
signaling may be a common upstream mechanism activating this
pathway. Patients with PAD have reduced plasma HBEGF levels (36),
further supporting our findings. While the current study focused on
HBEGE, other EC-pericyte pathways were also identified and ab-
sent with TRAIL deletion in the endothelium including PDGFp-
PDGFRa. EC-pericyte communication is complex and intricately
linked. HBEGF and PDGEF jointly regulate pericyte recruitment and
vessel stabilization (20), but whether TRAIL-HBEGF-PDGEF signals
collectively mediate EC-pericyte processes for effective microvessel
formation and stabilization is not clear.

In this study, we show that TRAIL-R activation stimulates stable
microvessel formation in ischemia. In contrast, studies in cancer
showed that activation of TRAIL-R on tumor ECs promoted apopto-
sis, disrupted endothelial integrity, and attenuated tumor growth in
mice (37). EC-specific TRAIL deletion in mice did not affect tumor
growth or tumor vascularization, instead lung metastasis was in-
creased (38), with greater intracellular versus cell surface TRAIL ex-
pression (38). This highlights the complexity of TRAIL signaling
under altered conditions. To stimulate apoptosis, cancer treatments
often use much greater levels of TRAIL and MD5-1 (37, 39) com-
pared to the concentrations used in the current study. Super cluster-
ing of signaling receptors allows for higher order oligomerization,
which promotes apoptosis via lipid rafts, whereas non-raft-mediated
TRAIL receptor interactions stimulate survival pathways (40, 41). In
addition to binding TRAIL-R1 and TRAIL-R2 in humans, TRAIL can
also bind three decoy receptors (DcR1, DcR2, and osteoprotegerin).
In mice, only osteoprotegrin has been identified as a decoy receptor at
the protein level. How TRAIL interacts with its decoy receptors or the
functional consequence of this in our study is unknown. Whether dif-
ferences in phenotype between cardiovascular disease and cancer are
attributed to intracellular or extracellular TRAIL detection and/or
receptor expression is uncertain.

In contrast to TRAILs apoptosis-inducing effects in cancer, we
have shown that activation of TRAIL signals improves vascular ho-
meostasis in PAD, potentially reducing the incidence of amputation.
MD5-1 treatment stimulated stable microvessels in ischemia, improv-
ing blood perfusion to the lower limbs in mice, and Conatumumab

Cartland et al., Sci. Adv. 10, eadn8760 (2024) 4 October 2024

increased angiogenic sprouts from patient arteries ex vivo. Our
study highlights the genuine potential for future trials to fast track
Conatumumab or other TRAIL-R2 agonists already available for
human use with more timely treatment of PAD.

MATERIALS AND METHODS

Human studies

Patients > 18 years old presenting with chronic limb-threatening
ischemia, requiring below knee amputation at Royal Prince Alfred
Hospital, Sydney, Australia, were recruited. Healthy individuals >
18 years old were also recruited for blood sampling. Exclusion criteria
for the healthy cohort included known peripheral vascular disease,
cardiovascular disease, cerebrovascular disease, and autoimmune
disease. Patients and healthy individuals gave a written informed
consent. Blood plasma was isolated, snap frozen, and stored at
—80°C. After the limb was surgically removed, skeletal muscle from
the tibialis anterior (close to the amputation site; nonischemic) and
flexus hallucis longus (ischemic) were collected, fixed in formalin, or
snap frozen. For myography, arteries were dissected from subcutane-
ous fat within the nonischemic or ischemic regions (lateral midfoot).
All procedures were approved by the Sydney Local Health District
Human Ethics Committee (X20-0183; Sydney, Australia).

Animal studies

Trail”’~ mice were originally sourced from Amgen (42). Trail-R™~
mice were provided by G. Gores (Mayo Clinic, Minnesota, USA).
Mice were rederived (C57BL/6] background) and bred at Australian
BioResources. C57BL/6] mice were also purchased from Australian
BioResources. A mix of male and female adult mice was used. Mice
were housed with 12:12-hour light-dark cycles with free access to food
and water. Mice were anesthetized by inhalation of 3% isoflurane prior
to euthanasia via cardiac exsanguination or cervical dislocation. Blood
plasma was stored at —80°C. Indicated tissues were harvested, either
snap frozen or formalin fixed. All procedures were approved by the
Sydney Local Health District Animal Welfare Committee (2014-027,
2017-020, 2017-024, 2019-030, and 2021-015; Sydney, Australia) and
Sydney Local Health District Institutional Biosafety Committee (13-
019, 18-021, and 23-027; Sydney, Australia).

Sex as a biological variable

Although samples included both sexes, sex was not considered as a
biological variable in this study.

Generation of Trail®’"~ mice
Mice with Trail floxed allele were generated by Ozgene (Bentley,
Australia). To create a targeted vector, a flippase recognition target
(FRT)-flanked phosphoglycerate kinase I neomycin cassette was in-
serted downstream of exon 5 of the Trail gene, flanked by LoxP sites.
The construct was electroporated into genomic DNA of embryonic
stem (ES) cells from C57BL/6] mice. The targeted ES cells were
injected into C57BL/6] blastocysts to produce chimeric mice, which
were crossed with C57BL/6] mice to generate Trailt/19 ¢ mice.
The FRT-flanked neomycin cassette was removed by crossing with
Rosa26-FIpE mice. These mice were crossed with VE-Cadherin Cre
(Jackson Laboratory) to generate EC-specific Trail ™'~ (TmilEC_/_)
mice. Genotyping primer sequences are wild-type primer_01 for-
ward: ATGGACCTGGATCAAGAAGCC and primer_02 reverse:
GTCTCTCGATGAAACACCGAAAG producing a product of 252 base
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pairs (bp); and TRAIL knockout primer_04 forward: CTTTGAC-
CCCACCACAGTCTAATC and primer_02 reverse producing a
product of 511 bp. For Cre, we used the following primers: 2173_
transgene forward CCAGGCTGACCAAGCTGAG and 2174_trans-
gene reverse CCTGGCGATCCCTGAACA.

Hindlimb ischemia

Hindlimb ischemia surgeries were performed as previously described
(11). Briefly, mice were anesthetized with isoflurane, then the proxi-
mal and distal ends of the left femoral artery were ligated, and the ar-
tery and side branches were dissected free. The right leg was used as a
control. Where described, 1 pg of recombinant mouse HBEGF or ve-
hicle control (saline) was administered by intramuscular (I.M.) injec-
tion in the ischemic gastrocnemius 2 days before surgery, on the day
of surgery, and then daily for 14 days (endpoint). MD5-1 or immuno-
globulin G (IgG; 1 pg; control) was administered by .M. injection in
the ischemic gastrocnemius 2 days before, 2 days after, and 6 days af-
ter surgery, with endpoint at 7 days.

Myography

Isolated subcutaneous fat was placed in a modified Krebs-Henseleit
solution. Arteries (277 & 10 mm, SEM diameter; n = 4 segments per
patient) were dissected, cleaned, and cut into 2-mm segments that
were mounted on tungsten wires (40 mm diameter) on a myograph
(Danish Myo Technology) at 37°C in Krebs-Henseleit solution and
gassed with 5% CO, in O,. Tension was measured using isometric
force displacement transducers and recorded using LabChart V8Pro
(ADInstruments). Once mounted, arteries were normalized to an in-
ternal diameter that produced 90% of 13.3 kPa (43). Arteries were con-
tracted using 120 mM KCl until a stable contraction was reached, then
washed out, rested for 30 min, and tested for endothelium-dependent
relaxation using acetylcholine or endothelium-independent relaxation
using sodium nitroprusside.

Tissue culture

HMEC-1 (Centers for Disease Control and Prevention, MTA M12241)
were maintained in MCDB 131 medium (Gibco) including supple-
ments (11). The pericyte precursor cell line, 10 T1/2 (American Type
Culture Collection), was cultured in Dulbecco’s modified Eagle’s
medium (DMEM; Gibco) (44). Primary ECs were isolated and cul-
tured as described (45). Primary pericytes were isolated and cultured
in 2% serum-containing pericyte medium (ScienCell) (46). Cells were
maintained at 37°C in a humidified atmosphere of 5% CO,. In hy-
poxia (2% O,), cells were maintained in serum-deprived conditions.
Primary ECs were not used beyond passages 1 and 2. Pericytes were
not used after nine passages.

RNA isolation and qPCR

RNA was isolated from cells and tissues using TRI Reagent (Sigma-
Aldrich) or the RNeasy Fibrous Tissue Mini Kit (QIAGEN) (7, 8,
11). cDNA was generated using the iScript cDNA synthesis kit (Bio-
Rad, Australia), and qPCR was performed using iQ SYBR (Bio-Rad,
Australia) in a CFX96 thermocycler (Bio-Rad, Australia). The AACT
method was used to assess relative mRNA changes, normalized to
B-actin or Hprt. Primer sequences are in table S6.

Western blotting
Western blotting was performed as previously described (13). Cel-
lulose membranes were incubated with antibodies to TRAIL-R1

Cartland et al., Sci. Adv. 10, eadn8760 (2024) 4 October 2024

(1:200, overnight 4°C, R&D Systems), p-eNOS (1:500, overnight
4°C, Cell Signaling Technology), eNOS (1:500, overnight 4°C, Cell Sig-
naling Technology), and f-actin (1:5000, 1 hour at room temperature;
Sigma-Aldrich). Proteins were detected with horseradish peroxidase-
conjugated secondary anti-goat, anti-mouse, or anti-rabbit antibodies
(1:1000, 1 hour at room temperature, Dako) and visualized using the
ChemiDoc MP imaging system (Bio-Rad).

Total internal reflection fluorescence microscopy

HMEC-1 cultured on glass bottom 35-mm dish (FluoroDish) were
formalin fixed and stained with anti-TRAIL antibody (1:100, over-
night 4°C, Abcam) and anti-rabbit Alexa 647 (1 hour at room tem-
perature, Thermo Fisher Scientific). Phalloidin-Alexa488 (1:500,
30 min at room temperature, Thermo Fisher Scientific) was used to
detect actin. Images were captured using an Olympus cell TIRF-4Line
system based on an Olympus IX81 inverted microscope (47).

Flow cytometry

HMEC-1 were blocked in 10% bovine serum albumin and then
stained with anti-human TRAIL-R2 mAD (20 pg/ml; Novus Biological)
or IgG (Life Technologies) and anti-rabbit fluorescein isothiocyanate
(FITC;1:500, BD Biosciences) for 45 min at 4°C. Cells were fixed
with 10% formalin and run on a BD FACSVerse Flow Cytometer.
Data analyzed with Flow]Jo (v10.8.1), and geometric mean of viable
populations was quantified.

Duolink proximity ligation assay

Duolink Proximity Ligation Assay (Sigma-Aldrich) was performed
according to the manufacturer’s instructions. Cells were incubated
with primary mAb (1 pg/ml; TRAIL-R2, Novus-Biologicals; TRAIL-
R1, Abcam; and TRAIL, Abcam or R&D Systems) or appropriate IgG
overnight at 4°C. Slides were mounted with 4’,6-diamidino-2-
phenylindole (DAPI) Fluoromount-G (SouthernBiotech) and imaged
using the Zeiss Axio Imager Z2. Six images were captured per
group and analyzed with Image]. The red fluorescence intensity
per image was quantified and normalized to the number of DAPI-
positive nuclei.

Human enzyme-linked immunosorbent assays
TRAIL (R&D Systems) and TRAIL-R2 (Abcam) were measured in
plasma according to the manufacturer’s instructions.

Histology

Immunofluorescence was performed on formalin-fixed 5-pm sec-
tions with the following antibodies. Human: CD31 (R&D Systems),
smooth muscle a-actin (SMA; Sigma-Aldrich), and laminin (Novus
Biologicals); mouse: CD31 (Abcam or R&D Systems), smooth
muscle actin (Sigma-Aldrich), and laminin (Novus Biologicals).
Slides were mounted with DAPI Fluoromount-G mounting me-
dium. Control sections were negative. Hematoxylin and eosin, Van
Gieson’s, and Picrosirius red stains were performed on aortae. Im-
ages were captured using a Zeiss Axio Imager Z2 or Zeiss Axio
Scan.Z1 microscope and analyzed with Zen 3.6 software (Zeiss)
or Image].

Mouse plasma chemistries

Plasma glucose was measured by glucometer (Lifesmart). Insulin
(Mercodia), cholesterol, (Wako Diagnostics), and TRAIL (Cloud-Clone
Corp.) were assessed according to the manufacturer’s instructions.
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Permeability assay

Adult mice injected intravenously with 200 pl of 0.5% Evans Blue
(Sigma-Aldrich) were euthanized 30 min later. Tissue was collected
and Evans Blue was extracted as described (13).

Matrigel plug assay

Matrigel (500 pl; growth factor reduced; Corning) containing 500 ng
of fibroblast growth factor-2 (Sigma-Aldrich) was injected subcuta-
neously into the flank of mice. Plugs were harvested at 28 days and
fixed in formalin for immunofluorescence or snap frozen for gene
expression.

Tubulogenesis assays

Serum-arrested primary murine ECs or HMEC-1 were seeded onto
Matrigel coated p-Slide Angiogenesis plates (iBidi) or 96-well plates
in serum-free or 1% fetal bovine serum (FBS)-containing medium.
Images were captured using a Zeiss 800 microscope at indicated
times. Area of tubule formation was measured by WimTube on
Wimasis Image Analysis, or the number of tubules per field of view
was counted using Image].

Cell proliferation

Cells were seeded into 96-well plates (10,000 cells per well) and, the
following day, were serum arrested for 24 hours. Cells were treated
with antibodies or recombinant human TRAIL (R&D Systems) as in-
dicated. Total cell numbers per well were counted 24 hours later using
a haemocytometer or Coulter Counter (Beckman). Where relevant,
cell counts were normalized to their respective controls.

Migration assay

Transwell assay: 50,000 serum-arrested cells were seeded into 8-pm-
pore transwell inserts. After 8 hours of migration, the membranes
were washed (phosphate-buffered saline), fixed, and stained with
DiffQuik. Images were captured using an Olympus IX70 micro-
scope. Migrated cells (as a measure of fold change compared to
control) per field of view was determined. Scratch assay: Serum-
arrested cells in six-well plates were scratched using a sterile P20 tip.
Images of the scratch before and 24 hours following treatment were
captured using an Olympus IX71. Scratch area before and after cell
migration was measured using Image] to determine % of scratch
closure (48).

Single-cell RNA sequencing

Gastrocnemius muscle was collected, prepared (49), and pooled (n =
2 per genotype) for mouse studies. Human tissues collected (Fig. 2C)
from one patient were also prepared. The 10x Genomics Chromium
System (10x Genomics Inc., San Francisco, CA) was used. scRNA-seq
libraries were generated following capture (50). Raw scRNA-seq reads
were processed (Cell Ranger, v6.0.2) (50) and aligned to the mouse
(mm10-20202-A) or human (GRCh38-2020-A) reference transcrip-
tome. Downstream analysis was performed in R (v4.2.3); quality con-
trol was conducted using Seurat (v4.3.0), SeuratObject (v4.1.3) (51),
and DoubletFinder (v2.0.3) (52). Data clustering, visualization, and
DEG analysis were performed using Seurat (v4.3.0). The quality con-
trol and clustering steps for mouse and human sequences are shown in
tables S7 and S8. Expression matrices were normalized and scaled by
Seurat’s “SCTransform” method. Cell clusters were annotated using
known cell markers (fig. S6B). EC/pericyte clusters were further ana-
lyzed. DEGs were determined using Seurat’s “FindMarkers” Genes
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were considered significantly differentially expressed when ex-
pressed in at least 10% of cells analyzed with adjusted P value of
<0.05. DEGs were displayed using EnhancedVolcano (v1.20.0).
Enriched gene ontology (GO) terms were identified by overex-
pression analysis using clusterProfiler (53). GO terms with P value
of <0.05 and g value of <0.1 were considered significantly enriched.
Cell-cell interactions were investigated using CellChat (19). Dif-
ferences in ligand-receptor pairs were determined using “netVisual_
bubble” function comparison parameter and considered significant
with a P value of <0.05.

MD5-1
MD5-1 was purified from hybridomas (54). Effects of MD5-1 were
compared to those of hamster IgG (LifeSpan Biosciences).

Aortic explant sprouting assay

Aortic rings (1 mm) were transferred to Matrigel-coated wells, overlayed
with additional Matrigel, and incubated in DMEM (Sigma-Aldrich)
with 10% FBS, L-glutamine, penicillin, and streptomycin. Vessels
were placed in normoxic/hypoxic conditions, and antibodies were
applied as indicated. Medium containing antibodies was replaced
every 2 to 3 days. Images were captured at indicated times using an
Olympus IX71 microscope. Sprout number was counted, and the
total length of all sprouts was measured using Image]. A minimum
of two to three vessel segments per treatment per genotype were
analyzed and averaged.

Human vessel sprouting

Blood vessels from ischemic region of amputated limbs were col-
lected, cut into 1- to 2-mm rings, then transferred to Matrigel-
coated wells, and overlayed with additional Matrigel. Segments
were incubated in MCDB 131 medium (Gibco) containing 5%
FBS, hydrocortisone, epidermal growth factor, L-glutamine, and
penicillin/streptomycin, with Conatumumab (500 ng/ml; obtained
from Amgen, master agreement number 2013583585) or control
IgG. Medium containing antibodies was replaced every 2 to 3 days.
Images were captured using an Olympus IX71 microscope at day
7. Sprouting area was outlined, and sprout area was quantified
and normalized to the vessel area using Image]. A minimum of
two to three vessel segments per treatment per patient were ana-
lyzed and averaged.

Statistics

Results expressed as means + SEM. Statistical comparisons were
made using Students ¢ tests, Mann-Whitney U test, one- or two-way
analysis of variance (ANOVA), with Bonferroni’s or Sidak’s multiple
comparisons posttest, where appropriate. Outliers were identified
and excluded. Unless indicated, GraphPad Prism version 10.01 was
used. P < 0.05 was considered significant.
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