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Vascular abnormalities are a common component of eye diseases that often lead to vision loss. Vaso-obliteration is
associated with inherited retinal degenerations, since photoreceptor atrophy lowers local metabolic demands and
vascular support to those regions is no longer required. Given the degree of neurovascular crosstalk in the retina, it may
be possible to use one cell type to rescue another cell type in the face of severe stress, such as hypoxia or genetically
encoded cell-specific degenerations. Here, we show that intravitreally injected human endothelial colony-forming cells
(ECFCs) that can be isolated and differentiated from cord blood in xeno-free media collect in the vitreous cavity and
rescue vaso-obliteration and neurodegeneration in animal models of retinal disease. Furthermore, we determined that a
subset of the ECFCs was more effective at anatomically and functionally preventing retinopathy; these cells expressed
high levels of CD44, the hyaluronic acid receptor, and IGFBPs (insulin-like growth factor–binding proteins). Injection of
cultured media from ECFCs or only recombinant human IGFBPs also rescued the ischemia phenotype. These results
help us to understand the mechanism of ECFC-based therapies for ischemic insults and retinal neurodegenerative
diseases.
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Introduction
Visual loss in retinal diseases is caused by damage to, and subsequent loss of, photoreceptors that are located 
in the outer retina. A variety of  conditions can lead to retinal ischemia and subsequent pathological angio-
genesis. The devastating consequences of  retinal neovascularization are seen in diabetic retinopathy and 
age-related macular degeneration, major causes of  vision loss in industrialized countries. Changes intiated by 
diseases characterized by pathological angiogenesis may extend to the outer layer of  the retina where they can 
lead to secondary photoreceptor cell damage. In contrast, a group of  inherited retinal degenerative diseases 
directly affect the photoreceptor cells (e.g., retinitis pigmentosa [RP]). Histologically, RP is characterized by 
widespread loss of  photoreceptor cells, thinning of  the outer retina, and atrophy of  retinal vasculature (1). 
There have been no effective treatments to slow or reverse the progression of  the photoreceptor loss. A ran-
domized clinical trial of  CNTF-transfected encapsulated ARPE-19 cells (NT-501) injected into the vitreous 
showed a dose-dependent increase in retinal thickness but no functional rescue for patients with RP (2).

Endothelial colony-forming cells (ECFCs) (3), a subset of endothelial progenitor cells (EPCs), are a poten-
tial source of autologous grafts for therapeutic clinical use. ECFCs can be isolated from human cord or periph-
eral blood and have robust clonal proliferative potential. They have been reported to home to the site of tissue 
ischemia after intravenous injection, where they improve circulation in a model of myocardial infarction (4), 
stroke (5), ischemic retinopathy (6, 7), and ischemic limb injury (8, 9). Although a paracrine trophic rescue effect 
of ECFCs has been postulated (10, 11), factors that may mediate this effect remain poorly characterized.

Hyaluronic acid (HA), which was initially named from “hyaloid (vitreous) and uronic acid,” was isolated 
from the vitreous of  bovine eyes in 1934 (12). The primary receptor for HA, CD44, is a ubiquitously expressed 
transmembrane glycoprotein. It is also a receptor for various extracellular matrix proteins, such as collagen 
and osteopontin (13). Beyond its role as an adhesion molecule, CD44 modulates cellular signaling (13–15) by 
forming coreceptor complexes with various receptor tyrosine kinases. Moreover, cells with a higher density of  
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CD44 possess stem-like properties in normal and neoplastic tissue and home to specific tissue niches (16, 17). 
Based on a previous report showing a retinal rescue effect by CD44hi myeloid progenitors (18), together with 
the fact that CD44 is a major receptor for HA, which is abundantly distributed in vitreous body, we sought 
to determine the regenerative capacity of  CD44hi ECFCs in the oxygen-induced retinopathy (OIR) model.

In this study, we demonstrate that intravitreally injected ECFCs can reside in the vitreous and accelerate 
retinal vascular repair both morphologically and functionally in a murine model of  ischemic retinopathy. 
We define a subpopulation of  intravitreally injected ECFCs with the canonical HA receptor, CD44, that 
modulate retinal revascularization in both ischemic retinopathy and late-onset retinal degeneration. This 
establishes the paracrine effect of  ECFCs and explains the mechanism of  vascular repair. Gene expression 
analysis of  injected ECFCs revealed that genes encoding several angiocrine growth factors were function-
ally upregulated and exogenous administration of  insulin-like growth factor–binding proteins (IGFBPs) 
rescued OIR. Together, our results suggest that ECFC-based cell therapy is a therapeutic that has potential 
application to many types of  retinal diseases.

Results
In vitro and in vivo characterization of  ECFCs cultured with xeno-free media. Conventional methods for iso-
lating and differentiating ECFCs utilize animal- and bacterial-derived reagents (3, 19). To improve the 
safety profile of  ECFCs, we developed xeno-free media (XFM) and a cell attachment substrate for deri-
vation and propagation for human ECFCs from cord blood. We observed no obvious differences in mor-
phology or colony derivation efficiency of  ECFCs isolated and differentiated in serum-containing media 
(SCM) or XFM (Figure 1, A–C). We found that multiple populations of  ECFCs are supported by XFM 
in the cloning assay (Figure 1D). Immunoprofiling using flow cytometry showed homogenous positive 
expression of  endothelial markers, but cells were negative for mesenchymal or hematopoietic stem cells 
markers (Figure 1E). To test their capacity for therapeutic angiogenesis, we assessed the in vivo function 
of  XFM-derived ECFCs using the murine OIR model. The OIR model is well-established and mimics 
the vasoproliferative phase of  ocular neovascular diseases such as diabetic retinopathy. In this model, 
mouse pups are exposed to 75% oxygen for 5 days, starting at P7 (20). In response to hyperoxia, dramatic 
vascular remodeling occurs and vessels in the central region of  the superficial plexus are obliterated. 
Upon reexposure to ambient oxygen levels (~20%) at P12, the avascular central retina becomes hypoxic; 
this stimulus drives neovascularization across the superficial vascular plexus (21). To assess vascular 
regeneration induced by intravitreally injected human cord blood–derived ECFCs, we examined the area 
of  neovascular tuft formation (NV) and vascular obliteration (VO) following OIR. ECFCs were injected 
into the vitreous body, the semisolid gel structure filling the interior of  the eyeball between crystalline 
lens and retina. Injection of  XFM-derived ECFCs at P12 augmented the vascular network significantly 
to the same extent as SCM-derived ECFCs (Figure 1, F and G). This suggests that ECFCs with XFM can 
be a potent therapeutic agent for ischemic retinal diseases.

ECFCs provide paracrine support that limits vaso-obliteration during ischemia. To determine the vasoprotec-
tive mechanism of  ECFCs, we injected GFP-labeled ECFCs into the vitreous to determine their spatial 
and functional patterns. Consistent with previous findings (6, 7), eyes with ECFCs injected at P12 showed 
significant reductions in NV and VO at P17, the peak of  neovascularization (Figure 2, A and B) in the OIR 
model. This was also confirmed by the injection at P7 (Figure 2, C and D), which resulted in effects com-
parable to those observed after injection on P12. In order to assess the function of  these regenerated retinal 
vessels, mice were assessed for extravasation of  FITC dextran (22). A confocal Z-stack of  images rendered 
in 3 dimensions revealed well-perfused vessels, without any leakage of  fluorescent dye in the retinal vessels 
(Figure 2E). To determine where the exogenously delivered cells localize, we looked for GFP signals within 
the retinal tissue using confocal microscopy and observed no cells in the retina (Figure 2F). We next imaged 
the vitreous after flat mounting the posterior lens capsule and retina (Figure 2G) and observed a substantial 
number of  GFP-expressing ECFCs in the vitreous body (Figure 2, H–J). This finding strongly suggests that 
ECFCs provide their rescue through a paracrine effect.

The efficacy of  human ECFCs in rescuing OIR using mice lacking various immune-competent cell types. Sev-
eral aspects of  these experiments could elicit an immunologic response, even though the eye is consid-
ered to be relatively immune privileged (23). For example, damage-associated molecular patterns that 
may occur in injected cells may play a role in the induction of  innate immunity (24). Immune cells are 
believed to stimulate or suppress angiogenesis partly by releasing angiogenic/antiangiogenic factors to 
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endothelial cells (ECs) (25). Therefore, we sought to determine if  the rescue effect of  human ECFCs in 
the murine OIR model is a result of  an immunologic response. We performed FACS analysis to exam-
ine immune cell profiles on OIR retina after ECFC injection with antibodies for myeloid cell marker 
(CD11b, CX3CR1 and Ly6C&G) and T cell marker (CD3). As a slight increase of  CD11b-positive cells 
and a decrease of  CD3-positive cells were detected (Supplemental Figure 1), we decided to utilize sev-
eral transgenic mouse lines that lack immune cells to confirm whether immune cell absence affects the 
effect of  ECFC injection on OIR rescue. We used the immunodeficient Rag2 knockout mice, conditional 
T cell–deficient mice (LCK-Cre(+); R26iDTR/+: LCK-DTR mice), and conditional myeloid-deficient 
mice (LysM-Cre(+); R26iDTR/+: LysM-DTR mice) (26). In Rag2 knockout mice, significant rescue 
of  both NV and VO was found in the OIR model after intravitreal injection of  ECFCs (Supplemental 
Figure 2A; supplemental material available online with this article; doi:10.1172/jci.insight.89906DS1). 
In spite of  efficient diphtheria toxin–mediated cell depletion in both LysM-DTR and LCK-DTR mice 
(about 50% each, Supplemental Figure 3), we detected a significant reparative effect of  ECFC injection 
in both LysM-DTR and LCK-DTR mice mice, which was similar to that in control mice in the OIR 
model (Supplemental Figure 2, B and C). These results suggest that the rescue effect of  ECFCs in OIR is 
not simply a consequence of  immune response associated with such as a cell death.

Figure 1. Isolation and amplification of ECFCs using xeno-free media: in vitro and in vivo characterization. (A) Representative photomicrographs of indi-
vidual human ECFC-derived endothelial cell colonies from umbilical cord blood in serum-containing media (SCM) and xeno-free media (XFM). Morphology 
of ECFCs derived in XFM did not differ from that of those derived in SCM. Colony of ECFCs derived in XFM at day 10 at low (top row) and high (bottom row) 
magnification. Scale bar: 500 μm (top row); 200 μm (bottom row). (B) No significant difference in the mean number of days before initial colony appeared 
from mononuclear cells after culture initiation in SCM and XFM (n = 4). (C) No significant difference in the number of initial EC colonies between culture in 
SCM and XFM at day 10 (n = 7). (B and C) Error bars represent SEM. (D) Average number of colonies in the cloning assay at day 14 passage 4 (*P = 0.0021, 
Student’s t test) and distribution of colony size for in vitro cloning assay in SCM and XFM. XFM supports the whole hierarchy of ECFCs. ECFCs derived and 
amplified in XFM maintained their high proliferative capacity (medium and large colony size) in cloning assays. Error bars represent SD. (E) Phenotypic 
analysis of ECFCs derived in XFM. Representative flow cytometry histograms of ECFCs derived in XFM show reactivity with EC-expressed marker molecules 
(right-shifted, black-filled curves compared with gray-filled curves of the appropriate isotype controls) and lack of reactivity with hematopoietic (CD14 and 
CD45) and mesenchymal stem cell–associated (CD90) markers. (F and G) Rescue of oxygen-induced retinopathy (OIR) by intravitreally injected ECFCs from 
XFM or SCM, normalized to vehicle injection. (F) Representative GS lectin–stained neural retina flat-mount preparations injected at P12 with vehicle or 
ECFCs from XFM or SCM. Eyes were isolated from P17 OIR mice. In the insets of F, neovascular tufts (NV) and vaso-obliterated regions (VO) are labeled red 
and yellow, respectively. Scale bar: 500 μm. (G) Total area of NV and VO in vehicle and ECFCs from XFM or SCM injected eyes was calculated and plotted (n 
= 16 in ECFCs and n = 10 in vehicle. *P < 0.001, Kruskal-Wallis test with Dunn’s multiple comparison test). Error bars represent SEM.
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A subset of  ECFCs with high CD44 expression levels were more effective at rescuing the OIR phenotype and reti-
nal degeneration. We confirmed that in general ECFCs defined by Yoder et al. (3, 27) display homogenous 
clonal characteristics (Supplemental Figure 4), but we did determine that CD44 levels were markedly het-
erogeneous (Supplemental Figure 5). The percentage of  CD44hi ECFCs was 47.5% ± 23.6% and CD44lo 
ECFCs was 23.1% ± 4.95%. We then tested if  CD44 expression correlated with vasoprotective potential. 
Indeed CD44hi ECFCs prevented vaso-obliteration in the OIR model more effectively than CD44lo ECFCs 
(Figure 3, A–C). To confirm that the level of  CD44 expression influences the rescue capacity in OIR mice, 

Figure 2. Intravitreally injected human ECFCs regenerate retinal vasculature and localize in the vitreous during oxygen-induced retinopathy. (A–D) 
Representative GS lectin–stained flat-mount retinas (A and C), and quantification (B and D), harvested at P17 and treated with human ECFCs or vehicle at 
P12 (A and B) (n = 19) or at P7 (C and D) (n = 13 in vehicle and n = 14 in ECFCs). In the insets, neovascular tufts (NV) and vaso-obliterated regions (VO) are 
labeled red and yellow, respectively. (E) FITC dextran perfusion (green) alone and with GS lectin staining (blue) of P12 ECFC-injected retinal vasculature in 
a oxygen-induced retinopathy model harvested at P17. A high-magnification view of the areas indicated by the white boxes is shown below. Cross-sec-
tional observations of the high-magnification Z-stack images, indicated by the dashed green line (pictured within the green box atop image) and the 
dashed red line (pictured within the red box adjacent to image) show dextran filling the lectin-stained vessels. (F) Absence of injected GFP-expressing 
ECFCs (GFP-ECFCs) in flat-mount retinal staining with GS lectin (blue) and/or DAPI (gray). (G) Schematic images of retinal and post-capsular flat-mount 
mouse eyes. After intravitreal injection of GFP-ECFCs at P12, the cornea, sclera, RPE/choroid, and anterior capsule/nucleus of the lens were removed. 
(H–J) GFP-ECFCs (green) localized in the vitreous at P14 and P17. (H) Low-magnification images of flat-mount staining of posterior lens capsule and retina 
and (I and J) high-magnification images with anti-mice PECAM-1 (I, red) and anti-human VE-cadherin antibody staining (J, red). Nuclei were stained with 
Hoechst33342 (blue). ON, optic nerve; VV, vitreous vessel. Scale bar: 25 μm (E); 50 μm (F [bottom], I, and J); 500 μm (A, C, F [top], and H). *P < 0.05, **P < 
0.001, Mann-Whitney test. Error bars represent SEM.
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we generated CD44 knockdown ECFCs using shRNA (Supplemental Figure 6). Knockdown of  CD44 
dramatically reduced the rescue potential (Figure 3, D and E). Not only did the CD44hi ECFCs prevent 
vaso-obliteration better than CD44lo cells, they also induced quiescence of  ECs and prevented excessive 
permeability typically associated with the OIR phenotype (Supplemental Figure 7, A and B). To investigate 
if  ECFCs also exert neuroprotective effects, we evaluated the inner retina that is affected during OIR. The 
inner plexiform layer (IPL) and inner nuclear layer (INL) showed reduced thickness in OIR eyes, but those 
were not reduced at P30, when CD44hi ECFCs were injected at P12 (Figure 3, F and G). Accordingly, for 
retinal function analysis, we performed electroretinography (ERG) experiments at P30 for eyes received 
ECFCs at P12. Scotopic ERG b wave analysis demonstrated that injection of  CD44lo ECFCs improved 
inner retinal function, which is disturbed in OIR eyes (Supplemental Figure 8).

We also injected ECFCs in mice with inherited retinal degeneration. The retinal degeneration10 (rd10) 
mouse line (Pde6brd10/rd10) shows a relatively slow progression of  photoreceptor cell death, beginning around 
P21. The ONL degenerates, and cells die mainly by apoptosis, such that ONL thickness drops abruptly to 
two to three layers of  nuclei between P20 and P25; only a single layer of  nuclei remains by P45 (28–30). 
We decided to inject ECFCs or vehicle control at P14 and evaluated neurovascular degeneration thereafter. 
Flat-mount staining with isolectin B4 at P32 was used to evaluate the deep layer of  the retinal vasculature, 
which starts to degenerate shortly after the onset of  photoreceptor cell death. Retinal vessels were signifi-
cantly preserved in eyes injected with CD44hi ECFCs compared with eyes injected with CD44lo ECFCs 
or vehicle alone (Figure 4, A and B, and Supplemental Figure 9A). For evaluation of  neuroprotection, 
we measured ONL thickness at P28. Eyes injected with CD44hi ECFCs had a significantly thicker ONL 
layer, with expression of  several cone- and rod-specific markers (Figure 4, C–E, and Supplemental Figure 
9B). However, the effect of  ECFC injection was transient and could not be detected in 2-month-old mice 
(Supplemental Figure 9). The trophic effect of  injected CD44hi ECFCs was confirmed by TUNEL stain-
ing at P21, at which time fewer apoptotic cells were observed (Figure 4, F and G). Functional analyses 
using full-field ERG for the integrity of  the photoreceptors, the second- and third-order neurons in either 
dark-adapted (scotopic) or light-adapted (photopic) animals, were performed. ERG revealed a significant 
preservation of  both scotopic (rod-driven) and photopic (cone-driven) responses in CD44hi ECFC injected 
eyes (Figure 5, A and B). Collectively, angiocine factors released by ECFCs potentiate angiogenic repair 
as well as neurotrophic rescue in an inherited murine retinal disease model. To evaluate the mechanism 
of  neurotrophic rescue by ECFCs, we screened for expression of  human neurotrophin genes expressed in 
injected ECFCs-shCD44 on RD10 mice. In a qPCR array for 84 neurotrophin and receptor genes, there 
were no significant reductions in gene expression in the CD44 knockdown cells isolated from RD10 mice 
2 days after injection (our unpublished observations). Based on this observation, we hypothesized that an 
indirect mechanism may be responsible for the neurotrophic activity of  the ECFCs. A qPCR-based gene 
profile with 84 probes for mouse neurotrophin and receptor genes that contribute to neuronal cell growth, 
differentiation, and regeneration was performed. At P22, RNA was extracted from RD10 retina which was 
injected with ECFCs at P14 and gene profiling demonstrated that eyes received CD44hi ECFCs exhibited 
upregulation of  12 mouse neurotrophin-related genes compared with CD44lo ECFCs (Figure 5C). Func-
tion of  those genes included cellular protection for stress (Bcl2, Crh, and Hspb1) and transcription factors 
(Stat1 and Stat2). Those data suggest that expression of  vasculotrophin in injected ECFCs, but not neuro-
trophin, potentiates photoreceptor preservation in RD10 mice.

Characterization of  intravitreally injected ECFCs. To determine the mechanisms that mediate the vascu-
lotrophic effects of  ECFCs, we set out to examine if  CD44hi cells exhibited higher affinity for the vitreous 
and/or if  they had increased intracellular signaling. CD44 is a known adhesion molecule that binds HA 
(which is highly enriched in the vitreous) (13). We examined flat-mounted retinas and vitreous samples of  
OIR mice after intravitreal injection of  GFP-labeled conventional ECFCs and CD44 knockdown ECFCs. 
Almost the same amount number of  ECFCs were detected in both groups of  control and CD44 knock-
down ECFCs in flat mounts (Figure 6, A–D) and in cross-sectioned retinas (Figure 6, E–H). Using FACS 
and histological analyses of  P14 retinas (Figure 6, I and J), we did not detect any significant difference in 
cell number between control and knockdown GFP-labeled cells. These results suggest that the enhanced 
rescue effect of  CD44hi cells in OIR mice is not due to enhanced adhesion.

High CD44 levels can enhance some intracellular cascades, since, upon activation, the receptor is 
cleaved and released into the cytoplasm. To determine how CD44 receptor density (and their microenvi-
ronments) affect gene expression in ECFCs, we performed qPCR-based gene profiling on ECFCs extracted 
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from the vitreous of  murine retinas after injection at P13 (Figure 6, I and J). Several proangiogenic factors 
were found to be downregulated in ECFCs-shCD44-GFP compared with ECFCs-scrRNA-GFP (Figure 
6K), strongly suggesting that reducing CD44 levels in ECFCs affects the degree of  downstream gene acti-
vation. These data also suggest that high levels of  CD44 correlate with higher vascular rescue due to the 
improved ability to respond to microenvironmental cues and activate gene expression.

ECFC-conditioned media facilitate vascular repair in OIR. The observation that ECFCs home to the lens and vit-
reous confirms suggestions made by others that ECFCs function largely in a paracrine manner (10, 11). To con-
firm this, we analyzed gene expression for 84 angiogenic growth factors in CD44hi and CD44lo ECFCs grown in 
monolayer culture. Surprisingly, we did not detect upregulation of any genes in CD44hi ECFCs (Supplemental 
Figure 7). Since gene expression can be microenvironment dependent, we decided to use a 3D collagen-based 
cell culture system to mimic the in vivo conditions of vitreous (Figure 7A). 3D culture appears to alter the ECFC 
gene profile, based on qPCR experiments comparing ECFCs cultured in two versus three dimensions. Specifi-
cally, CD44 knockdown ECFCs grown in 3D gel culture downregulated several proangiogenic factors compared 
with control ECFCs, though this difference was not observed in 2D culture (Figure 7B and Supplemental Figure 
10A). We confirmed a similar gene expression pattern in CD44hi and CD44lo ECFCs cultured in 3D gel culture 
compared with that in CD44 knockdown ECFCs (Supplemental Figure 10B). We assayed conditioned media 
collected from 3D culture of ECFCs with a multipanel ELISA, which detected the relative expression level of 55 
angiogenesis-related proteins (Figure 7C). Together with absolute quantification done by regular ELISA (Figure 
7D), we detected downregulation of IGFBP2 and IGFBP3 in conditioned media from ECFCs-shCD44-GFP 
cultured in 3D, compared with ECFCs. Moreover, we measured human IGFBP2 and IGFBP3 protein levels 
in mouse OIR eyes after injection of ECFCs using Meso Scale analysis based on electrochemiluminescence 
detection technology. Significant reductions of both human IGFBP2 and IGFBP3 were detected in OIR eyes 
that received ECFCs-shCD44 compared with control ECFCs (Figure 6L).

To obviate the need to sort and utilize only CD44hi cells, or to use transgenic approaches to overexpress 
CD44 in CD44lo cells, we tested if  conditioned media from ECFCs might rescue the OIR phenotype. Indeed, 
conditioned media from control ECFCs reduced NV and VO more effectively than conditioned media from 
CD44 knockdown ECFCs or media alone (Figure 7, E and F). In addition, since IGFBP2 and IGFBP3 and 
CD44 expression levels are correlated in ECFCs, we injected recombinant human protein of IGFBP2/3; this 
also rescued the OIR phenotype (Figure 8, A–D). Moreover, the rescue effect of IGFBPs secreted from ECFCs 
in OIR was cancelled by depleting IGFBP2 and IGFBP3 in the supernatant of ECFCs using neutralizing anti-
bodies with protein G magnetic beads (Figure 8, E–G). Rescue effect for NV was impaired when IGFBP2 was 
depleted, and moreover, the effect for VO was cancelled when both IGFBPs were depleted. Thus, IGFBP2 and 
IGFBP3 are critical cues in the trophic mechanism of ECFC-based therapy for neurovascular diseases.

Discussion
In cell therapy for general regenerative medicine, it is well-known that transplanted cells often provide sub-
stantial benefit to the recipient through transdifferentiation and functional replacement of  damaged cells 
as well as through paracrine effects (31). Evidence for this in ECFC biology comes from the relatively low 
number of  cells that engraft at the ischemic site, which nonetheless can provide a substantial therapeutic 
benefit (6, 8). Furthermore, it is rare to find vessels that consist of  injected cells only. The purpose of  this 
study was to determine if  human ECFCs exert trophic effects of  angiogenesis that can mitigate pathologi-
cal consequences of  retinal disease, including vascular damage and neural cell loss.

Figure 3. Subpopulation of ECFCs facilitates regeneration of retinal vasculature and reduces pathological angiogenesis in oxygen-induced retinopathy 
model. (A) Representative GS lectin–stained flat-mount retinas. Scale bar: 500 μm. (B and C) Oxygen-induced retinopathy (OIR) quantification for eyes 
injected at P12 with CD44hi ECFCs, CD44lo ECFCs, or vehicle. Retinas were harvested at P17 using a different clone of CD44 antibody. Results for neovascular 
tufts (NV) are shown in B and vaso-obliterated regions (VO) are shown in C. Quantifications show the results of each clone of antibody (G44-26 or DB105) for 
CD44 selection. *P < 0.01, Kruskal-Wallis test with Dunn’s multiple comparison test; G44-26, n = 24 in ECFCs and 16 in vehicle; DB105, n = 18 in ECFCs and 14 
in vehicle. (D and E) Quantification of OIR retinas, harvested at P17, that were injected at P12 with control knockdown (KD) ECFCs (ECFCs-scrRNA), CD44-KD 
ECFCs (ECFCs-shCD44), or vehicle. Results for NV are shown in D, and results for VO are shown in E. *P < 0.01, n = 22 in ECFCs and 18 in vehicle. (F and G) 
Retinal sections at P30, after injection at P12, show highly efficient neuroprotection with CD44hi ECFC injection in the OIR model. (F) Results of immuno-
histochemistry with MAP2 (red) and PECAM-1 (green) antibodies for OIR retinas injected with CD44hi ECFCs, CD44lo ECFCs, or vehicle, compared with retinas 
from mice housed in normoxic conditions. Nuclear staining was performed with Hoechst33342 (blue). IPL, inner plexiform layer; INL, inner nuclear layer; OPL, 
outer plexiform layer. Scale bar: 50 μm. (G) Quantification for each retinal layer thickness of central retina after ECFC injection. n = 12 in ECFCs and normoxia, 
n = 9 in vehicle. *P < 0.01, **P < 0.001. 1-way ANOVA with Tukey analysis. Error bars represent SEM in B–E and SD in G.
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We present several lines of evidence showing that a population of ECFCs, which is defined by CD44 
expression, can promote vascular and neuronal protection in the murine OIR model and RD10 mice through 
the secretion of IGFBPs. ECFCs expressing high levels of CD44 had a trophic effect on the neurovasculature in 
OIR and RD10. Using a flat-mount technique for both posterior capsule of lens and retina, we observed injected 
ECFCs localized to the vitreous. Purifying injected cells enabled us to analyze the angiogenic genes modulated 
by CD44 signaling. Second, conditioned media from 3D cell culture could promote a reparative effect in OIR. 
Proteomic analysis focusing on angiogenic factors in condition media revealed the presence of IGFBP2 and 
IGFBP3. Third, IGFBP2 and IGFBP3 secreted from ECFCs could rescue OIR model. Exogenous administra-
tion of human recombinant IGFBP2 (32, 33) or IGFBP3 (34, 35) protein rescued the OIR phenotype.

IGFBPs were originally characterized as reservoirs of  circulating IGFs, but they are now understood to 
possess many IGF-independent functions (36). IGFBPs, which reportedly localize in the pericellular and 
intracellular compartments, regulate cell growth and survival (36). As expected in our study, intravitreal 
injection of  human recombinant IGFBP2 and IGFBP3 promoted a reparative effect in OIR. IGFBP2 has 
been reported to interact with integrin αvβ3 (37) and α5β3 (38) during angiogenesis. Recent extensive analy-
ses for regenerative factors secreted from ECs revealed IGFBP2 as one of  the candidate angiocrine factors 
(39, 40). IGFBP3 has been shown to regulate vascular repair in the OIR model (34, 35).

We showed that ECFCs promote neurovascular protection in both OIR and inherited retinal degener-
ation mouse models. ECFCs restore the thickness of  inner retina in the OIR model. Interestingly, ECFCs 
exhibited a rescue effect on the thickness of  ONL in the RD10 mouse model. In general at P17 in OIR mod-
el, vascular development has not been accomplished at the level of  deep vasculature which supply blood to 
ONL so ischemic lesion is possibly limited to inner retinal layer. On the other hand, inherited photoreceptor 
degeneration occurs at the level of  the outer retina. One of  causative reasons for photoreceptor loss has been 
concluded to be oxidative stress (41). Because a number of  studies have shown IGFBPs’ role for exerting a 
pleiotropic antioxidant effect (42), we speculate that the paracrine secretion from ECFCs could restore the 
vasculature and neurons from different locations in different models.

Currently, several clinical trials of stem cell therapy for retinal neurovascular diseases, including AMD, RP, 
and diabetic retinopathy, are ongoing (43). Almost half of those trials are using cells of mesodermal origin, 

Figure 4. ECFCs promote 
transient neurovascular 
protection in inherited retinal 
degeneration mice. (A and 
B) Representative images 
(A) and quantification (B) of 
staining for deep plexus of ret-
inal vasculature with GS lectin 
on P32 RD10 retinas show 
rescue of vascular atrophy 
with CD44hi ECFCs. n = 8. (C 
and D) Immunohistochemistry 
of retinal sections harvested 
at P28 after injection on P14 
in RD10 mice shows a highly 
efficient neuroprotective 
role of CD44hi ECFCs. (C) Red, 
arrestin; green, rhodopsin; 
blue, Hoechst33342. (D) 
Red, opsin (red/green); blue, 
Hoechst33342. (E) Quantifi-
cation for outer nuclear layer 
thickness. n = 5. (F and G) 
TUNEL staining on P21 RD10 
mouse retinas shows fewer 
apoptotic cells in CD44hi ECFC–
injected eyes. (G) Quantifica-
tion of TUNEL staining in F. 
n = 5. *P < 0.05, **P < 0.01, 
Student’s t test. Scale bar: 50 
μm. Error bars represent SD.
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namely, bone marrow–derived 
mesenchymal stem cells. Sim-
ilar to our experiments, those 
cells were delivered with intra-
vitreal injection. EPCs, which 
are also of mesodermal origin, 
are recognized as consisting of  
two cell populations; early EPC 
and ECFCs. The latter are also 
referred as outgrowth endotheli-
al cells (27, 44). Compared with 
early EPCs, ECFCs had been 
thought to secrete fewer tro-
phic factors (44). In agreement 
with these reports, we did not 
detect upregulation of VEGF 
and HGF in supernatant from 
3D culture of ECFCs. These 
data suggest that ECFCs did 
not release those growth factors 
for their own survival. However, 
when in 3D gel culture or the vit-
real microenvironment, ECFCs 
were stimulated to secrete tro-
phic factors such as IGFBPs.

This study focused on 
angiogenesis-related genes or 
proteins in our -omics analy-

sis (Figures 4–6 and Supplemental Figures 6 and 7). Nevertheless, other factors released from ECFCs 
should also be considered. For example, inflammatory cytokines are increasingly recognized as playing 
an important role in tissue regeneration (45). One group demonstrated that EPC-derived CCL2 recruit-
ed neuroprotective microglia in an acute retinal degeneration model (46). Interaction between HA and 
CD44 has known to induce chemokine expression, which recruits and activates leukocytes (47).

Compared with other reports demonstrating the enhancement of  angiogenesis using ECFCs, our 
study did not detect the homing of  cells to the ischemic lesion. Rather, intravitreally injected ECFCs 
remained in the vitreous. For clinical application, using conditioned media or IGFBP-based therapy 
would also be a possible alternative strategy. Furthermore, using XFM media, in which ECFCscan be 
derived, will be important in the development of  cell-based therapies using these cells. In addition, it may 
be possible to transfect these cells to overexpress IGFBPs or other bioactive molecules, semipermeably 
encapsulate the cells near the site of  neurovascular degeneration, and, thus, create a microenvironment 
supportive of  vascular healing and neuronal maintenance.

Methods
Animals. OIR was induced in C57BL/6J mice according to the protocol described in ref. 20. Briefly, 
P7 pups and their mothers were transferred from room air to an environment of  75% oxygen for 5 
days and afterward were returned to room air. The hyperoxic environment was created and main-
tained using a chamber from Bio-Spherix. Under these conditions, large hypovascular areas formed 
in the central retina during hyperoxia in C57BL/6J mice, and abnormal preretinal neovascularization 
occurred after return to normoxia, peaking at around P17 and ultimately resolving. For immuno-
compromised mice, we used Rag2 knockout mice that were on a C57BL6 background, because we 
reported previously that we could induce OIR in C57BL6J wild-type mice but not in the BALB/cByJ 
strain (18). In addition, we crossed LCK (T cell marker) Cre mice (Cg-Tg(Lck-cre)548Jxm/J; The 
Jackson Laboratory [JAX]) or LysM (myeloid cell marker) Cre mice (Lyz2tm1(cre)Ifo/J; JAX) with 
a mouse strain in which the human diphtheria toxin receptor (iDTR) is knocked into the ROSA26 

Figure 5. ECFCs promote functional rescue in inherited retinal degeneration mice. (A and B) ERG recordings to 
measure the function of retinas at P28 injected with CD44hi ECFCs or control cells (CD44lo ECFCs) or vehicle at 
P14. Retinal function was rescued by CD44hi ECFC injection. Error bars represent SD. (C) Relative mRNA expres-
sion values from qPCR array gene-profiling analysis of 84 mouse neurotrophin- and receptor-related genes 
expressed on RD10 or WT (noninjected) whole retinas at P22 after injection of CD44hi ECFCs, CD44lo ECFCs, or 
vehicle at P14. n = 3–4. Genes dysregulated by >1.5-fold with P values of less than 0.05 were plotted. *P < 0.05, 
**P < 0.01, 1-way ANOVA with Tukey analysis.
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Figure 6. Morphological and molecular characterization of ECFCs in the vitreous regulated by CD44. (A–H) OIR eyes after injection of CD44 knock-
down ECFCs did not show apparent morphological differences in samples of flat-mount stained retinas (A–D) or eye sections (E–H). Green, GFP; red, 
human-VE-cadherin; blue, Hoechst33342. (A–D) Low-magnification (A and C) or high-magnification (B and D) images of flat-mount staining for posterior 
lens capsule and retina harvested at P14 after injection at P12 of control ECFCs (ECFCs-scrRNA) (A and B) or CD44 knockdown ECFCs (ECFCs-shCD44) (C 
and D). (E–H) Low-magnification (E and G) or high-magnification images (F and H) of immunohistochemistry for eyeball sections harvested at P14 after 
injection at P12 of ECFCs-scrRNA (E and F) or ECFCs-shCD44 (G and H). Scale bar: 500 μm (A and C); 50 μm (B and D); 100 μm (E–H). (I) Experimental 
schema for isolation of P12 injected ECFCs using FAC sorting at P13. (J) Flow cytometry analysis for GFP-positive ECFCs-scrRNA or ECFCs-shCD44 from 
OIR eyes. (K) qPCR-based gene profile analysis for angiogenic growth factors expressed on injected ECFCs-scrRNA or ECFCs-shCD44. Genes dysregulated 
by >1.5-fold with P values of less than 0.05 were plotted. (L) Mesoscale discovery (MSD) analysis based on electrochemiluminescence detection tech-
nology for human IGFBP2 and IGFBP3 protein levels in a whole OIR eyes at P14 injected ECFCs at P12. Error bars represent Min to Max. n = 4. *P < 0.05, 
Mann-Whitney test.
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Figure 7. Angiocrine factors secreted in cell-free media from 3D gel culture of ECFCs restore vascular network in oxygen-induced retinopathy. (A 
and B) Culture supernatant from 3D gel culture repairs the oxygen-induced retinopathy (OIR) model’s phenotype, and its rescue effect is regulated by 
CD44. (A) Confocal image of GFP-ECFC in collagen gel culture. (B) qPCR array gene profile analysis for human angiogenic growth factors expressed on 
ECFCs-scrRNA or ECFCs-shCD44 cultured in 3D gel for 48 hours. n = 3. Genes dysregulated by >1.5-fold with P values of less than 0.05 were plotted. 
(C) Angiogenic protein arrays of conditioned media from 3D gel culture of control ECFCs (ECFCs-scrRNA) (A and B) or CD44 knockdown ECFCs (ECFCs-
shCD44). Boxes outlined with various colors indicate ECFC-secreted angiocrine factors. (D) ELISA analysis for human IL-8, IGFBP2, and IGFBP3 in con-
ditioned media from 3D gel culture of ECFCs-scrRNA or ECFCs-shCD44. n = 7. Student’s t test. (E) Representative GS lectin–stained flat-mount retinas 
and (F) quantification for eyes harvested at P17 after injection at P12 with cell culture supernatant from 3D gel culture of control ECFCs (ECFCs-scrRNA), 
CD44 knockdown ECFCs (ECFCs-shCD44), or gel without ECFCs in OIR. *P < 0.05, Kruskal-Wallis test with Dunn’s multiple comparison test. n = 16–18. 
Scale bar: 500 μm. Error bars represent SD in D and SEM in F.
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locus (Rosa26iDTR/+C57BL/6-Gt(ROSA)26Sortm1(HBEGF)Awai/J; JAX) (20). Human diphtheria toxin was 
administrated as previously described (48). Pde6brd10/rd10 (rd10) mice (B6.CXB1-Pde6brd10/J) and Rag2 
knockout mice (C.B6(Cg)-Rag2tm1.1cgn/J, no. 008448) were also purchased from JAX.

Cell preparation and culture. Human ECFCs were derived from umbilical cord blood (UCB) obtained after 
full-term deliveries and cultured essentially as described previously (27). Namely, UCB was collected in PBS 
with 20 μg/ml heparin (STEMCELL Technologies, 07980), and the processing of  UCB samples was started 

Figure 8. IGFBPs secreted from ECFCs exert reparative effect for oxygen-induced retinopathy. (A–D) Treatment with 1 ng rhIGFBP2 (A and B) or rhIGFBP3 
(C and D) efficiently decreased neovascular tufts (NV) and vaso-obliterated regions (VO) at P17 when compared with vehicle-injected eyes. Results are 
expressed as a percentage of NV or VO area, normalized to vehicle-injected eyes. n = 9–16. *P < 0.05, Mann-Whitney test. Scale bar: 500 μm. (E–G) Deple-
tion of IGFBPs in cell culture supernatant from 3D gel culture of ECFCs partially cancelled the rescue effect in oxygen-induced retinopathy (OIR). (E) ELISA 
analysis after depletion of IGFBP2 and IGFBP3 using Protein G magnetic beads with each neutralizing antibody. (F) Representative GS lectin–stained flat-
mount retinas and (G) quantification for eyes harvested at P17 after injection at P12 with cell culture supernatant treated with Protein G magnetic beads 
with neutralizing antibody either of IGFBP2 or IGFBP3 and both (combo-Ab) from 3D gel culture of ECFCs in OIR. n > 21. *P < 0.05, **P < 0.01, Kruskal-Wal-
lis test with Dunn’s multiple comparison test. Error bars represent SEM. Scale bar: 500 μm.
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within 6 hours after delivery in all cases. Mononuclear cells were isolated from UCB by Lymphoprep (STEM-
CELL Technologies, 07851), resuspended into complete EGM-2 medium (SCM) (EGM-2 bullet kit, Lonza, 
cc-3202, and 10% FBS) or XFM provided by STEMCELL Technologies, and seeded onto 6-well plates coat-
ed with rat collagen type 1 (Corning, 354236). In the case of  XFM cell culture, we used ACF attachment 
substrate, provided by STEMCELL Technologies. The medium was changed daily for 7 days and then every 
other day. Individual ECFC colonies emerged 4–16 days after seeding and were replated separately. We per-
formed cloning assays in 96-well plates, and colonies were counted after fixation and staining. Individual 
ECFC colonies were analyzed by flow cytometry for the expression of  endothelial and hematopoietic cell sur-
face markers. To understand the precise mechanism underlying the reparative effect of  ECFCs, we performed 
all subsequent experiments after Figure 1 with ECFCs cultured with EGM supplemented with 10% FBS. 
For gel culture of  ECFCs, a collagen solution (pig acid soluble form, Cellmatrix type I-A) was obtained from 
Nitta Gelatin and used as previously described (49). Cultured ECFCs were added to the collagen suspension 
to a final concentration of  2 million cells/ml collagen. 500 μl of  the collagen/cell suspension was added into 
the wells of  a Costar 24-well tissue culture dish (Costar Corp.) and left at room temperature for 15 minutes to 
permit collagen polymerization. Following gel formation, 1 ml of  medium was added per well, which allowed 
the cells to be fed from the top of  the collagen gel. For supernatant experiments, samples of  conditioned 
medium were collected from gel culture of  ECFCs in EBM-2 with 10% FBS for first 24 hours and media were 
changed to EBM-2 for next 24 hours to collect supernatant. All experiments were performed with individual 
ECFC colonies between passage 4 and 7. All experiments were performed with at least 3 biologically indepen-
dent ECFC colonies, originating from 3 distinct cord blood donors.

Lentiviral-mediated GFP expression and shRNA knockdown. For labeling ECFCs, we used GFP (CMV-Neo) 
lentiviral particles (GenTarget Inc.). Lentiviral-shRNA clones were also generated by GenTarget Inc. For 
lentivirus infection, cells were selected by flow cytometry. Human standard CD44 was silenced by treat-
ment with combined shRNA clones TRCN0000308110 and TRCN0000296190

Intravitreal injection. In one eye of each animal, 5 × 104 cells for OIR model mice or 1 × 105 cells for RD10 
mice in 0.5 μl vehicle (Dulbecco’s PBS containing 0.5% BSA and 2 mM EDTA) were injected into the vit-
reous using a Hamilton syringe fitted with a 33-gauge needle (Hamilton) at P12. In some cases, we injected 
at P7, as indicated in Figure 2. In the contralateral eye, we injected an equal number of control cells or vehi-
cle alone. For supernatant experiments, collected media were filtered (0.2 μm) and then concentrated 100-fold 
(Amicon Ultra centrifugal filters; 3-kDa cutoff, Millipore). For recombinant protein experiments, 1 ng of human 
IGFBP2 or IGFBP3 (R&D) was injected. To deplete IGFBPs in supernatant, we used an immunoprecipitation 
kit with Dynabeads Protein G (Thermo Fisher Scientific) following the manufacturer’s instruction. Briefly, we 
incubated the IGFBP2 and IGFBP3 blocking antibody or goat IgG (R&D) with Dynabeads. We removed the 
Dynabeads supernatant using a magnet to pull it into a pellet and then added the 3D culture supernatant, which 
was obtained as described above. Finally, we collected the supernatant, using the magnet to immunoprecipitate 
the Dynabeads and attached protein and then injected it into OIR eyes after concentration.

Immunofluorescence. Whole-mount preparations for retinas were performed as previously described (50). 
For retinal and post-capsular flat-mounts, we dissected only the cornea, choroid, and sclera from enucleat-
ed eyes, and then we punctured the anterior capsule of  the lens and removed the nuclei and cortex of  the 
lens with forceps. Immunostaining of  cryosections was carried out as previously described (51). The prima-
ry antibodies used in this study are described in Supplemental Table 1. The retinas and sections were incu-
bated with the corresponding Alexa Fluor–conjugated secondary antibodies (Invitrogen), and the nuclei 
were stained with Hoechst 33342 or DAPI (Vector Laboratories). TUNEL staining was performed using an 
In Situ Cell Death Detection Kit (Roche Diagnostics) according to the manufacturer’s instructions. Perfu-
sion of  FITC dextran and FITC albumin was performed as previously described (22).

Confocal microscopy and quantification. All images were acquired with a confocal laser-scanning 
microscope (LSM 700 or 710, Zeiss) and processed with the ZEN 2010 software (Zeiss). OIR quan-
tification of  vaso-obliteration and neovascularization was carried out as described previously (18). In 
brief, the area of  VO was measured by carefully delineating the avascular zones in the central retina of  
GS lectin–stained retinas and calculating the total area using Photoshop CS6 (Adobe). For quantifica-
tion of  retinal thickness in OIR eyes, the thicknesses of  the IPL, INL, and ONL were measured on the 
photographs of  central retina (about 500 μm from the optic disc) in a masked fashion. 3D reconstruc-
tions were generated using ZEN 2010. For branch point quantification of  the vascular plexus, 8 ×200 
magnification images (4 center and 4 peripheral; 320 × 320 μm fields of  view per retina) were chosen 
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from each scanned image of  the deep layer of  the retina plexus of  P32 RD10 mice, and the number of  
branch points obtained from each of  the 8 fields was averaged. The quantification of  retinal thickness 
and TUNEL-positive cells was performed as previously described (48).

Gene profiling, ELISA, and MSD analysis. Total RNA was isolated from cells and tissues using the 
RNeasy Micro Kit (QIAGEN) and reverse transcribed using the QuantiTect Reverse Transcription Kit 
(QIAGEN), following the manufacturer’s instructions. qPCR assays were performed with the CFX96 
Touch Real-Time PCR Detection System (Bio-Rad) using a PCR array (RT2 Profiler PCR Array for 
human angiogenic growth factor [PAHS-072Z], human or mouse neurotrophin and receptors [PAHS-
031Z or PAMM-031Z]) according to the manufacturer’s instructions (QIAGEN). To analyze the expres-
sion of  genes, RT2 Profiler PCR Array Data Analysis Suite version 3.5 was used. Proteome Profiler 
Human Antibody Array Kits (R&D Systems) were used for this analysis following the manufacturer’s 
instructions. Human IL-8, IGFBP-2, and IGFBP-3 Quantikine ELISA Kits (R&D) were used for sand-
wich ELISA experiments. Each condition was tested in triplicates according to the manufacturer’s spec-
ifications, and the output was measured using a microplate reader (Synergy 2; BioTek). Concentrations 
were obtained by fitting the data to a standard curve using nonlinear 3-factor regression. MSD analysis 
was performed as previously described (52). High-binding carbon electrodes were set in the bottom of  
microplates and MSD assays used electrochemiluminescent labels that are conjugated to detection anti-
bodies (SULFO-TAG) and allow for sensitive detection. Electricity was applied to the plate electrodes by 
an MSD instrument (QuickPlex SQ 120), leading to light emission by SULFO-TAG labels. Light intensity 
was then measured to quantify analytes in the sample. We optimized human IGFBP2 and IGFBP3 MSD 
kits following the manufacturer’s instructions. Total proteins from whole P14 OIR eyes were corrected 
with 300 μl T-PER Lysis buffer after injection of  ECFCs at P12.

Flow cytometry. ECFCs were incubated at 4°C for 30 to 60 minutes with varying concentrations of  the 
primary or isotype control antibody, as outlined below in 100 l PBS and 4% FBS, washed 3 times, and ana-
lyzed by FACS (BD). For cell sorting for injected ECFCs, dissected corneas and scleras of  at least 15 mouse 
neonates were incubated after injection for 30 minutes at 37°C in DMEM containing 1% collagenase (Wako) 
before cells were dissociated by gentle trituration. The stained cells were analyzed and sorted using a FACSAr-
ia flow cytometer (BD) with FlowJo (TreeStar) software. Dead cells were excluded from the analyses using the 
2D profile of  forward versus side scatter. Using these negative and positive control tubes, we set fluorescence 
voltages and the compensation matrix according to the instructions of  the manufacturer. We applied these 
setting parameters to all samples analyzed. We used primary murine monoclonal antibodies against human 
CD44 antibody conjugated to APC (clone: IM-7 and G44-57, BD PharMingen) and to PE (clone: DB105, 
Miltenyi Biotec) for CD44hi/lo ECFC characterization. Subsequent immunolabeling was performed with G44-
57 clone. For phenotypic analysis of  the cells, we used antibodies described in Supplemental Table 1.

Ganzfeld ERG. ERG was performed according to procedures previously described (53). Mice were dark 
adapted overnight before the experiments and anesthetized under a dim red light by intraperitoneal injec-
tion of  15 mg/kg ketamine and 7 mg/kg xylazine. Silver needle electrodes served as a reference (forehead) 
and ground (tail). Full-field ERGs were recorded from the corneal surface of  each eye after pupil dilation 
(with 2.5% phenylephrine and 1% tropicamide) with active contact lens electrodes (Mayo). A computer-
ized system with an electronically controlled Ganzfeld dome was used (Espion E2 with Colordome; Diag-
nosys). In the dark-adapted condition (scotopic), we recorded rod and mixed cone/rod responses to a series 
of  white flashes of  increasing intensities (1 × 10–5 to 50 cd×s/m2). In the light-adapted condition (photopic), 
with a 30 cd/m2 background, cone responses to 1-Hz (0.63–20 cd×s/m2) stimuli were recorded. All ERG 
responses were filtered at 0.3–500 Hz, and signal averaging was applied.

Statistics. Statistical analyses were carried out using PRISM (version 6, GraphPad Software). Exper-
iments involving two groups were compared using unpaired, 2-tailed t tests. Multiple comparisons were 
made using 1-way ANOVA with Tukey analysis. The normal distribution of  all data sets was tested, and, 
depending on the results, nonparametric analyses (Mann-Whitney test or Kruskal-Wallis test with Dunn’s 
multiple comparison test) were performed. P < 0.05 was considered statistically significant.

Study approval. All animal experimental procedures were approved by The Scripps Research Institute 
Animal Care and Use Committee. All experiments were performed in accordance with the NIH Guide for 
the Care and Use of  Laboratory Animals (National Academies Press. 2011). Informed consent was obtained 
from adult donors for cord blood in accordance with the Declaration of  Helsinki. The Institutional Review 
Board at The Scripps Research Institute and Scripps Memorial Hospital La Jolla approved all protocols.
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