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SUMMARY

Attenuating pathological angiogenesis in diseases characterized by neovascularization such as diabetic retinopathy has transformed standards of care. Yet little is known about the molecular signatures discriminating
physiological blood vessels from their diseased counterparts, leading to off-target effects of therapy. We
demonstrate that in contrast to healthy blood vessels, pathological vessels engage pathways of cellular
senescence. Senescent (p16INK4A-expressing) cells accumulate in retinas of patients with diabetic retinopathy and during peak destructive neovascularization in a mouse model of retinopathy. Using either genetic
approaches that clear p16INK4A-expressing cells or small molecule inhibitors of the anti-apoptotic protein
BCL-xL, we show that senolysis suppresses pathological angiogenesis. Single-cell analysis revealed that
subsets of endothelial cells with senescence signatures and expressing Col1a1 are no longer detected in
BCL-xL-inhibitor-treated retinas, yielding a retina conducive to physiological vascular repair. These findings
provide mechanistic evidence supporting the development of BCL-xL inhibitors as potential treatments for
neovascular retinal disease.
INTRODUCTION
The eye and the retina have evolved as critical components of
the fight or flight response and hence are allotted elevated metabolic supply, provided by retinal and choroidal vascular plexuses
(Ames, 1992; Ames and Li, 1992; Ames et al., 1992; Anderson
and Saltzman, 1964; Niven and Laughlin, 2008; Wong-Riley,
2010). In the most common causes of loss of sight in industrialized countries, these networks of blood vessels break down and
provoke tissue ischemia, leading to compromised processing of
visual inputs. These causes include retinopathy of prematurity
(ROP) in pediatric populations (Hartnett and Penn, 2012; Hellström et al., 2013; Sapieha et al., 2010), diabetic retinopathy
(DR) in working age populations (Ding and Wong, 2012; Duh
et al., 2017; Kempen et al., 2004; Lee et al., 2015), and agerelated macular degeneration (AMD) in the elderly (Apte, 2020;
Li et al., 2020; Wong et al., 2014). A common consequence of
inadequate metabolic supply in these diseases is a secondary
phase of disorganized angiogenesis that can ultimately result

in a fibrotic scar and retinal detachment (Antonetti et al., 2012;
Duh et al., 2017; Hartnett and Penn, 2012; Hellström et al., 2013).
Current standards of care for retinal vasculopathies are effective but carry significant risk. Laser photocoagulation therapies
ablate ischemic retinal tissue that produces the angiogenic and
inflammatory factors at the center of disease but provoke scotomas as they burn and destroy the neuroretina (Little, 1985).
Anti-VEGF therapies require regular injections directly into the
vitreous of the eye and expose patients to potential infections
and endophthalmitis (Fintak et al., 2008). Moreover, VEGF
neutralization can accelerate atrophy of photoreceptors in
certain patients (Grunwald et al., 2014, 2015). Hence, the consequences to the neural retina of protracted use of anti-VEGF therapies is of concern for diseases with an earlier onset such as
proliferative diabetic retinopathy (PDR) because patients
commence treatment in early to middle age and continue
throughout life.
A common limitation of current therapies arises from the premise that all de novo vascularization is detrimental to the retina.
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This line of thought fails to recognize that some types of neoangiogenesis are reparative as they regenerate functional vessels into ischemic tissue and thus alleviate the ischemic stress
that is central to disease progression (Binet et al., 2013; Connor
et al., 2007; Fukushima et al., 2011; Joyal et al., 2011; Oubaha
et al., 2016; Ritter et al., 2006). Therefore, discerning the molecular discrepancies between healthy and diseased blood vessels
should allow for targeted treatments that selectively eliminate
pathological vasculature while sparing vessels essential for
physiological tissue function.
In this study, we sought to identify druggable cellular pathways
that selectively target pathological blood vessels in ischemic retinopathy. We provide evidence that cells of diseased vessels
(e.g., endothelial cells and pericytes) trigger signaling pathways
shared with aging and cellular damage, culminating in cellular
senescence (Campisi and d’Adda di Fagagna, 2007; Childs
et al., 2015; He and Sharpless, 2017; van Deursen, 2014). We
demonstrate that cells expressing the cell-cycle inhibitory protein
p16INK4A accumulate in retinas of patients with PDR, and elimination of these cells in mouse models ameliorates retinopathy. Using unbiased single-cell and bulk transcriptomic analyses as well
as complementary approaches, we show that as they form, pathological blood vessels engage classical effectors of cellular
senescence and B cell lymphoma-2 (BCL-2) family members.
Several BCL-2 family members (e.g., BCL-2, BCL-xL) are antiapoptotic proteins that interact with pro-apoptotic activators
and effectors such as BIM and BAX to prevent the initiation of
apoptosis and promote cell survival (Singh et al., 2019). Ultimately, we identified a potent BCL-xL small molecule inhibitor,
UBX1967, that with a single dose, selectively engages intrinsic
apoptotic pathways and prevents pathological angiogenesis
while promoting physiological vascular repair in retinopathy.
RESULTS
The peak of pathological neovascularization in
retinopathy coincides with peak cellular senescence
burden
In order to gain insight into the processes at play during the formation of pathological neovascularization in ischemic retinopa-

thies, we first performed transcriptomic analyses of retinas
throughout the course of disease in a mouse model of oxygeninduced retinopathy (OIR) (Smith et al., 1994). The OIR model
serves as a proxy for human proliferative retinopathies such as
PDR and ROP (Figure 1A). Analysis of bulk RNA sequencing
(RNA-seq) of retinas was performed at 3 distinct time points,
P14 (formation of pathological neovascularization; Figure 1B),
P17 (maximal pathological neovascularization; Figure 1C), and
P30 (retina with regenerated vessels; Figure 1D). Variations in
gene expression were identified through comparison to agematched normoxic controls. Throughout the course of disease,
the greatest variation in the number of genes regulated was
observed at P17 during peak neovascularization when
compared with either P14 or P30 (126, 776, and 119 genes upregulated R 2-fold, p < 0.005 at P14, P17, and P30, respectively.
21, 76, and 28 genes downregulated R 2-fold, p < 0.005 at P14,
P17, and P30, respectively).
Compared with normoxia, gene set enrichment analysis
(GSEA) of transcriptomic data at peak neovascularization (OIR
at P17) revealed a robust positive correlation in genes associated with cellular senescence (Fridman_Senescence_UP,
normalized enrichment score [NES] = 2.1, false discovery rate
[FDRq] = 0.0; Global_Senescence_Literature_Curated_2020,
NES = 2.04, FDRq = 0.0) (Figures 1E and 1F). Enrichment in
both senescence-associated gene sets was also observed at
P14 (Figures S1A and S1B) as we have previously demonstrated
(Oubaha et al., 2016). Importantly, at P30, once pathological vessels have regressed, levels of transcripts associated with senescence decreased (Figures 1G and 1H).
The dynamics of induction and resolution of cellular senescence were further supported by time course analysis of senescence-associated gene transcripts and proteins throughout
progression of disease (P12–P17) and following regression of
pathological angiogenesis (from P17 onward). Real-time qPCR
for cyclin-dependent kinase inhibitors Cdkn2a(Ink4a) and
Cdkn1a (Figures 1I and 1J), and SASP-related transcripts Serpine1, Vegfa (Figures 1K and 1L), and Tgfb1 (Figure S1C), revealed concomitant peaks of cellular senescence and maximal
pathological angiogenesis. Similarly, western blot analysis for
the p16INK4a (product of the Cdkn2a(Ink4a) gene), a biomarker

Figure 1. Senescent cells accumulate in the retina during peak pathological neovascularization in a mouse model of ischemic retinopathy
(A) Schematic representation of the mouse model of OIR and the distinct phases of the pathological vascularization. IB4, isolectin-B4.
(B–D) Heatmaps from bulk RNA-seq with ranked enriched genes with corresponding volcano plots for changes in transcript expression in OIR retina compared
with normoxic controls at either (B) P14 (N = 2), (C) P17 (N = 3), or (D) P30 (N = 3). Up, significantly upregulated genes; Down, significantly downregulated genes;
NS, not significant.
(E–H) GSEA analysis of normoxic (N = 3) compared with OIR (N = 3) for bulk RNA-seq at either P17 or P30 with (E and G) Fridman_Senescence_UP or (F and H)
Global_Senescence_Literature_Curated_2020 gene sets. Heatmap represents the top 10 hit enriched genes. Nor, normoxia; NES, normalized enriched score;
FDR, false discovery rate.
(I–L) Bar charts of qRT-PCR for senescence-related genes (I) Cdkna2(Ink4a), (J) Cdkna1, (K) Serpine1, or (L) Vegfa throughout the progression of OIR. Data are
presented as fold change compared with P12 normoxic retinas (N = 4 to 16 depending on the group). Statistics were calculated comparing OIR versus normoxia
for each given time point.
(M and N) Representative immunoblots showing a time-dependent pattern for the Cdkna2 product, (M) p16INK4a, or the Serpine1 product, (N) PAI1, during the
progression of OIR. NOR, normoxia. OIR samples (N = 3 per time point) compared with normoxic controls (N = 3 per time point). b-actin serves as loading control.
(O and P) Representative OIR retinal flat-mounts showing b-gal activity throughout OIR and normoxic control retinas (N = 6–11 per group and time point). Panels
to the right show a time course of SA-b-Gal in sagittal sections.
(Q and R) scRNA-seq UMAP and GSVA enrichment score (increasing from green to red) for the senescence-associated gene sets (Q) Fridman_Senescence_UP
and (R) Global_Senescence_Literature_Curated_2020 at P17 of OIR (N = 2 OIR retina, N = 3 normoxic retina). Bar charts represent the frequency of positive cells
€ller glia showing highest frequency of senescent cells.
in each retinal cell type based on GSVA score with endothelial cells, pericytes, astrocytes, and Mu
(S) Schematic representation of the retina, highlighting candidate senescent cell during OIR.
*p < 0.05; **p < 0.01; ****p < 0.0001, one-way ANOVA (I–L). Error bars indicate SEM.
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of cellular senescence, and the SASP-related protein PAI1 (product of the Serpine1 gene), peaked toward P17 at maximal
pathological neovascularization when compared with normoxia
(Figures 1M and 1N). Across orthogonal approaches, we
observed a progressive increase in markers of cellular senescence, culminating at P17 as neovascularization was highest,
followed by a return to control levels.
Patterns of cellular senescence in OIR were further confirmed
by senescence-associated b-galactosidase (SA-b-Gal) assays
where highest activity was similarly observed during peak
destructive neovascularization from P14 to P17 (Figures 1O,
1P, and S1D). SA-b-Gal signal was primarily localized to the inner
retina where new vessels form and appeared as early as P12
upon exit from hyperoxia. Control animals did not show positive
signal in the tissue at similar time points. Collectively, these data
suggest that pathways of cellular senescence peak with pathological neovascularization and are prominent in cells of the
vascular unit.
To identify cellular populations that become senescent in retinopathy, we heightened resolution by performing droplet-based
single-cell RNA sequencing (Drop-seq) (Macosko et al., 2015) of
retinas during OIR at P17. Principal component analysis (PCA)
and uniform manifold approximation and projection (UMAP) for
dimension reduction allowed clustering of retinal cell types
with similar transcriptional profiles, which revealed the typical
cell populations present in the retina such as neurons, glial cells,
and vascular cells (Figure S1E). Gene set variation analysis
(GSVA) on single-cell transcriptomic data revealed that cells
associated with the vascular unit such as astrocytes (91%–
86%), pericytes (79%–65%), endothelial cells (65%–60%),
€ller glia (74%–36%) were enriched in senescenceand Mu
related transcripts (Fridman_Senescence_UP and Global_Senescence_Literature_Curated_2020) compared with other cell
types (Figures 1Q–1S; Table S1).
Senescent cells accumulate in retinas of patients with
proliferative diabetic retinopathy
Cellular senescence is characterized by induction of p16INK4A
leading to a stable cell-cycle arrest. In order to determine the
translational merit of investigating cellular senescence in retinopathy, we next evaluated the presence of senescent cells in
retinas from post-mortem globes of patients with diagnosed
PDR. Consistent with the data obtained in the OIR model, we
observed a significant >2.2-fold rise in cells expressing
p16INK4A in retinas from patients with PDR (65.8 ± 7.7 years)
when compared with age-matched non-diabetic control
(71.6 ± 19.2 years) retinas (Figures 2A and 2B; Table S2).
Expression of p16INK4A was largely confined to the outer ganglion cell layer (consistent with blood vessels) and cells of the
retinal pigment epithelium.
Clearance of p16INK4a-positive cells in retinopathy
reduces pathological neovascularization while
enhancing vascular repair
Given single-cell sequencing data suggesting that the vascular
unit enters a senescent state during peak neovascularization,
we sought to determine the therapeutic potential of eliminating
senescent cells in the retina. We first proceeded to ablate
p16INK4A-positive cells using INK-ATTAC mice (Baker et al.,
4 Cell Metabolism 33, 1–15, April 6, 2021

2011). These mice contain a transgene coding for a membrane-bound myristoylated FK506-binding protein–caspase-8
(FKBP–Casp8) fusion protein under the control of a promoter
fragment from the Cdkn2a(Ink4a) gene. Administration of a synthetic drug, AP20187, induces dimerization and activation of
caspase-8 and ultimately apoptosis in p16INK4A-expressing cells
(Figure 2C). A single intravitreal injection of AP20187 at P12 of
OIR (Figure 2D) led to >1.8-fold decrease in pathological neovascularization observed at P17 (Figure 2E). Interestingly, we
observed a concomitant >1.5-fold decrease in avascular areas,
suggesting that ablation of senescent retinal cells in OIR
rendered the retina more permissive for vascular repair (Figure 2F). Intravitreal administration of AP20187 to wild-type
C57BL/6J mice did not influence neovascularization nor vascular
regeneration (Figures 2G and 2H), attesting to the specificity of
this approach. Collectively, these data provide a rationale for
therapeutic targeting of senescent cells in retinopathy.
Pharmacological inhibition of BCL-xL induces apoptosis
in senescent endothelial cells
Considering the importance of the BCL-2 family of proteins to
cell survival and senolysis (Zhu et al., 2016), we pursued small
molecule inhibitors of this pathway for the potential of therapeutic modulation of senescence in the retina (Figure 3A). Given that
targeted inhibition of BCL-2 does not efficiently eliminate senescent cells (Table S3), we characterized expression of the BCL-2
family member BCL-xL at P12 by means of immunofluorescence
and observed expression primarily in IB4-positive immune cells
in both OIR and normoxic controls and subsets of sprouting vessels in OIR (Figures 3B, S2A, and S2B). However, during maximal
neovascularization at P17 of OIR, we observed robust BCL-xL
expression associated with pathological vessels (IB4-positive
endothelial cells and NG2-positive cells), while expression was
minimal in normoxic retinas (Figures 3C, 3D, and S2B–S2D). To
test the merit of BCL-xL as a therapeutic target for pathological
neovascularization, we conducted a lead discovery program that
identified a small molecule inhibitor of BCL-xL, UBX1967 (Bai
et al., 2014; Ye et al., 2015) as a putative drug candidate (Figure 3E). In vitro, UBX1967 prevented the formation of the antiapoptotic protein complexes through binding of BCL-xL and
BCL-2 in biochemical competition binding assays, with inhibitory
affinities (pKi values) greater than pKi = 9.6 (Table 1). Cellular potency was assessed in the MCF-7 human breast cancer cell line.
After a 3 h incubation with MCF-7 cells, UBX1967 demonstrated
potent target engagement (TE) through inhibition of the BCL-xL
and BIM interaction but did not inhibit the association of BCL-2
with BIM (Table 1).
We then used human retinal microvascular endothelial cells
(HRMECs) to confirm the activity of UBX1967 in a disease-relevant primary cell population. We exposed HRMECs to ionizing
radiation (12 Gy) to induce a state of cellular senescence after
7 days in culture. In addition to expression of senescence-associated transcripts (CDKN2A(INK4A) and CDKN1A), several disease-relevant factors (VEGFA, PDGFB, TNF, IL1B, and IL6)
were elevated in senescent HRMECs (Figure S2E), suggesting
the recapitulation of an in vivo phenotype. BCL-xL TE in senescent HRMECs was confirmed for UBX1967 after 2 h incubation,
with potencies similar to those determined in the MCF-7 cell line
(Figure 3F; Table 1).
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Figure 2. Clearance of p16INK4a-positive cells in the retina ameliorates pathological neovascularization
(A) Representative immunostaining of p16INK4a (aqua) on sagittal sections of a human retina with PDR or control retina.
(B) Quantification of 16INK4a-positive cells show a 3-fold increase in retinas with PDR (N = 8) when compared with controls (N = 28).
(C) Schematic representation of the mechanism of action of INK-ATTAC to ablate p16INK4a-expressing cells via administration of AP20187.
(D) Schematic representation of intravitreal administration of AP20187 to P12 pups during OIR.
(E and F) Intravitreal administration of AP20187 to INK-ATTAC mice significantly reduces (E) pathological neovascularization (blue) and reduces (F) avascular
areas (pink) at P17 of OIR (N = 9–11).
(G and H) Intravitreal administration of AP20187 in C57BL/6J served as control and did not affect (G) neovascularization (blue) or (H) avascular areas (pink) (N =
6–8).
(E–H) Bar charts represent the quantification as ratios normalized to vehicle control. Confocal images of IB4-labeling depict representative retinal vasculature after
treatment.
NS, not significant. *p < 0.05; **p < 0.01 compared with either control (B) or vehicle (E–H) using Student’s t test. Error bars indicate SEM.

To understand the functional consequence of BCL-xL inhibition, or mechanism engagement (ME), we monitored a key
step in the initiation of apoptosis, activation of caspase-3 and
caspase-7. Incubation of a pro-luminescent caspase-3/7 substrate and stabilized luciferase with cell lysate results in a signal
indicative of caspase activity. Following a 2 h incubation of
UBX1967 with senescent HRMECs, we observed a concentration-dependent increase in caspase activity, which resulted in
potencies consistent with BCL-xL TE (Figure 3G; Table 1).
Importantly, induction of apoptosis led to elimination of senescent cells after 72 h of incubation with UBX1967. This observed

senolysis yielded potencies for senescent cells that were greater
than those measured in non-senescent HRMECs (Figure 3H; Table 1).
UBX1967 induces apoptosis in the ischemic retina
through inhibition of BCL-xL
To provide evidence of TE by BCL-xL inhibitors in vivo, we
measured BCL-xL:BIM complexes in the adult mouse retina
6 h after a single intravitreal administration of ascending doses
(2–600 pmol/eye) of UBX1967 (inhibition of 20%–76%) (Figure 3I). While there was consistency between cellular TE and
Cell Metabolism 33, 1–15, April 6, 2021 5
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Figure 3. Initiation of apoptosis by UBX1967 in the mouse retina requires the presence of senescent cells
(A) Schematic depiction of the interaction of UBX inhibitors with BCL-xL, resulting in induction of apoptosis. Inhibitors of the BCL-2 family induce an apoptoticsignaling cascade by disrupting these complexes, releasing cytochrome c from the mitochondria, which leads to activation of caspase enzymes through intrinsic
pathways and ultimately cell death.
(legend continued on next page)
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Table 1. UBX1967 is a BCL-xL inhibitor that promotes apoptosis in senescent cells
MCF-7 TE
(pIC50)
(±SD, N)

Biochemical (pKi) (±SD, N)

UBX1967

HRMEC TE (pIC50)/ME (pEC50)
(95% CI)

HRMEC SnC (pEC50) (±SD, N)

BCL-xL

BCL-2

BCLxL

BCL-2

BCL-xL

Caspase activation

ATP content

9.6

10.2

7.7

<6

7.9

7.6

7.0

(±0.3, N = 4)

(±0.4, N = 3)

(±0.5,
N = 6)

(N = 6)

(7.2, 8.8)

(7.2, 7.9)

(±0.4, N = 23)

ME in a homogeneous population of senescent HRMECs in vitro,
BCL-xL TE was not associated with initiation of apoptosis in
normal healthy retinas, as we did not observe activation of caspase-3 and caspase-7 across the range of doses of UBX1967
(Figure 3J).
To determine the effect of UBX1967 in a disease context, we
next characterized TE and ME in the OIR model of a diseased
retina. Consistent with our in vitro and normal healthy retina
data, TE in the OIR retina or in normoxic controls showed a
potent, dose-dependent inhibition of the BCL-xL:BIM interaction
24 h following injection of UBX1967 (1–100 pmol; inh range:
26%–77%: Figure 3K). Importantly, we only observed caspase-3/7 activity in OIR retinas, but not in normoxic controls (Figure 3L). Together, these data suggest that initiation of apoptosis
through inhibition of BCL-xL requires the presence of vulnerable,
senescent cells, and that apoptosis does not occur with BCL-xL
TE in a healthy retina.
To support further characterization of BCL-xL inhibition in the
OIR model, we next measured the TE (Figure S2F) and ME (Figure S2G) responses over time. Retinas were harvested between
3 and 72 h post-dose with UBX1967, as this range would cover
early time points when the senescent cell burden is initially
elevated and spans the majority of the time between molecule injection and the peak of vascular changes in the model. Significant BCL-xL inhibition (TE) was observed at 6, 24, 48, and 72 h
(70% at peak [48 h] range: 8%–70%) after intravitreal delivery

of 10 pmol UBX1967 in OIR (Figure S2F). Given that caspase
activation (ME) was only detected at 6 and 24 h post-injection
(Figure S2G), these data suggest either early acute apoptosis
and elimination of senescent cells by 24 h or lack of sensitivity
for caspase activity in a small number of senescent cells remaining after 24 h.
UBX1967 selectively eliminates an endothelial cell
subpopulation in a model of retinopathy
To identify and characterize retinal cell populations influenced by
BCL-xL inhibition, we performed single-cell RNA-seq (scRNAseq) (10x Genomics platform) from retinas harvested at P15 of
OIR under two conditions (injected at P12 with either vehicle or
UBX1967 [20 pmol]). Both conditions were analyzed independently to generate condition-specific UMAP plots using the
Seurat workflow (Hafemeister and Satija, 2019; Stuart et al.,
2019), where a total of 28 clusters were identified in the vehicle
group and 30 clusters in the UBX1967-treated group (Figure 4A).
To compare the OIR-specific retinal cell type clusters against
the UBX1967-treated clusters, the gene markers from each
cluster were matched across samples and grouped (Circos
plot linkage and hierarchical clustering) based on a minimum of
10% overlap between condition-specific cluster markers based
on the presence or absence of that marker (Gao et al., 2019) (Figures 4A and 4B; Table S4). Using this approach, several clusters
from within the conditions were also matched if there were

(B) Representative confocal images of retinas at P12 normoxia and P12 OIR projected in 3D (above) and lateral view (below). Immunofluorescence for BCL-xL
(green) is present in IB4-positive immune cells in both normoxia and OIR groups. Micrographs indicate detail of blood vessel and detail of immune cell.
(C) Representative confocal images of retinal sagittal sections at P17 show that BCL-xL is highly expressed in OIR on neovascular tufts (co-localized with IB4positive and NG2-positive) and barely detectable in normoxia. Nuclei were counterstained with DAPI. GCL, ganglion cell layer; INL, inner nuclear layer; ONL, outer
nuclear layer.
(D) Representative confocal images of flatmounted retinas at P17 normoxia and P17 OIR projected in 3D (above) and lateral view (below). Immunofluorescence for
BCL-xL (green) is scarce in normoxia (right) whereas robustly expressed and co-localized with endothelial cells (red) and pericytes (white) in pathological neovascularization (merge) in OIR (left). Insets show high magnifications of blood vessel. GCL, ganglion cell layer; IPL, inner plexiform layer.
(E) Chemical structures of UBX1967.
(F) Concentration-dependent decrease in BCL-xL:BIM complexes detected 2 h post-incubation of UBX1967 with senescent HRMECs. Data expressed as
fraction BCL-xL:BIM normalized to controls (UBX1967 pIC50 = 7.9).
(G) Concentration-response of caspase-3/7 activation, 2 h post-incubation of UBX1967 with senescent HRMECs. Data expressed as fold change over DMSO
control (UBX1967 pEC50 = 7.6).
(H) Concentration-dependent decrease of cell viability in the presence of UBX1967 after 72 h of incubation with senescent (closed circles) or non-senescent (open
circles) HRMECs.
(I) Dose-response curve for UBX1967 TE of BCL-xL in the adult mouse retina 6 h after intravitreal injection, expressed as % BCL-xL:BIM complexes compared
with vehicle-injected mice (UBX1967 ID50 = 80 pmol; N = 5).
(J) Retinal caspase activation 6 h after intravitreal injection of UBX1967 in the adult mouse, expressed as fold change relative to vehicle-injected animals (N = 3–5).
(K) BCL-xL retinal TE at P13 after intravitreal injection at P12 of UBX1967 in normoxic or OIR mice. Data expressed as % BCL-xL:BIM complexes compared with
vehicle-injected mice (N = 5–9 per group).
(L) Caspase-3/7 activity in the retina on P13 after intravitreal injection at P12 of UBX1967 in normoxic or OIR mice (N = 5–9 per group). Data expressed as fold
change relative to vehicle-injected animals.
**p < 0.01; ***p < 0.001; ****p < 0.0001 using one-way ANOVA (K and L). Error bars indicate SEM.
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shared markers to form a larger common group (vehicle clusters
€ller cells; clusters 11 and 5: photoreceptors;
6 and 7: Mu
UBX1967-treated clusters 1 and cluster 10: photoreceptors).
Overall, we detected 24 pairs of clusters formed between the
vehicle group and UBX1967-treated group, which includes
retinal ganglion cells (RGCs) in vehicle (cluster 25) and corresponding RGC in UBX1967-treated (cluster 27) based on the
presence of markers such as Calb2, Sncg, and Stmn2 (Tables
S4 and S5). There were also clusters unique to each group
(vehicle clusters 21 and 27; UBX1967-treated clusters 9, 23,
24, 28, and 29) (Table S5).
We focused on cell populations most impacted by UBX1967
through identification of cell clusters present in the vehicle group
yet without a match in the UBX1967-treated group (21 and 27).
One of these two distinct clusters (cluster 27; 14 cells; 0.3% of
total cells) represents red blood cells that are presumed to be
a minor contaminant from the single-cell sample preparation. Hierarchical clustering across both conditions (Figure 4B) revealed
heterogeneity among the endothelial cell population (Cldn5-positive) from the vehicle-treated group, with a larger cluster 1 (450
cells; 8.7% of total cells; Figure S3A) along with the vehicle-specific cluster 21 (70 cells; 1.3% of total cells; Figure S3B). In the
UBX1967-treated group, we found a single cluster of endothelial
cells (cluster 0; 447 cells; 9.7% of total cells), which paired with
the larger endothelial cluster 1 in the vehicle-treated group. An
independent normoxic control dataset of the retina at P14 did
not show heterogeneity among endothelial cells (cluster 33,
Figure S3C).
In order to determine which cell clusters had characteristics of
senescence, we calculated a supervised module ‘‘senescence
score’’ for each cell using the Fridman_Senescence_UP and
Global_Senescence_Literature_Curated_2020 signatures (Tirosh et al., 2016). We found that among the clusters from both
vehicle and UBX1967-treated groups, cluster 21 (the OIR

vehicle-specific endothelial cell cluster) was the most enriched
for both senescence signatures (Figures 4C, 4D, S3D, and S3E).
Pathway analysis of the three Cldn5-positive endothelial clusters (21 and 1 in the vehicle-treated group and cluster 0 in the
UBX1967-treated group) shows transcript enrichment and can
infer disease relevance (Figure 4E). Analysis of endothelial-specific pathways indicated cluster 21 as having the strongest
enrichment in ‘‘HIF-1alpha pathologic neovascularization’’
(pAdj = 1.54e6) and ‘‘PDR’’ (pAdj = 1.64e6) relative to the
two other endothelial clusters. Together, these analyses suggest
that cells in cluster 21 not only have a strong senescence signature but are also associated with retina-relevant pathologies.
Through a differentially expressed gene analysis to identify
markers specific to cluster 21 (Table S4), Col1a1, a major
component of type I collagen, was identified as the only marker
that clearly distinguished between cells in cluster 21 and all other
cell types (Figure S3F). Other markers, such as Col4a1 (Figure S3G) and Serpine1 (Figure S3H) were also enriched in this
population. Real-time qPCR on whole retinas confirmed that
Col1a1 was upregulated in OIR when compared with normoxia
during the phase of neovascularization (Figure S3I).
Additional single-cell data analysis combining cells from both
conditions (vehicle-treated and UBX1967-treated) into a single
UMAP enabled direct comparison of gene expression between
groups (Figure 4F). All clusters across both groups show significant overlap, albeit by focusing on average gene expression in
Cldn5-positive cells, three differentially expressed genes were
identified (Col1a1, Igfbp5, and Thbs1; Wilcoxon rank-sum; 3
DEGs; FDR < 0.05). Col1a1 showed the greatest difference in
endothelial cells between vehicle and UBX1967 treatment
(FDR = 1.17e5, log2FC = 1.2) (Figure 4F0 ). Importantly, Serpine1
(an OIR-associated SASP marker) was co-expressed with
Col1a1 in the vehicle-treated OIR endothelial cell cluster, but
this trend was not found in UBX1967-treated groups (Figures

Figure 4. UBX1967 selectively depletes a population of endothelial cells associated with retinopathy that expresses Col1a1
(A) Schematic of scRNA-seq analysis involving the comparison of vehicle-treated (orange) and UBX1967-treated (green) sample clusters at P15 of OIR. Clusters
with gene list similarity are depicted with a linkage chord in the Circos plot, where the degree of similarity is shown with decreasing level of transparency. The
width of the black bars represents ratio of cells (%) for each cluster.
(B) Hierarchical clustering dendrograms of OIR P15 vehicle cluster (orange) and UBX1967 (green) (average linkage and Jaccard distance). Similarity score is
indicated in red in each cluster match. Arrowhead points at the endothelial cell clusters.
(C and D) Ridge plots showing the distribution of vehicle-treated cells in the retina at P15 of OIR from each cluster based on a supervised cell module score for the
distinct senescence signatures (C) Fridman_Senescence_UP and (D) Global_Senescence_Literature_Curated_2020. Arrowhead indicates the cluster of cells
with the highest senescence score.
(E) Elsevier pathway collection analysis (Enrichr) of endothelial cell-specific pathways for each Cldn5-positive endothelial cell cluster in P15 OIR vehicle and
UBX1967-treated retina.
(F) UMAP plot of all re-clustered cells colored by OIR P15 retina vehicle (orange) and OIR P15 retina treated with UBX1967 (green) samples. Insert corresponds to
the endothelial cell clusters (Cldn5-positive). Arrowhead points to a specific endothelial cell cluster found only in the vehicle group.
(F0 ) Scatterplot showing average gene expression correlation between vehicle and UBX1967 in Cldn5-positive endothelial cells, where Col1a1 is highlighted as it
is only found in the vehicle.
(G) Co-localization of Serpine1 with Col1a1 in the endothelial cell lineage clusters. Col1a1 (red) and Serpine1 (green) cells shown across all cells. Cells are split by
vehicle and UBX1967 samples on UMAP plots. Expression of both genes in a single cell is depicted as yellow and marked by red arrowhead.
(H) Representative confocal images of retinas at P17 normoxia or OIR projected in 3D with individual staining for IB4 (endothelial cells), NG2 (pericytes), and COL1
(diseased endothelial cells).
(I) Representative human retina sagittal section from a patient with PDR compared with age-matched control stained for COL1 (red) and PAI1 (white) in the
fibrovascular membrane. GCL, ganglion cell layer; INL, inner nuclear layer; ONL, outer nuclear layer. Nuclei were counterstained with DAPI.
(J) Ridge plot representing the senescence score based on HRMEC (primary human retinal microvasculature endothelial cells) senescence signature from bulk
RNA-seq in the OIR P15 vehicle and UBX1967-treated retina single-cell sequencing data. Arrowhead indicates the cluster of cells with the highest senescence score.
(K) Heatmap represents the bulk RNA-seq expression of the top 25 marker genes identified from cluster 21 endothelial cells (OIR P15 vehicle samples) across
senescent (irradiated) and non-senescent HRMEC cells. Ctrl, control non-senescent cells; SnC, senescent cells.
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Figure 5. Therapeutic senolysis with UBX1967 ameliorates ischemic retinopathy
(A) Schematic representation of intravitreal administration of compounds at P12 of OIR.
(B) Bar charts of qRT-PCR for Cdkna2 (Ink4a), Cdkna1, Serpine1, Vegfa, and Tnf in retina lysates at P17 of OIR after treatment with UBX1967. Values were
calculated as mean of means for each independent experiment compared with vehicle (N = 8). Veh, vehicle; NS, not significant.

(legend continued on next page)
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4G, S3J, and S3K). Expression of COL1 protein was confirmed in
pathological neovascularization at P17 OIR whereas it was
largely absent from normoxic controls (Figure 4H). Furthermore,
COL1 co-localized with PAI1 in the fibrovascular membrane in
human sagittal sections from patients with PDR but was absent
from healthy control patients (Figure 4I). Collectively, these observations indicate that UBX1967 targets a population of senescent endothelial cells that are not present in the healthy retina.
Given that scRNA-seq data were obtained from the mouse
model of OIR, we wanted to ascertain relevance to human
biology. We profiled senescent and non-senescent HRMECs to
obtain a human-derived transcriptional signature of senescence
that is specific to retinal microvascular endothelial cells. We obtained 2,332 DEGs (log2FC S 1; FDR < 0.05), where 1,106 genes
were upregulated in senescent HRMECs (Table S6). Using the senescent HRMEC profile, we confirmed that cluster 21 in the murine OIR model harbors a transcriptomic signature orthologous to
senescent human endothelial cells (Figure 4J). Many of the top 25
most enriched genes from cluster 21 in the vehicle were also
found to overlap with senescent HRMEC genes including
Col1a1 and Serpine1 (Figure 4K). Cumulatively, these data
show the presence of a distinct subset of senescent, Col1a1-expressing, retinopathy-associated endothelial cells that are not
detected in endothelial cells from UBX1967-treated retinas.
Therapeutic senolysis with UBX1967 ameliorates
ischemic retinopathy
Given that a senescent vascular unit characterizes pathological
neovascularization in ischemic retinopathies and elimination of
p16INK4A cells in a transgenic mouse ameliorates OIR, we investigated the ability of our development candidate molecule
UBX1967 to improve disease outcome. Intravitreal administration
of UBX1967 was performed at P12 upon exit from hyperoxia and
retinas were analyzed for extent of pre-retinal neovascularization
and vascular regeneration at P17 (Figure 5A). Ascending doses
were selected based on TE data (Figure 3K; Table 1). Administration of UBX1967 (20 pmol) led to a decrease in cellular senescence and SASP-related genes such as Cdkn2a(Ink4a), Cdkn1a,
Serpine1, and Tnf, while Vegfa did not differ at the time point
analyzed, as determined by qRT-PCR (Figure 5B). A single intravitreal injection of UBX1967 robustly suppressed pathological
neovascularization by R2.4-fold in all doses tested for both molecules (Figure 5C). Moreover, UBX1967 significantly enhanced
vascular regeneration (Figure 5D). Attenuation of retinal cellular
senescence by UBX1967 was confirmed through reduction of

SA-b-Gal staining in OIR retinas (Figure 5E) as well as a decrease
in p16INK4A and PAI1 protein expression (Figures 5F and 5G). In
addition to elevated expression of BCL-xL in the OIR retina, we
also observed BCL-2 expression at sites of pathological neovascularization (primarily NG2-positive pericytes) and to a much
lesser extent in normoxic retinas (Figures 5H and S4A).
As cellular TE studies indicated that UBX1967 does not
engage BCL-2 in MCF-7 cells (Table 1), we sought to understand
the potential for BCL-2 TE in the mouse retina. At dose levels that
provide significant BCL-xL engagement, no evidence of TE at
BCL-2 was observed 24 h post-injection in adult retinas (Figure 5I). ABT-263 (navitoclax), a nonspecific inhibitor of both
BCL-2 and BCL-xL, reduced pathological neovascularization
(Figures S4B and S4C) and increased vascular regeneration,
however, to a lesser extent than UBX1967 (Figure S4D). In order
to assess the outcome of BCL-2 inhibition alone in OIR, we
investigated the BH3-mimetic and BCL-2-specific inhibitor
ABT-199 (venetoclax) (Souers et al., 2013). ABT-199 demonstrated selectivity for inhibition of BCL-2 over BCL-xL in the
mouse retina (Figure 5I), as well as in MCF-7 cells, but did not
eliminate senescent HRMECs (Table S3), providing a tool to
explore the impact of BCL-2 inhibition in OIR. Across the dose
range tested (0.3–300 pmol), ABT-199 did not impact vascular
phenotypes (Figures 5J and 5K). Collectively, these data suggest
that therapeutic senolysis through BCL-xL inhibition with
UBX1967 is sufficient to suppress and clear pathological angiogenesis while allowing physiological blood vessels to regenerate
into the ischemic retina. These observations support the rationale for BCL-xL inhibitors as being potentially therapeutic in
vascular eye disease.
DISCUSSION
Therapeutic strategies that target pathological angiogenesis
have shown robust clinical efficacy for diseases associated
with neovascularization such as retinopathies and cancer (Apte
et al., 2019). However, such approaches typically do not distinguish between healthy and unhealthy vessels and hence elicit
off-target side effects. In this study, we demonstrate that in retinopathy, diseased blood vessels are characterized by senescent
cells within the vascular unit and can be restored through therapeutic senolysis. We provide evidence that as pathological preretinal neovascularization forms, cells of the vascular unit rapidly
engage pathways leading to p16INK4A activation and upregulation of pro-survival protein BCL-xL, ultimately culminating in

(C and D) Intravitreal administration of increasing doses of UBX1967 reduced (C) pathological neovascularization and accelerated (D) vascular regeneration as
assessed at P17 of OIR. Bar charts represent ratios normalized to vehicle control (N = 6–9 per group for UBX1967). Confocal micrographs of IB4-labeled retinal
vasculature after treatment. Neovascular area is blue; avascular area is pink.
(E) Intravitreal administration of UBX1967 leads to reduced area of SA-b-Gal staining at P17 of OIR. Bar charts represent the % of SA-b-Gal area (N = 20–21 per
group for UBX1967). Images depict representative SA-b-Gal staining after treatment.
(F and G) Representative immunoblots for retinal levels of (F) p16INK4a and (G) PAI1 at P17 of OIR following intravitreal administration of UBX1967 at P12. b-actin
serves as loading control.
(H) Representative confocal images of retinas at P17 normoxia and P17 OIR projected in 3D (above) and sagittal (below). Immunofluorescence for BCL-2 (green) is
scarce in normoxia (right) whereas robustly expressed and co-localized with endothelial cells (red) and pericytes (white) in the pathological neovascularization
(merge) in OIR (left). Insets show high magnification of blood vessels.
(I) Comparison of retinal TE for either UBX1967 or ABT-199 of BCL-xL or BCL-2 (UBX1967, N = 9–10 per group; ABT-199, N = 3–4 per group).
(J) Intravitreal administration of ascending doses of the BCL-2-specific inhibitor ABT-199 does not affect pathological neovascularization nor vascular regeneration at P17 of OIR. Bar charts represent ratios normalized to vehicle control (N = 9–11 per group). Veh, vehicle; NS, not significant.
*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001 using Student’s t test (B and E) or one-way ANOVA (C, D, and I–K). Error bars indicate SEM.
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cellular senescence. In light of these findings, we show that selective elimination of senescent cells, either through ablation of
p16INK4A-positive cells or small molecule BCL-xL inhibitors,
ameliorates retinopathy. More specifically, a single intravitreal
dose of the BCL-xL inhibitor UBX1967 triggers intrinsic pathways of apoptosis through activation of caspase-3 and caspase-7 within senescent endothelial cells. Notably, single-cell
analysis suggests that Col1a1-expressing endothelial cells are
preferentially lost after UBX1967 administration. Col1a1 can be
associated with pre-fibrotic cells that in humans lead to preretinal fibrovascular membranes in patients with proliferative
DR (Ishikawa et al., 2015). Ultimately, upon treatment with
BCL-xL inhibitors that drive senolysis, vascular units reorganize,
allowing for regrowth of functional blood vessels into the avascular and ischemic retina. These observations suggest that
BCL-xL inhibitors may be of therapeutic value in age-related
eye diseases such as AMD, DR, and DME.
While often associated with organismal aging and age-related
disease, we report that acute and rapidly evolving, age-independent features of disease such as neovascularization also trigger
programs of cellular senescence. These findings contribute to
broadening applications of therapeutic clearance of senescent
cells beyond diseases of aging, a strategy that has been demonstrated to ameliorate multiple age-associated diseases (Baar
et al., 2017; Baker et al., 2011, 2016; Chang et al., 2016; Childs
et al., 2016; Jeon et al., 2017). The translational relevance of
our findings is supported by our data demonstrating accretion
of senescent cells in retinas of patients with DR and our previous
work demonstrating a role for the SASP in promoting pathological angiogenesis in ischemic retinopathy (Oubaha et al., 2016). A
potential benefit of pharmacological senolysis with small molecules in co-morbid chronic conditions characterized by accumulation of senescent cells is collective treatment with a single
molecule. For example, senescent cells have been observed in
several ocular diseases ranging from AMD (Kozlowski, 2012;
Mishima et al., 1999; Sene et al., 2013), glaucoma (Liton et al.,
2005; Skowronska-Krawczyk et al., 2015), and PDR (Oubaha
et al., 2016). As these cells are likely to secrete several pathogenic factors, elimination of the source of the SASP would provide benefit beyond neutralization of any one single factor
(e.g., VEGF). Hence, if the senescent cells that exacerbate
disease share core properties such as upregulation of similar
members of the BCL-2 family, treatment with a given senolytic
molecule that targets this pathway could simultaneously eliminate cells at the source of tissue dysfunction in several independent, age-related diseases that can occur as co-morbidities.
Removal of cells that contribute to disease pathology could
not only halt further disease progression but also contribute to
disease modification through restoration of a healthy tissue environment. In addition, a therapeutic outcome could be achieved
rapidly and potentially provide durability of effect through a single dose when TE is sufficient to trigger apoptosis such as we
observed with UBX1967 in ischemic retinas. This has the potential to result in regimens with less frequent treatment. Limiting the
frequency of treatment is particularly beneficial in ocular diseases given that standards of care call for local injections into
the vitreous which are both costly to health care systems and
expose patients to potential intraocular contamination and
inflammation (Fintak et al., 2008).
12 Cell Metabolism 33, 1–15, April 6, 2021

Current efforts to develop clinically useful senolytic strategies
focus on targeting pathways involved in cellular senescence
such as the p53 pathway, modulating the SASP through NF-kB
and present experimental approaches to reverse or bypass
senescence (reviewed in Paez-Ribes et al., 2019 and van
Deursen, 2019). Pathological pre-retinal blood vessels in retinopathy are leaky and misdirected toward the vitreous (Duh
et al., 2017); hence, we chose an approach that would selectively
ablate dysfunctional neovascularization by inhibiting pro-survival pathways that characterize senescent cells, which led us
to focus on the pro-survival BCL-2 family signaling pathway.
The BCL-2 family encodes over 20 proteins that are both proapoptotic as well as pro-survival and collectively orchestrate
the balance between cell death and survival (Singh et al.,
2019). Our data identify BCL-xL as a selective and sufficient
target for pathological retinal angiogenesis given that UBX1967
did not engage BCL-2, and inhibition of BCL-2 with ABT-199
did not ameliorate retinopathy potentially because it does not
efficiently eliminate senescent cells (Yosef et al., 2016). These
findings narrow the therapeutic target of senolysis for pathological retinal angiogenesis within the BCL-2 family of proteins. They
suggest that less selective BCL-2 family inhibitors such as ABT263 (Navitoclax) or ABT-737 that inhibit BCL-2, BCL-xL, and
BCL-w (Zhu et al., 2016), which are toxic toward platelets and
neutrophils (Cang et al., 2015), are not required.
Cells of the retinal vascular unit initially become senescent in
OIR likely due to DNA damage with effectors such as PML,
gH2AX, and ATM being activated (Okuno et al., 2012; Oubaha
et al., 2016). The SASP can promote angiogenesis (Coppé
et al., 2006) and has been implicated in tissue remodeling (Mosteiro et al., 2016). In later stages, during neovascularization, highly proliferative endothelial cells arrest in pre-retinal tufts and
become senescent through a mechanism resembling oncogene-induced senescence via activation of the RAS pathway (Binet et al., 2020; Westenskow et al., 2013). Removal of senescent
endothelial cells (and possibly immune cells) expressing BCL-xL
or p16INK4A eliminates cells that produce inflammatory cytokines
and drive destructive angiogenesis (Oubaha et al., 2016; Binet
et al., 2020). Importantly, our data at single-cell resolution suggest that targeting of BCL-xL impacts a population of Cldn5-positive endothelial cells enriched in transcripts associated with
retinal vascular disease. These Col1a1-positive cells are consistent with senescent cells mediating fibrosis (Schafer et al., 2017).
Current standards of care for retinal vascular disease target neovascularization and retinal inflammation yet do little to interfere
with the consequences of angiogenesis and wound healing that
lead to fibrosis in later stages of disease (Friedlander, 2007).
Consequently, UBX1967 may offer therapeutic benefit for both
early and late stages of retinal vasculopathies.
In summary, we identify a potential therapeutic approach for
pathological retinal angiogenesis that eliminates senescent cells
central to disease progression and restores tissue homeostasis.
The reliance of senescent endothelial cells on BCL-xL for survival
highlights the therapeutic potential of UBX1967 as it continues to
be developed for the treatment of patients with retinal diseases.
Given the accumulation of senescent cells with age and the corresponding decline of visual acuity, targeted elimination of senescent cells may extend to several ocular diseases and has
the potential for disease modification with intermittent therapy.
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More broadly, our findings have implications for translational
vascular biology beyond retinopathy, as there is mounting evidence for a role of endothelial cellular senescence in tumor
metastasis (Wieland et al., 2017), disruption of blood-brain-barrier function during biological aging (Yamazaki et al., 2016) and in
cardiovascular and metabolic diseases (Katsuumi et al., 2018).
Limitations of study
This study describes a fundamental mechanism engaged during
pathological retinal angiogenesis where p16INK4A and BCL-xL
are activated and ultimately, endothelial cells are rendered senescent. The results presented suggest that selectively targeting
BCL-xL with a small molecule eliminates diseased blood vessels
and hence provide rational for treatment of conditions such as
PDR or other ischemic retinopathies such as ROP. These conclusions were extrapolated from both post-mortem human retinas and using the mouse OIR model. A limitation of the study,
as with most animal models, lies in that the OIR model, while having led to the identification of current standards of care, does not
faultlessly translate to human PDR. In the OIR model, perinatal
mice are used while PDR largely affects a mature population.
Moreover, in OIR, vascular degeneration occurs secondary to
hyperoxia and not hyperglycemia. In this regard, the OIR model
more faithfully represents ROP. Moreover, the OIR model is not
set up to address general toxicity. Nevertheless, in OIR as in PDR
and ROP, the phase of pathological angiogenesis is in part driven
by hypoxia-associated mechanisms. Human samples were obtained from post-mortem retinas with limitations in both control
and PDR patients associated with protein degradation. Findings
in human retinas were, however, verified in mouse retinas.
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Coppé, J.P., Kauser, K., Campisi, J., and Beauséjour, C.M. (2006). Secretion
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RESOURCE AVAILABILITY
Lead Contact
Requests for additional information, reagents or material resources should be addressed to the lead contact, Przemyslaw Sapieha
(mike.sapieha@umontreal.ca).
Materials Availability
There are restrictions to the availability of UBX1967 due to the terms of certain commercial legal agreements with a third party.
Data and Code Availability
The sequencing data discussed in this publication is deposited in NCBI’s Gene Expression Omnibus and will be accessible through
GEO: GSE158799 and GSE150703 (also in Key resources table). Non-published sequencing data is available upon reasonable
request. Code is available upon reasonable request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS
Animal models
All experimental animals were housed at animal facilities throughout the study under 12h cycles of light-darkness and had free access
to regular chow and water. C57Bl/6J mice were bred in house. CD1 lactating females were purchased from Charles River (Kingston,
ON, Canada). INK-ATTAC transgenic mice were described previously (Baker et al., 2011), have C57Bl/6J background, and were provided by UNITY Biotechnology. In this study, mice were sacrificed from postnatal day (P) 12 to P60, independently of their sex. Animals were never alone in the cage, and a veterinarian checked on them regularly.
All animal studies were performed in compliance with the Association for Research in Vision and Ophthalmology Statement for the
Use of Animals in Ophthalmic and Vision Research and were approved by the Animal Care Committee of the University of Montreal in
agreement with the guidelines established by the Canadian Council on Animal Care. Animal studies conducted at UNITY Biotechnology were approved the Institutional Animal Care and Use Committee.
Oxygen-induced retinopathy (OIR)
Oxygen-induced retinopathy (OIR) was carried out as described previously (Miloudi et al., 2014). In brief, mouse pups (C57Bl/6J or
INK-ATTAC, both males and females) and their corresponding fostering mothers (CD1 female) were exposed to 75% O2 from P7 to
P12 and returned to room air afterwards. This model resembles aggressive neovascular features as in human ocular neovascular
diseases such as proliferative DR (Smith et al., 1994; Stahl et al., 2010). Upon return to room air, hypoxia-driven epi-retinal neovascularization develops from P14 onward (Stahl et al., 2009).
Human retinal studies
Post-mortem whole globes from PDR patients (N=11) and normal (N=31) donors were prospectively acquired through various tissue
banks. Diabetes diagnosis was confirmed using patient history. Following enucleation, globes were fixed in modified Davidson’s fixative, processed, embedded in paraffin, and cut to generate 4mm sagittal sections. Human p16INK4A was detected and visualized using
Roche (Basel, CH) CINTec and a diethylaminocoumarin DCC fluorochrome assay on a Roche Ventana Discovery Platform. After full
slide scanning using a Zeiss Axioscan microscope (Zeiss, Oberkochen, Germany), the number of p16INK4a-positive cells was quantified using Visiopharm image analysis software (Visiopharm, Hoersholm, Denmark), and total cells were quantified from total DAPIstained nuclei. Sample information regarding age, sex and disease are indicated in Table S2.
Presence of COL1A and PAI1 was performed on deparaffinized sections after subjecting them to citrate buffer retrieval (pH=6).
Antibodies (Table S8) were incubated in a solution containing 3% BSA overnight and signal was detected using species-appropriate
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flurochrome-conjugated secondary antibodies. Samples were visualized using a Olympus FV1000 (Olympus Canada, Richmond Hill,
ON, Canada) laser scanning confocal microscope.
All providers represent and warrant that they have obtained the appropriate consent or authorization forms regarding the use and
distribution of the material for research from the donor or authorizing party, in accordance with all applicable state and federal laws
and regulations prior to recovery and distribution.
Ablation of p16INK4a-expressing cells
Transgenic INK-ATTAC mice harbor the transgene FKBP-Casp8 that activates with the promotor p16INK4a. The synthetic drug
AP20187 allows the dimerization of FKBP, which leads to caspase-8 activation and subsequently, apoptosis specifically in
p16INK4a-expressing cells.
Pups were injected at P12 with either 1ml of B/B Homodimerizer (AP20187; Clontech, Mountain View, CA, USA) or 1ml of vehicle
control. AP20187 was diluted according to manufacturer instructions to a concentration of 1ng/ml. Animals were evaluated at
different time-points depending on the experiment.
Human retinal microvascular endothelial and MCF-7 cells
Primary human retinal microvascular endothelial cells (HRMEC) were purchased from either Cell Systems (Kirkland, WA) or Neuromics (Edina, MN) and maintained to a population doubling level of <10. HRMEC from Cell Systems were cultured in Vascular Basal
Media (ATCC, Manassas, VA, USA) supplemented with Endothelial Growth Kit (ATCC, Manassas, VA) and HRMEC from Neuromics
were cultured in ENDO-Growth Media supplemented with the provided Kit. Cells were maintained in a humidified incubator at 37  C
with 5 %CO2.
MCF-7 cells (ATCC) were cultured in Eagle’s Minimum Essential Medium (ATCC) supplemented with human recombinant insulin
(0.01 mg/ml; Thermo Fisher, Waltham, MA, USA), 10% FBS (VWR Life Science, Radnor, PA, USA), and penicillin-streptomycin (1X;
Thermo Fisher, Waltham, MA, USA). Cells were maintained at 70% confluency in a humidified incubator at 37 C with 5% CO2.
Intravitreal injections of senolytic drugs
UBX1967 was synthesized by UNITY or a partner organization (Ascentage Pharma, Suzhou, China). Formulation development was
conducted by UNITY. We investigated the mechanism of action of the experimental BCL-2 family inhibitor UBX1967 (UNITY Biotechnology, South San Francisco, CA, USA), in interventional studies using C57Bl/6J mice. Pups were injected intravitreally at P12 using a
Hamilton syringe (10ml) with a glass capillary coupled onto it, or using a WPI syringe attached to a 34G beveled needle for TE/ME
measurements. Each treated pup had both eyes injected with either 1ml of UBX1967, 1ml of ABT-199 (BCL-2 specific inhibitor) or
1ml of appropriate vehicle control. Vehicle formulation was 1% DMSO, 1% PS-80, 20% PEG-400 or 2.5% PS-80 (in PBS) for administration of UBX1967; or 2.5% PS-80 (in PBS) for ABT-199. Animals were evaluated at different time-points depending on the
experiment.
METHOD DETAILS
RNA-Seq sample preparation and sequencing from mouse retina
RNA was obtained from one retina using the RNeasy Mini Kit (Qiagen) and the mRNA was purified from 1mg of total RNA using the
Dynabeads mRNA DIRECT Micro Kit (Thermo Fisher Scientific). Whole-transcriptome libraries were prepared using the Ion Total
RNA-seq Kit v2 Kit (Thermo Fisher Scientific). The yield and size distribution of the amplified libraries were assessed with the Agilent
Bioanalyzer using the DNA 1000 Kit. Sequencing was performed on an Ion Proton instrument (Ion Torrent, Thermo Fisher Scientific).
cDNA library construction and sequencing from mouse retina
Analysis was performed using the Torrent Suite software v5.4.0 (Thermo Fisher Scientific) and the RNASeqAnalysis plugins (Thermo
Fisher Scientific). The RNASeqAnalysis plugins align reads on mouse reference genome (mm10) using STAR, and then unmapped
reads are aligned using Bowtie2 and merged together. Gene level expression is calculated using HTSeq and Picard to report raw
read counts and FPKM (fragment per kilobase of transcript per million).
Droplet-based single cell RNA sequencing (Drop-seq)
Following the cell preparation protocol described by Macosko and colleagues, single-cell suspensions were obtained from P17 normoxic and OIR C57B6J mouse retinas through successive steps (digestion using papain solution, trituration and filtration) to obtain a
final concentration of 120 cells/ml. While first replicates (N=1 normoxia and N=2 OIR) were generated from whole retina cell-suspensions, following replicates (N=1 normoxia and N=1 OIR) were subjected to a rod depletion based on CD73 negative selection
using magnetic bead-coupled antibodies (Peng et al., 2019). Droplet generation and cDNA libraries were performed as described
in the Drop-seq procedure, and sequencing was done on Illumina NextSeq 500 (Illumina, San Diego, CA, USA) at estimated read
depth/cell similar to Macosko et al. (2015).
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Real-time PCR analysis of retinal lysates
After cervical dislocation, retinas were freshly isolated and snap frozen. RNA was extracted using Trizol reagent (Life Technologies)
and digested with DNase I to prevent amplification of genomic DNA following manufacturer instructions. Reverse transcription was
performed using a 5X All-In-One RT MasterMix (Applied Biological Materials, Richmond, BC, Canada), and gene expression was
analyzed using 2X EvaGreen qPCR MasterMix (Applied Biological Materials) in an Applied Biosystems Real-Time PCR machine
(Thermo Fisher Scientific, Waltham, MA, USA). All primers used are compiled in Table S7. Analysis of expression was followed using
the ddCT method. Actb expression was used as a reference housekeeping gene. Statistical analysis was performed on ddCT values,
and data was represented as either the expression of the target genes normalized to Actb (fold increase) or as mean of means
collated from the multiple studies performed.
Western blot
Retinas were dissected and protein content extracted using RIPA lysis buffer with mechanical help. After quantification, protein
probes were loaded in polyacrylamide gels and separated using an SDS-page electrophoresis. Proteins were then transferred to
a PVDF membrane and blocked in 5% skim milk in TBS-T for 1 h at RT. Membranes were incubated with diverse antibodies (Table
S8) overnight at 4 C, followed by a 1 h incubation with species-appropriate HRP-conjugated secondary antibodies. Proteins were
detected with ECL clarity method (Biorad, Hercules, CA, USA) in a chemiluminescence imaging system ImageQuant LAS4000
(GEHealthcare Life Sciences, Marlborough, MA, USA).
Senescence-associated b-galactosidase assay
Senescence-associated (SA) b-galactosidase assay was performed as described previously with slight modifications (Dimri et al.,
1995). Briefly, either retinal flat-mounts or sagittal sections were incubated overnight (4 C) in 1 mM CaCl2 in PBS (pH=5). This
was followed by an incubation with freshly prepared 5-bromo-4-chloro-3-indolyl b-D-galactoside (X-GAL; Bioshop, Burlington,
ON, Canada) solution for 4-6 h at 37 C. For co-visualization with blood vessels, samples were incubated overnight with IB4 (Table
S8) in PBS and then counterstained with DAPI Tissue was then mounted and subjected to imaging in a Zeiss AxioObsever.Z1 microscope (Zeiss). SA-b-Galactosidase-stained area (blue) was evaluated in retina flat-mounts and quantified using ImageJ (U. S. National Institutes of Health) and analyzed using the SWIFT-neovascularization method adapted.
Immunolabeling of retina flat-mounts
Enucleated eyes were fixed in PFA 4% during 1 h at RT and washed with PBS. Retina was micro-dissected and incubated in a blocking solution containing 3% of bovine serum albumin (BSA) during 1 h. Antibodies (Table S8) were diluted using the same solution and
applied on the tissue overnight at 4 C. After washes with PBS, species-appropriate fluorescence-conjugated secondary antibodies
were applied for 1 h at RT. Samples were counterstained with DAPI (3mM), mounted and imaged using an Olympus IX81 inverted
confocal microscope (Olympus Canada, Richmond Hill, ON, Canada). Images were processed using the surface rendering tool
on Imaris v9.1.2 F1 software (Bitplane, South Windsor, CT, USA), where we created 3D reconstructions of retina z-stack images.
Analysis of retinal vasculature
Enucleated eyes were fixed in PFA 4% for 1 h at RT. Retinas were carefully dissected and incubated overnight at 4 C with fluorescence-labeled ISOLECTIN-B4 (IB4) in PBS. After mounting, retinas were imaged using a Zeiss AxioObserver.Z1 microscope (Zeiss,
Jena, Germany). To determine extent of avascular area or neovascularization area, images were processed using ImageJ (U. S. National Institutes of Health, Bethesda, Maryland, USA) and analyzed by the SWIFT-neovascularization method as described previously
(Stahl et al., 2009). Results are normalized to control retinas.
Immunolabeling of retina sagittal sections
Enucleated eyes were fixed in PFA 4% during 1 h at RT, washed with PBS and incubated overnight in PBS supplemented with 30%
sucrose. Eye globes were then embedded in optimum cutting medium and snap-frozen. 10-14mm sagittal sections were obtained
using a cryostat. Sections were incubated in a blocking solution containing 3% BSA during 1 h. Antibodies (Table S8) were diluted
the same solution and applied on the section overnight at 4 C. After washes with PBS, species-appropriate fluorescence-conjugated
secondary antibodies were applied for 1 h at RT. Samples were counterstained with DAPI (3mM), mounted and imaged using an
Olympus FV1000 confocal microscope (Olympus Canada, Richmond Hill, ON, Canada).
Cellular Senolysis in HRMEC
HRMECs were plated in 384-well tissue culture plates and exposed to ionizing radiation (12 Gray), which is sufficient to induce
senescence after 7 days of culture. On day 8, a dilution series of UBX1967 or ABT-199 was added to the cells, and incubated at
37 C, 5% CO2 for 3 days. Non-senescent HRMEC were plated one day prior to molecule addition. Cell viability was determined using
a CellTiter-Glo (Promega, Madison, WI, USA) per manufacturer’s instructions.
Real-time PCR analysis of HRMEC lysates
HRMEC, non-senescent or ionizing radiation-induced senescent cells, were harvested and washed with PBS prior to RNA extraction
(Direct-zol RNA Micro Prep Kit, Zymo Research). cDNA was prepared from 1mg mRNA using the qScript cDNA Super Mix
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(QuantaBio). Quantitative PCR was run with PerfeCTa Multiplex qPCR ToughMix (QuantaBio) and the indicated primers/probes on a
QuantStudio qPCR Instruments (Applied Biosystems). All primers are listed in Table S7. ACTB was used a reference gene.
Biochemical and cellular target engagement (TE) of Bcl-2 family proteins
Biochemical inhibitory affinity (pKi values) for UBX1967 was determined in a biochemical competition assay using purified, Histagged, BCL-2 and BCL-xL proteins, and biotinylated BIM or BAD peptides, in 25 mM HEPES, 100 mM NaCl, 0.1% BSA, 0.005%
PS-80, pH 7.5. Test molecule and peptide were combined prior to initiation of the assay by the addition of the BCL-2 family protein,
followed by incubation at room temperature overnight. Complexes were detected by Alpha technology (Perkin Elmer), using anti-6His AlphaLISA Acceptor Beads and streptavidin AlphaScreen Donor Beads.
Cellular TE for BCL-xL and BCL-2 was determined in MCF-7 cells and senescent HRMEC. UBX1967 or ABT-199 were diluted serially and incubated with cells for 2-3 h at 37 C, 5% CO2. The assay was terminated by cell lysis in 2% CHAPS, 1 mM EDTA in PBS with
protease inhibitors. Measurement of BCL-xL:BIM and BCL-2:BIM complexes was determined using the MesoScaleDiscovery (MSD,
Rockville, MD, USA) platform. Anti-BCL-2 and anti-BCL-xL antibodies (71ng per well, Table S8) were used to capture complexes
from cell lysate incubation for 1 h at room temperature. Plates were washed, and a Sulfotagged-anti-BIM detection antibody
(100ng, Table S8) was added to each well followed by incubation for 1 h at room temperature. After washing plates, MSD Read Buffer
was added and electrochemiluminescent signal was measured. Data were interpolated from a standard curve of recombinant protein
complexes (Novus Biologicals, Centennial, CO, USA) to determine amounts in pg/ml. Results are expressed as the fraction response.
Cellular mechanism (ME) engagement of Caspase-3 and Caspase-7
Senescent HRMECs were incubated with the test molecule as described for TE above, and initiation of apoptosis was determined by
activation of caspase-3 and caspase-7. Cell lysate was incubated with Caspase-Glo (Promega, Madison, WI, USA) per manufacturer’s instruction. Luminescence signal was normalized to control conditions and expressed as fold-induction over control.
Mouse retina TE and ME
TE for BCL-xL was determined in 8 to 12-week-old C57BL/6J mice (The Jackson Laboratory, Bar Harbor, ME). Animals were injected
(2ml, IVT) with test molecule or vehicle, and retinas were harvested 6 h-post dose. BCL-xL TE was also determined in OIR and normoxic mice after a single administration of UBX1967. Animals were injected (1 ml, IVT) with test molecule or vehicle at P12, and retinas
were harvested 24 h-post dose for the dose-response studies, or at the indicated time points for the UBX1967 time-course study.
Retinas were homogenized using the Precellys tissue homogenizer (Bertin Instruments, Montigny-le-Bretonneux, France) in lysis
buffer (1mM EDTA, 2% CHAPS in PBS with protease inhibitors). TE was determined on the MSD platform as above but using the antiBIM antibody for capture and the Sulfotagged-anti-BCL-xL or Sulfotagged-anti-BCL-2 antibody for detection of BCL-xL:BIM or BCL2:BIM, respectively. Data were interpolated from a standard curve of recombinant protein complexes to determine amounts in pg/ml
and normalized to the vehicle control samples. Mechanism engagement (ME) was determined by Caspase-Glo (Promega, Madison,
WI, USA) per manufacturer’s instructions, and data are expressed as the fold-induction over the vehicle controls.
10x Genomics single cell retinal suspension and depletion of CD-73 expressing cells
8 retinas per group (4 animals) at OIR P15 (3 days after injection) were freshly dissected, homogenized using scissors and incubated
in a solution of 0.5 mg/ml Collagenase D (Roche) and 750 U/ml DNase I (Sigma-Aldrich) in HBSS for 15 min at 37 C. The suspension
was filtered with a 70mm-strainer, counted and resuspended in 1% BSA in PBS. 106 cells of the suspension were subjected to CD73positive cells depletion (PE-CD73, Miltenyi Biotec, Bergisch Gladbach, Germany) by using PE-conjugated microbeads (Miltenyi Biotec) for negative selection according to manufacturer indications. All depleted and non-depleted samples were resuspended at a
concentration of 700,000 to 1,000,000 cells/ml and run in a chip using a Chromium according to manufacturer indications.
10x Genomics single cell sequencing sample preparation
Both full retina and CD73-depleted retina samples were run using Chromium Next GEM Single Cell v3.1’ kit (10x Genomics, Pleasanton, CA, USA) and following manufacturer instructions. In brief, GEMs generated on the Chromium device were transferred into
PCR strip tubes and cDNA was generated according to the following protocol: 53 C (90 min), 85 C (5 min), 12 C (overnight). After
cDNA synthesis, samples were cleaned and cDNA amplified according to manufacturer’s instructions. Samples we amplified by
PCR according to the following protocol: 98 C (3 min), 11 cycles of 98 C (15 sec), 63 C (20 sec), 72 C (1 min); after 11 cycles one
step at 72 C (5 min) was performed. After PCR amplification, samples were frozen prior to further processing. Samples were analyzed
on an Agilent Tapestation 4200 (Agilent, Santa Clara, CA, USA) using a D5000 high sensitivity kit. cDNA quantity and quality was assessed and was submitted for library generation. Libraries were generated using 25% of total cDNA volume, subjected to fragmentation, A-tailing and adapter ligation followed by amplification according to the manufacturer’s protocol. Libraries were sequenced by
SeqMatic (Fremont, CA, USA) on an Illumina NovaSeq 6000 S4 flow cell using custom read lengths listed in the 10x Genomics protocol according to manufacturer’s instructions.
RNA-Seq sample preparation and sequencing of HRMEC
Total mRNA (500ng) from irradiated (senescent; N=6 replicates) and non-irradiated (N=5 replicates) HRMECs were extracted from
Trizol cell lysates. Libraries were constructed using the Illumina TruSeq stranded mRNA (Illumina) as per manufacturer’s instructions.
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mRNA libraries were sequenced on the Illumina NextSeq High Output at single-end 1x75bp reads. FASTQ files were generated using
standard Illumina bcl2fastq workflow. RNA samples were submitted to SeqMatic (Fremont, CA, USA) for library preparation and
sequencing.
QUANTIFICATION AND STATISTICAL ANALYSIS
Gene set enrichment analysis from mouse retina RNA-Seq
GSEA was conducted using GSEA v4.0.1 software provided by Broad Institute of Massachusetts Institute of Technology and Harvard
University. We used GSEA to validate correlation between molecular signatures in phenotypes of interest. Enrichment analysis was
conducted on pre-ranked lists based on shrunken log2 foldchanges from DESeq2 lfcShrink option. Default parameters were changed
as follows: Gene sets of interest were found in a catalog of functional annotated gene sets from MSigDB; phenotype label was
defined as ‘‘OIR’’ versus ‘‘Normoxia’’; gene sets smaller than 15 and larger than 500 were excluded from the analysis; statistic
used to score hits was defined as ‘‘weighted p1’’.
Droplet-based single-cell RNA sequencing analysis
Unique molecular identifier (UMI) counts for normoxic and OIR retina scRNA-Seq replicates were merged into one single Digital Gene
Expression (DGE) matrix and processed using the Seurat package (Spatial reconstruction of single-cell gene expression data). Cells
expressing less than 100 genes and more than 10% of mitochondrial genes were filtered out. Single cell transcriptomes were normalized by dividing by the total number of UMIs per cell, then multiplying by 10,000. All calculations and data were then performed in log
space (i.e. ln(transcripts-per-10,000 +1)). After aligning whole and rod-depleted datasets using canonical correlation analysis on the
most variable genes in the DGE matrix, PCA analysis identified 20 significant PC which served as input for dimensionality reduction
and embedding into 2-dimentional space. To identify putative cell types in the embedded space, we used a density clustering
approach and computed average gene expression for each of the identified cluster based on Euclidean distances. We then
compared each of the different clusters to identify marker genes that were significantly enriched for each cluster. Transcriptomic
differences between normoxic and OIR cell types were statistically compared using a negative binomial model and analyzed using
visualization tools including RidgePlot and UMAP plot from the Seurat R Package. Single-cell gene expression profiles from each
separate cell type identified by scRNA-Seq were further analyzed using Gene Set Variation Analysis (GSVA).
10x Genomics-based single-cell RNA sequencing analysis
FASTQ files and sequencing alignment of FASTQs to mouse genome (mm10) were generated and aligned using CellRanger version
3.1 (10x Genomics). Downstream data analyses were processed using Seurat R package version 3.15 (Stuart et al., 2019). Cells with
fewer than 200 detected genes and larger than 50% (individual samples) or larger than 10% (combined samples) mitochondrial genes
were excluded per sample. Samples were normalized for sequencing depth and mitochondrial gene using SCTransform. Identification and visualization of the clusters on UMAP (uniform manifold approximation and projection) were implemented (FindNeighbors,
FindClusters, res=1.6, RunUMAP, dims=1:60). Differentially expressed genes of each cluster were identified using FindAllMarkers
function of Seurat. Upon determination of clusters for each sample, the genelist from each cluster of the UBX-treated and untreated
cells were compared against each other using the ClusterMap R package (Gao et al., 2019) using edge_cutoff=0.1. Pathway analysis
was conducted using Enrichr with the Elsevier Pathway database. ‘‘Senescence score’’ was calculated as described previously (Tirosh et al., 2016) using the AddModuleScore function in Seurat. Mouse-human gene orthologs mapping were obtained from Biomart
API in R (biomartR package).
Senescent HRMEC RNA sequencing analysis
FASTQ read sequencing adaptors were trimmed using trim-galore (Babraham Institute, Cambridge, UK). Kallisto (Bray et al., 2016 )
was used for pseudoalignment at the transcript level (human GRCh38.p12; Ensemble 94). Gene level summaries from transcript-level
abundance was obtained using tximport R package (Soneson et al., 2015). Differentially expressed genes were generated using
edgeR workflow with exactTest function (Robinson et al., 2010). Heatmaps were generated using Genialis (https://www.genialis.
com) using row-wise Z-score of TPM (transcripts per million). Senescent HRMEC-based ‘‘Senescence score’’ was calculated using
genes list obtained from DEGs (logFC>1; pAdj<0.05). Mouse-human gene orthologs mapping were obtained from Biomart API in R
(biomart R package) (Durinck et al., 2009).
Statistics
Data are presented as mean ± SEM, unless indicated the contrary. We used a 2-tailed Student’s t test and ANOVA, where appropriate, to compare the different groups. P<0.05 was considered statistically different. All experiments were repeated at least 3 times.
N is indicated pertinently for each experiment.
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Figure S1. Supplementary to Figure 1: Senescent cells accumulate in the retina during
peak pathological neovascularization in mouse ischemic retinopathy
(A, B) Fridman_Senescence_UP (A) or Global_Senescence_Literature_Curated_2020 (B)
GSEA enriched gene datasets of normoxic (N=2) compared to OIR (N=2) full-lysate retina
at P14. Heatmap represents the top 10 hit enriched genes. Nor, normoxia; NES, normalized
enriched score; FDR, false discovery rate. (C) Time-course of OIR progression. Bar charts
represent transcript levels of Tgfb1 (N=4 to 16 depending on the group). All individual data
points are expressed as fold change compared to P12 normoxic retinas (N=5 to 16
depending on the time-point). All groups compare OIR to their corresponding normoxic
time-point. (D) Representative microscopy images of retina sagittal sections co-localizing
β-Galactosidase signal (in blue) with IB4-positive cells (in green, blood vessels) in the P17
OIR group. β-Galactosidase signal was not found in normoxic controls. Nuclei were
counterstained with DAPI. GCL, ganglion cell layer; INL, inner nuclear layer; ONL, outer
nuclear layer; RPE, retinal pigment epithelium. (E) UMAP clustering representation of the
distinct cell types of the P17 OIR retina according to the McCarroll markers. Each cluster
is labelled as per the cell type that it represents. ** means p<0.01 using one-way ANOVA
(in C).
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Figure S2. Supplementary to Figure 3: Initiation of apoptosis by UBX1967 in the mouse
retina requires the presence of senescent cells
(A) Confocal immunofluorescence images corresponding to the 3D projection in Figure 3B
to detect BCL-xL expression (green) or IB4 (red) at P12. Nuclei are counterstained with
DAPI. (B) and (C) Series of confocal immunofluorescence micrographs with appropriate
isotype controls or tissue-autofluorescence for either retinal flat-mount (B) or retinal sagittal
section (C). (D) Confocal immunofluorescence images corresponding to the 3D projection
in Figure 3D to detect BCL-xL expression (green), NG2 (white) or IB4 (red). Nuclei are
counterstained with DAPI. (E) Bar charts represent fold-change in transcript levels of
different senescence-related markers such as CDKNA2(INK4A), CDKNA1, VEGFA, PDGFA,
TNF and IL1B in senescent HRMEC as compared to non-senescent control HRMEC. Values
were calculated as mean each independent experiment (N=2-4). F-G. Time-course of (F)
retinal BCL-xL target engagement or (G) caspase-3/7 activity after intravitreal injection of
UBX1967 at P12. Target engagement is expressed as % BCL-xL:BIM complexes
compared to vehicle-injected mice (N=5-6 per time-point). Caspase activity is expressed
as fold-change relative to vehicle-injected animals (N=5-6 per time-point). * means p<0.05,
** means p<0.01, **** means p<0.0001 compared to each respective control (CTR in E and
Vehicle in F-G) using Student t-test (in E) or one-way ANOVA (in F-G). CTR means control.
SnC means senescent.

5

6

Figure S3. Supplementary to Figure 4: UBX1967 selectively depletes a population of
endothelial cells associated with retinopathy that expresses Col1a1
(A-C) UMAP clustering representation of the distinct cell clusters according to their
transcriptional state of P15 OIR retina vehicle (A), treated with UBX1967 (B) or P14
normoxia retina control (C). Arrowheads indicate the clusters corresponding with
endothelial cells. N=4 per group. (D-E) Ridge plots showing the distribution of UBX1967treated cells in the retina at P15 of OIR from each cluster based on a supervised cell module
score for the distinct senescence signatures Fridman_Senescence_UP (D) and
Global_Senescence_Literature_Curated_2020 (E). (F-H) Violin plots represent the levels of
expression of Col1a1 (F), Col4a1 (G) and Serpine1 (H) for P15 of OIR in vehicle-treated
retina cell clusters. (I) Time-course in OIR progression representing fold- change in Col1a1
transcript level compared to P12 normoxic retina (N=6 to 18 depending on the group). All
groups compare OIR to their corresponding normoxic time-point. (J-K) Co-localization of
Serpine1 (green) with endothelial markers, Pecam1 (red) (J) and Cldn5 (red) (K) via UMAP
plots. Cells are split by rows based on Vehicle and UB1967 origin. Expression of both genes
in a single cell is depicted as yellow. *** means p<0.001 using one-way ANOVA (in F).
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Figure S4. Supplementary to Figure 5: Therapeutic senolysis with UBX1967
ameliorates ischemic retinopathy
(A) Series of confocal immunofluorescence images corresponding to the 3D projection in
Figure 5M to detect IB4 (red), NG2 (white) or BCL-2 expression (green). Nuclei are
counterstained with DAPI. (B) Schematic representation of intravitreal administration of
ABT-263 at P12 of OIR (C-D) Intravitreal administration of ABT-263 reduced pathological
neovascularization (C) and accelerated vascular regeneration (D) as assessed at P17 of
OIR. Bar charts represent ratios normalized to vehicle control (N=11 per group). Confocal
micrographs of IB4-labelled retinal vasculature after treatment. Neovascular area is blue;
avascular area is pink. * means p<0.05 and ** means p<0.01 using Student t-test (D-E).
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SUPPLEMENTARY TABLES
Supplementary Table S1. Gene set variation analysis (GSVA) on Drop-seq retina OIR P17
related to Figure 1

Cell type

Gene set

Müller glia

N

Freq

(cells)

(per cell type)

FRIDMAN_SENESCENCE_UP_Negative

474

0.6440217391

Müller glia

FRIDMAN_SENESCENCE_UP_Positive

262

0.3559782608

Astrocytes

FRIDMAN_SENESCENCE_UP_Negative

5

0.0847457627

Astrocytes

FRIDMAN_SENESCENCE_UP_Positive

54

0.9152542372

Pericytes

FRIDMAN_SENESCENCE_UP_Negative

25

0.2049180327

Pericytes

FRIDMAN_SENESCENCE_UP_Positive

97

0.7950819672

Endothelial
cells

FRIDMAN_SENESCENCE_UP_Negative

22

0.3492063492

Endothelial
cells

FRIDMAN_SENESCENCE_UP_Positive

41

0.6507936507

Immune
cells

FRIDMAN_SENESCENCE_UP_Negative

139

0.8633540372

Immune
cells

FRIDMAN_SENESCENCE_UP_Positive

22

0.1366459627

Müller glia

GLOBAL_SENESCENCE_LITERATURE_CURATED_
2020_Negative

193

0.2622282608

Müller glia

GLOBAL_SENESCENCE_LITERATURE_CURATED_
2020_Positive

543

0.7377717391

Astrocytes

GLOBAL_SENESCENCE_LITERATURE_CURATED_
2020_Negative

8

0.1355932203

Astrocytes

GLOBAL_SENESCENCE_LITERATURE_CURATED_
2020_Positive

51

0.8644067796

Pericytes

GLOBAL_SENESCENCE_LITERATURE_CURATED_
2020_Negative

42

0.3442622950

Pericytes

GLOBAL_SENESCENCE_LITERATURE_CURATED_
2020_Positive

80

0.6557377049

Endothelial
cells

GLOBAL_SENESCENCE_LITERATURE_CURATED_
2020_Negative

23

0.3650793650
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Endothelial
cells

GLOBAL_SENESCENCE_LITERATURE_CURATED_
2020_Positive

40

0.6349206349

Immune
cells

GLOBAL_SENESCENCE_LITERATURE_CURATED_
2020_Negative

119

0.7391304347

Immune
cells

GLOBAL_SENESCENCE_LITERATURE_CURATED_
2020_Positive

42

0.2608695652

Supplementary Table S2. Patient data from histology analysis of human retina related to
Figure 2 (Panel A and B) and Figure 4 (Panel I)

Control 1
Control 2
Control 3
Control 4
Control 5
Control 6
Control 7
Control 8
Control 9
Control 10
Control 11
Control 12
Control 13
Control 14
Control 15
Control 16
Control 17
Control 18
Control 19
Control 20
Control 21
Control 22
Control 23
Control 24
Control 25
Control 26
Control 27
Control 28

Age (years)
41
41
34
34
50
50
56
56
94
94
97
97
71
71
72
72
81
81
70
70
88
88
80
80
83
83
86
86

Sex
Male
Male
Female
Female
Male
Male
Female
Female
Female
Female
Female
Female
Female
Female
Male
Male
Male
Male
Male
Male
Female
Female
Male
Male
Male
Male
Female
Female

Retina disease stage
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A

Marker
P16INK4A
P16INK4A
P16INK4A
P16INK4A
P16INK4A
P16INK4A
P16INK4A
P16INK4A
P16INK4A
P16INK4A
P16INK4A
P16INK4A
P16INK4A
P16INK4A
P16INK4A
P16INK4A
P16INK4A
P16INK4A
P16INK4A
P16INK4A
P16INK4A
P16INK4A
P16INK4A
P16INK4A
P16INK4A
P16INK4A
P16INK4A
P16INK4A

No retina disease

P16INK4A

N/A

PAI-1+COL1

Control average 71.6±19.2 50% male
Control 29

73

Female
10

Control 30
Control 31

65
72

Male
Male

N/A
N/A

PAI-1+COL1
PAI-1+COL1

Control average

70.0±4.4

67% male

No retina disease

PAI-1+COL1

Diabetic 1
Diabetic 2
Diabetic 3
Diabetic 4
Diabetic 5
Diabetic 6
Diabetic 7
Diabetic 8

65
65
57
57
77
77
64
64

Male
Male
Male
Male
Male
Male
Male
Male

PDR
PDR
PDR/DME
PDR/DME
PDR
PDR
PDR/DME
PDR/DME

P16INK4A
P16INK4A
P16INK4A
P16INK4A
P16INK4A
P16INK4A
P16INK4A
P16INK4A

All with PDR

P16INK4A

Diabetic average

65.8±7.7 100% male

Diabetic 9
Diabetic 10
Diabetic 11

62
75
65

Female
Female
Male

PDR
PDR/DME
PDR/DME

PAI-1+COL1
PAI-1+COL1
PAI-1+COL1

Diabetic average

67.3±6.8

33% male

All with PDR

PAI-1+COL1

DME: Diabetic macular edema
PDR: Proliferative diabetic retinopathy
Average: expressed as mean of years±SD

Supplementary Table S3. ABT-199 (Venetoclax) in vitro related to Figure 3

ABT-199

MCF-7 TE (pIC50)
Senescent HRMEC
(±SD, N)
(±SD, N)
BCL-xL
BCL-2
ATP Content
<6
7.8
<6
(N=21)
(±0.4, N=20)
(N=3)

Supplementary Table S4. Differentially expressed genes found in OIR_P15 UBX1967treated or in OIR_P15 Vehicle by cluster related to Figure 4 [EXCEL FILE provided]
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Supplementary Table S5. Similarity score of clusters related to Figure 4
Vehicle (P15 OIR)

UBX1967-treated (P15 OIR)

Similarity Score

Regroup Order

Cluster 0

Cluster 2

0.79

1

Cluster 3

Cluster 5

0.78

2

Cluster 1

Cluster 0

0.75

3

Cluster 18

Cluster 11

0.72

4

Cluster 10

Cluster 3

0.63

5

Cluster 15

Cluster 16

0.61

6

Cluster 14

Cluster 12

0.6

7

Cluster 11;Cluster 5

Cluster 4

0.6

8

Cluster 8

Cluster 14

0.58

9

Cluster 13

Cluster 7

0.55

10

Cluster 12

Cluster 15

0.54

11

Cluster 9

Cluster 6

0.53

12

Cluster 22

Cluster 21

0.52

13

Cluster 16

Cluster 18

0.51

14

Cluster 23

Cluster 20

0.5

15

Cluster 20

Cluster 22

0.49

16

Cluster 26

Cluster 26

0.48

17

Cluster 2

Cluster 1; Cluster 10

0.48

18

Cluster 6;Cluster 7

Cluster 8

0.46

19

Cluster 25

Cluster 27

0.39

20

Cluster 4

Cluster 13

0.35

21

Cluster 17

Cluster 19

0.35

22

Cluster 24

Cluster 25

0.34

23

Cluster 19

Cluster 17

0.32

24

NA

Cluster 23

NA

25

NA

Cluster 24

NA

26

NA

Cluster 28

NA

27

NA

Cluster 29

NA

28

NA

Cluster 9

NA

29

Cluster 21

NA

NA

30

Cluster 27

NA

NA

31

12

Supplementary Table S6. Differentially expressed genes found in senescent HRMEC
related to Figure 4 [EXCEL FILE provided]
Supplementary Table S7. qPCR primer sequences related to STAR methods
Gene

Actb
Cdkn1a

Mouse primers

Cdkn2a(Ink4a)
Col1a1
Il1b
Il6
Serpine1
Tgfb1
Tnf
Vegfa

Human primers

ACTB

CDKN1A

CDKN2A(INK4A)
IL1B

Primer sequence

F: GAC GGC CAG GTC ATC ACT ATT G
R: CCA CAG GAT TCC ATA CCC AAG A
F: GTT CCT TGC CAC TTC TTA CCT
R: TCA TCC TAG CTG GCC TTA GA
F: AAC TCT TTC GGT CGT ACC CC
R: TCC TCG CAG TTC GAA TCT G
F: CCT CAG GGT ATT GCT GGA CAA C
R: CAG AAG GAC CTT GTT TGC CAG G
F: CTG GTA CAT CAG CAC CTC ACA
R: GAG CTC CTT AAC ATG CCC TG
F: CTT CCA TCC AGT TGC CTT C
R: ATT TCC ACG ATT TCC CAG AG
F: TGA CGT CGT GGA ACT GC
R: GAA AGA CTT GTG AAG TCG GC
F: ACG CCT GAG TGG CTG TCT TTT GAC
R: GGG CTG ATC CCG TTG ATT TCC ACG
F: CGC GAC GTG GAA CTG GCA GAA
R: CTT GGT GGT TTG CTA CGA CGT GGG
F: GCC CTG AGT CAA GAG GAC AG
R: CTC CTA GGC CCC TCA GAA GT
F: GTC TTC CCC TCC ATC GTG G
R: AAT CCT TCT GAC CCA TGC C
Probe: CAT CAC GCC CTG GTG CCT GG
F: GAG ACT CTC AGG GTC GAA AAC
R: GGC GTT TGG AGT GGT AGA AA
PROBE: CTG TCA TGC TGG TCT GC CGC
F: CTG CCC AAC GCA CCG AAT A
R: GCT GCC CAT CAT CAT GAC CT
PROBE: TTACGGTCGGAGGCCGATCC
Taqman gene reference: Hs01555410_m1

PDGFB

Taqman gene reference: Hs00966522_m1

TNF

Taqman gene reference: Hs00174128_m1

VEGFA

Taqman gene reference: Hs00900055_m1
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Supplementary Table S8. Primary antibodies related to STAR Methods

Antibody
Anti-NG2 Chondroitin
Sulfate Proteoglycan Cy3conjug.
G. simplicifolia ISOLECTINB4 Fluorescein-conjugated
Mouse anti-β-ACTIN
Mouse anti-human p16
(CINtec© Clone E6H4)
Mouse anti-PAI1
Rabbit anti-BCL-2
Rabbit anti-BCL-2 (Clone
D17C4), custom carrier-free
Rabbit anti-BCL-xL
Rabbit anti-BCL-xL (Clone
54H6), custom carrier-free
Rabbit anti-BIM (Clone
C34C5), custom carrier-free
Rabbit anti-COL1
Rabbit anti-p16Ink4a
Rabbit anti-p21

Method

Dilution

Source

Reference

Flat-mount

1:200

Millipore

AB5320C3

Flat-mount,
IHC
Western blot

1:200

Vector

FL-1101

1:10000

Cell Signaling

3700S

IHC

as provided

Roche

705-4793

1:5000

Santa Cruz

sc-5297

1:2000

Abcam

ab182858

TE assay

71ng/well

Cell Signaling

3498BF

Flat-mount,
IHC

1:2000

Cell Signaling

2764S

TE assay

71ng/well

Cell Signaling

2764BF

TE assay

100/well

Cell Signaling

2933BF

1:100

Abcam

ab34710

1:2000
1:2000

Abcam
Santa Cruz

ab211542
sc-6246

Western blot,
IHC
Flat-mount

Flat-mount,
IHC
Western blot
Western blot
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