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Specific mesoderm subset derived from human 
pluripotent stem cells ameliorates microvascular 
pathology in type 2 diabetic mice
Chang-Hyun Gil1,2†, Dibyendu Chakraborty3†, Cristiano P. Vieira3, Nutan Prasain1,4,  
Sergio Li Calzi3, Seth D. Fortmann3,5, Ping Hu3, Kimihiko Banno1,6, Mohamed Jamal7,8, 
Chao Huang3, Micheli S. Sielski3, Yang Lin1,9, Xinxin Huang10,11, Mariana D. Dupont3,  
Jason L. Floyd3, Ram Prasad3, Ana Leda F. Longhini3,12, Trevor J. McGill13, Hyung-Min Chung14, 
Michael P. Murphy2, Darrell N. Kotton7, Michael E. Boulton3, Mervin C. Yoder1,15*, Maria B. Grant3*

Human induced pluripotent stem cells (hiPSCs) were differentiated into a specific mesoderm subset characterized 
by KDR+CD56+APLNR+ (KNA+) expression. KNA+ cells had high clonal proliferative potential and specification into 
endothelial colony-forming cell (ECFCs) phenotype. KNA+ cells differentiated into perfused blood vessels when 
implanted subcutaneously into the flank of nonobese diabetic/severe combined immunodeficient mice and when 
injected into the vitreous of type 2 diabetic mice (db/db mice). Transcriptomic analysis showed that differentiation of 
hiPSCs derived from diabetics into KNA+ cells was sufficient to change baseline differences in gene expression 
caused by the diabetic status and reprogram diabetic cells to a pattern similar to KNA+ cells derived from nondiabetic 
hiPSCs. Proteomic array studies performed on retinas of db/db mice injected with either control or diabetic donor–
derived KNA+ cells showed correction of aberrant signaling in db/db retinas toward normal healthy retina. These 
data provide “proof of principle” that KNA+ cells restore perfusion and correct vascular dysfunction in db/db mice.

INTRODUCTION
The ability to genetically reprogram patient somatic cells into 
human induced pluripotent stem cells (hiPSCs) has provided a new 
tool to model multifactorial diseases (1), allowing hiPSC-derived 
cells as potential therapeutic agents for damaged tissues and organs 
(2). Generation of hiPSC-derived endothelium has been proposed 
as a means to investigate basic mechanisms of vasculogenesis and 
angiogenesis both in health and disease (3). However, modeling the 
endothelial cell (EC) dysfunction, for example, as seen with diabetic 
microvascular disease has been challenging using hiPSCs (1). Despite 
these limitations, diminished angiogenic function has been observed 
in hiPSC-derived ECs from diabetic individuals (4). Whether this 

represents a true disease-related defect or is related to the protocol 
used to generate the cells is not known. Thus, the goal of this study 
was to generate hiPSCs from control and also diabetic individuals, 
develop a novel differentiation protocol, and examine the in vitro 
and in vivo function of EC precursors generated from hiPSCs.

We reasoned that the key to obtaining ECs from hiPSCs was to 
understand the normal developmental stages of EC emergence in 
the embryo (5). The EC lineage is one of the earliest to emerge from 
the primitive streak as mesoderm during gastrulation and has been 
well studied in model organisms in which differentiation proceeds 
briskly. Zebrafish ECs are generated from most areas that are 
composed of mesodermal lineages (6). In Xenopus animal cap assays, 
mesoderm retains fate flexibility even after lineage commitment 
through a controlled balance between Activin and bone morpho-
genetic protein 4 (BMP4) signaling pathways (7). In the chick, some 
mesoderm- derived ECs are generated within the embryo from 
committed somites (8). Elegant studies using differentiating murine 
embryonic stem cells (ESCs) have identified specific culture condi-
tions that permit the generation of multiple mesoderm subsets, 
reflecting embryonic and extraembryonic mesoderm comparability 
(including the organizing, middle, and posterior primitive streak) 
(9), and ECs have been reported to arise from all of these mesoderm 
subsets (10).

A variety of methods have been used to control the differentia-
tion of hiPSCs into ECs (11–13). Each of the approaches differentiates 
the hiPSC through a mesodermal state (13, 14). From a develop-
mental perspective, numerous signaling pathways including vascular 
endothelial growth factor (VEGF), Notch, Wnt, Hedgehog, trans-
forming growth factor– (TGF-), and many transcriptional networks 
that include Sox factors, E-twenty-six (ETS) factors, -catenin, Forkhead 
factors, and Nr2f2 are critical for EC specification from mesoderm 
(15). Using key markers for EC specification from mesoderm (5, 16), 
we now report on a method to generate ECs displaying properties 
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similar to umbilical cord blood and adult peripheral blood endo-
thelial colony-forming cells (ECFCs) (17) via a specific mesoderm 
subset displaying features of posterior lateral mesoderm.

ECFCs are primary human ECs that reside in the blood vessels 
of human individuals, circulate in very low numbers in peripheral 
blood, and display a hierarchy of clonal proliferative potential and 
in vivo vessel-forming ability (18, 19). ECFCs have been purported 
to be a potential source of reparative cells for ischemic disorders 
in human individuals (20, 21). Unfortunately, access to primary 
ECFCs is severely limited by location, rarity in circulating blood, 
reductions in blood concentration with aging, and risk of dysfunction 
in disorders, such as diabetes (22, 23). We have previously reported 
that ECFCs can be derived through a complex and lengthy multi-
step differentiation protocol from hiPSCs (17). In this study, we 
sought to identify the mesoderm precursor of the ECFCs with high 
proliferative potential (HPP) to provide a more rapid acquisition of 
ECFCs and avoid the proliferative stress and costs associated with 
the prolonged expansion previously required (17).

RESULTS
Generating mesoderm cells with potential to differentiate 
into ECFC-like cells with in vitro and in vivo blood  
vessel–forming capacity
We developed a serum-free defined mesoderm differentiation 
protocol to obtain distinct day 4 mesoderm fractions and examined 
their ECFC differentiation potential (Fig. 1A). In preliminary studies, 
we cultured the fibroblast-derived hiPSC line (DF19-9-11T) on 
Matrigel-coated plates in mTeSR1 medium for 2 days (days −2 and 0). 
To induce the earliest multipotent mesodermal progenitors (16), we 
replaced mTeSR1 medium with Stemline II medium supplemented with 
Activin-A (10 ng/ml), BMP4 (20 ng/ml), VEGF165 (10 ng/ml), and 
fibroblast growth factor-2 (FGF-2) (10 ng/ml) on day 0 of differen-
tiation. The following day, the culture medium was replaced with 
fresh Stemline II medium supplemented with BMP4 (20 ng/ml), 
VEGF165 (10 ng/ml), and FGF-2 (10 ng/ml) to promote mesodermal 
cell differentiation. Because kinase insert domain receptor (KDR), 
neural cell adhesion molecule (CD56), and/or apelin receptor (APLNR) 
have previously been used to isolate mesoderm subsets containing 
hematoendothelial or cardiac precursors in mouse and human 
ESCs (16), we examined the differentiated hiPSC for subsets of cells 
coexpressing these cell surface proteins using flow cytometry. Of 
interest, on day 4 of culture, APLNR+ cells were found only in the 
KDR+CD56+ mesoderm fraction and CD56 and APLNR coexpression 
was higher on days 3 and 4 of differentiation (fig. S1, A and B). 
While day 4 differentiated cells expressed KDR, CD56, and APLNR 
mesodermal markers (KNA+ cells), the endothelial markers CD31, 
Neuropilin-1 (NRP-1), and CD144 were not expressed (fig. S1C), 
suggesting that the KNA+ mesoderm subset on day 4 of hiPSC 
differentiation has not yet committed to the endothelial lineage. 
KDR+CD56+APLNR+ (KNA+), KDR+CD56+APLNR−, and KDR+ 
CD56−APLNR− subsets were isolated at day 4 of differentiation and 
cultured for another 4, 6, or 8 days (total of 8, 10, or 12 days) to ex-
amine for the emergence of NRP-1+CD31+ cells that are known to 
be enriched with ECFCs (Fig. 1B) (17). The KNA+ mesoderm fraction 
cultured for 12 days, but not KDR+CD56+APLNR− or KDR+CD56− 

APLNR− cells, gave rise to a significant percentage of NRP-1+CD31+ 
cells (Fig. 1, C and E; range, 13 to 23%; n = 10) that formed homo-
geneous cobblestone endothelial monolayer morphology (Fig. 1D) 

and displayed near-uniform coexpression for CD31 and CD144 
endothelial markers (Fig. 1, D and F; n = 10).

When the KNA+ cells were differentiated into NRP-1+CD31+ cells 
(total of 12 days) and were individually deposited into culture wells 
via cell sorting and examined for EC clonal proliferative potential, the 
KNA+-derived cells displayed a complete hierarchy of proliferative 

Fig. 1. NCAM and APLNR coexpressing cells within D4 KDR+ mesoderm cells 
(KNA+ mesoderm) give rise to NRP-1+CD31+ ECs with ECFC competence. 
(A) Schematic of simple one-step, two-dimensional, serum and feeder-free mesoderm 
lineage differentiation protocol. (B) Sorting strategy for day 4 (D4) differentiated 
hiPSCs. KDR+ cells were gated for NCAM and APLNR expression. KDR+NCAM+APLNR+ 
(K+N+A+), KDR+NCAM+APLNR− (K+N+A−), and KDR+NCAM−APLNR− (K+N−A−) cells 
were sorted for further differentiation and examination for the emergence of 
NRP-1+CD31+ ECFCs. PI, propidium iodide. (C) Sorted K+N+A+, K+N+A−, and K+N−A− 
mesoderm subsets were further differentiated into ECFC lineage for another 8 days 
(4 plus 8, total of 12 days) to examine for the emergence of NRP-1+CD31+ cells at 
various days of differentiation. (D) At day 12, K+N+A+ mesoderm fraction gave rise 
to NRP-1+CD31+ cells that formed a homogeneous cobblestone endothelial monolayer 
and displayed uniform coexpression for CD31 and CD144 endothelial markers. 
(E) Sorted K+N+A+, K+N+A−, and K+N−A− mesoderm subsets were further differentiated 
into ECFC lineage for 4 + 8 days to examine for the emergence of CD31+NRP-1+ 
cells at various days of differentiation (n = 10). (F) K+N+A+ mesoderm fraction gave 
rise to CD31+NRP-1+ cells and displayed uniform coexpression for CD31 and CD144 
endothelial markers (n = 10).



Gil et al., Sci. Adv. 8, eabm5559 (2022)     4 March 2022

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

3 of 15

potential with a significant proportion (range, 20 to 31%; n = 10) of 
the clones, giving rise to HPP colonies composed of >2001 cells within 
the 14-day culture period (Fig. 2A). The KDR+CD56+APLNR− and 
KDR+CD56−APLNR− gave rise to few NRP-1+CD31+ cells that, upon 

cloning, failed to generate significant numbers of HPP colonies of 
>2001 cells, although less proliferative ECFCs were identified (Fig. 2A). 
The KNA+-derived NRP-1+CD31+ cells also displayed robust 
CD144 and lacked alpha–smooth muscle actin (-SMA) expression 
(a nonendothelial mesenchymal marker) (Fig. 2B), whereas the 
NRP-1+CD31+ cells derived from KDR+CD56+APLNR− and KDR+ 
CD56−APLNR− cells displayed a mixture of CD144- and -SMA–
expressing cells. Last, KNA+-derived NRP-1+CD31+ cells, but not 
KDR+CD56+APLNR− or KDR+CD56−APLNR− cells, formed robust 
human blood vessels in vivo (Fig. 2, C and D) when implanted in 
immunodeficient mice, suggesting a stable cord blood-ECFC–like 
phenotype (17).

Recently, an antibody against Stage-Specific Embryonic Antigen-5 
(SSEA-5) glycan on hiPSCs was used to eliminate pluripotent teratoma- 
forming cells from hiPSC differentiation protocols (24). We confirmed 
that the SSEA-5 antibody could be successfully used to deplete un-
differentiated or partially differentiated hiPSC (SSEA-5+KNA−) that 
formed teratomas from our nonteratoma- forming day 4 SSEA-5−KNA+ 
mesoderm cells (Fig. 3A and figs. S2, A and B, and S3). Our hiPSC- 
derived SSEA-5−KNA+ mesoderm cells expressed markers for 
posterior lateral plate mesoderm and lacked expression for markers 
associated with axial, paraxial, and intermediate mesoderm subsets 
(Fig. 3B and table S1). Direct in vivo implantation of this mesoderm 
subset formed robust vessels expressing NRP-1+CD31+ cells 
(Fig. 3, C and F). We confirmed the stemness of SSEA-5+KNA− 
teratoma-forming cells at day 4 (fig. S2B). In vivo implantation 
of SSEA-5−KNA+ and SSEA-5−KNA− mesoderm cells was per-
formed to examine their potential for direct in vivo differentia-
tion into blood vessels that are similar to ECFC- derived vessels 
(Fig. 3, D to F). While SSEA-5−KNA+ cells formed robust function-
al in vivo vessels (red arrows, left), SSEA-5−KNA− cells failed to form 
robust in vivo vessels (blue arrows, right) as shown by the quan-
tification of functional hCD31+ blood vessels (Fig. 3, D and E) 
(P < 0.0002). SSEA-5−KNA+ cells formed NRP-1+CD31+ ECFC vessels 
as early as 8 days after implantation (Fig. 3F).

Nondiabetic KNA+ cells and diabetic KNA+ cells exhibit 
similar phenotypic characteristics, in vitro function, 
and transcriptomic expression profiles
We next examined the differentiation characteristics of KNA+ cells 
from healthy controls. We observed the experimental timeline and 
differentiation of KNA+ from nondiabetic controls (N-KNA; n = 4) 
during a 4-day time course (fig. S4). We subsequently examined the 
differentiation characteristics of KNA+ cells from diabetic donors 
(D-KNA+; n = 3) and found them to be similar (fig. S4). The clinical 
characteristics of control and diabetic donors used to generate the 
hiPSC lines are described in table S2.

The diabetic retina represents an environment rich in hypoxia- 
regulated factors that facilitate the migration of reparative cells 
toward areas of injury. For KNA+ cells to migrate from the vitreous 
into the retina, they need to express receptors for the growth factors 
expressed by the injured retina, such as C-X-C Motif Chemokine 
Ligand 12 (CXCL12) and insulin-like growth factor 1 (IGF-1). KNA+ 
cells were established from N-KNA+ and D-KNA+ donors. The per-
centage of N-KNA+ and D-KNA+ cells expressing CXCR4 (receptor 
of CXCL12), IGF1R, and CD146 (marker for endothelial linage) was 
quantified (fig. S4). On average, approximately 50% of N-KNA+ and 
D-KNA+ cells express CXCR4, while nearly all hiPSC-KNA+ cells 
express IGF1R and CD146 (~88%).

Fig. 2. NRP-1+CD31+ ECs exhibit ECFC competence. (A) K+N+A+ mesoderm– 
derived NRP-1+CD31+ cells exhibited high clonal proliferative potential with a hierarchy 
of colonies ranging from clusters of 2 to 50 cells up to colonies of >2001 cells similar 
to that of hiPSC-ECFCs. However, cells isolated from other two subsets failed to 
exhibit high clonal proliferative potential with marked reduction in colonies of 
>2001 cells. n = 10; means ± SD; t test: not significant (ns) and ****P < 0.0001. LPP, 
low proliferative potential. (B) At day 12, K+N+A+ mesoderm fraction completely 
lacked -SMA expression (top), suggesting a stable ECFC-like phenotype. However, 
cells isolated from the other two subsets lacked adequate NRP-1 expression, 
formed heterogeneous cell monolayers, displayed expression for CD144 but lacked 
uniform coexpression for CD31 and CD144 endothelial markers, and exhibited 
expression for the nonendothelial marker -SMA (middle and bottom), suggesting 
a complete lack of a stable ECFC phenotype (scale bar for the middle panel image). 
DAPI, 4′,6-diamidino-2-phenylindole. (C) K+N+A+ mesoderm–derived NRP-1+CD31+ 
cells produced robust in vivo human blood vessels, as confirmed by anti-human 
specific CD31 antibody reactivity, which are filled with host murine red blood cells 
(indicated by red arrows). K+N+A− mesoderm–derived NRP-1+CD31+ cells pro-
duced modest in vivo human blood vessels, as confirmed by anti-human specific 
CD31 antibody reactivity, that are filled with host murine red blood cells (indicated 
by green arrows). K+N−A−  mesoderm–derived NRP-1+CD31+ cells produced rare in 
vivo human blood vessels, as confirmed by anti-human specific CD31 antibody re-
activity, that are filled with host murine red blood cells (indicated by pink arrows). 
(D) Quantification of functional hCD31+ blood vessels displaying equivalent forma-
tion of vessels between hiPSC-ECFCs and K+N+A+ ECFCs and significantly reduced in 
K+N+A− ECs or K+N−A− ECs. n = 13 (K+N+A+ ECFCs), n = 11 (K+N+A− ECs), and n = 5 
(K+N−A− ECs); means ± SD; t test: ****P < 0.0001.
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In vitro tube formation assay (Fig. 4A) showed that KNA+ cells 
from both donor types formed capillary networks with similar time 
frame, tube length (Fig. 4B), and branch points (Fig. 4C). We 
next differentiated KNA+ cells into ECFCs. ECFCs derived from 
N-KNA+ cells were similar to ECFCs of diabetic origin (D-ECFCs) 

when examined for expression of endothelial surface markers. 
N-ECFCs exhibited the following average percent of expression: 
CD31 (~70%), CD144 (~98%), NRP-1 (~94%), CD146 (~95%), and 
KDR (~85%) with similar levels in D-ECFCs (Fig. 4D). Figure 4E 
shows representative images of tube-forming assay using N-ECFCs 
and D-ECFCs and displays no significant difference in the mor-
phology of the tubes generated from either the N-ECFCs or the 
D-ECFCs. Quantification of capillary tube length and number of 
branch points were also similar (Fig. 4, F and G).

These studies suggest that, in vitro, the diabetic- and nondiabetic- 
derived KNA+ cells share key molecular pathways regardless of the 
donor status of the cells used for hiPSC generation. To better 
understand the transcriptomic landscape of N-KNA+ and D-KNA+ 
cells, we performed bulk RNA sequencing (RNA-seq) on N-KNA+, 
D-KNA+, and the hiPSCs from which they were derived. As expected, 
N-KNA+ and D-KNA+ cells expressed uniquely high levels of 
mesoderm- and EC-specific markers including KDR, APLNR, Neural 
Cell Adhesion Molecule 1 (NCAM1), and Guanine-adenine-thymine- 
adenine 2 (GATA2) (Fig. 5A). Conversely, N-hiPSCs and D-hiPSCs 
expressed high levels of embryonic stem markers including SRY 
(sex determining region Y)–box 2 (SOX2), Octamer-binding tran-
scription factor 4 (OCT4), Homeobox protein NANOG (NANOG), 
and Krupper-like factor 4 (KLF4) (Fig. 5A). Linear regression com-
paring the gene expression profiles of N-hiPSCs and D-hiPSCs 
demonstrated that these cells showed greater transcriptomic differ-
ences [R2 = 0.89, 130 differentially expressed genes (DEGs); Fig. 5B] 
than that of the N-KNA+ and D-KNA+ cells derived from these 
cells (R2 = 0.96, 29 DEGs; Fig. 5C). Spearman correlation con-
firmed that N-KNA+ and D-KNA+ cells were indeed more similar 
than their N-hiPSC and D-hiPSC counterparts (Fig. 5D). These 
findings suggest that KNA differentiation of N-hiPSCs and D-hiPSCs 
is sufficient to modulate the baseline gene expression differences caused 
by diabetic status in reprogrammed somatic cells to a pattern simi-
lar to KNA derived from N-hiPSCs.

Incorporation of KNA+ cells into retinal vessels of  
db/db mice and nonhuman primates
In these studies, we used the retinal microvaculature as a representa-
tive vascular bed that is well known to be dysfunctional in diabetes, 
as it is critical to the therapeutic rigor of a cell population to test it 
in a diseased environment. At 1 month after intravitreal injection, 
N-KNA+ cells (Fig. 6, A, C, and E, and movies S1 and S2) and, to a 
slightly lesser extent, D-KNA+ cells (Fig. 6, B and D) were observed 
to be incorporated into the damaged retinal vessels of db/db mice. 
In contrast, both cell types displayed a random distribution around 
the uninjured retinal vessels of control db/m mice (fig. S5, A and B). 
Human KNA+ cells, detected by using anti-human–specific CD31 
antibody, were found intercalated into the mouse vasculature as 
detected by anti-mouse CD31 antibody labeling (Fig. 6, A to E). In 
the retina of db/db mice, N-KNA+ cells were found connecting with 
the retinal vessels of the superficial, intermediate, and deep plexus. 
Confirmation that the hiPSCs incorporated into murine vasculature 
was achieved by collagen IV staining of the murine vascular basement 
membrane and identification of the human cells with human nuclear 
antigen (fig. S5). To assess whether KNA+ cells could be considered 
as a viable strategy for use in clinical trials, we labeled cells with green 
fluorescent protein (GFP) to facilitate their visualization and then 
injected them into a healthy nonhuman primate (NHP). N-KNA+ cells 
were found in the superficial vascular plexus (Fig. 7, A to C) at 

Fig. 3. Cell sorting strategy for D4 SSEA-5–depleted KNA+ mesoderm cells and 
direct in vivo differentiation of S−KNA+ mesoderm cells that formed robust 
human blood vessels without giving rise to teratomas. (A) Cell sorting strategy 
for D4 differentiated hiPSCs–derived mesoderm cells. SSEA-5−KDR+ cells were gated 
for NCAM and APLNR expression. SSEA-5−KDR+NCAM+APLNR+ (SSEA-5−KNA+) and 
SSEA-5−KDR+NCAM+APLNR− (SSEA-5−KNA−) cells were sorted for further analysis. 
SSEA-5−KDR+ and SSEA-5+KDR− cells were sorted for in vivo implantation to examine 
for teratoma formation and functional vessel formation in the same recipient animal 
(n = 10). (B) D4 SSEA-5–depleted KNA+ mesoderm cells display transcripts typically 
enriched in lateral plate/extraembryonic mesoderm but lacking expression of axial, 
paraxial, and intermediate mesoderm markers in SSEA-5−KNA+ cells (n = 3). (C) Sorted 
SSEA-5−KNA+ cells were further differentiated into ECFC lineage for another 8 days 
(4 plus 8, total of 12 days). At day 12, SSEA-5−KNA+ cells produced ≥3-fold more 
NRP-1+CD31+ cells compared to NRP-1+CD31+ cells produced after continuous 
12 days of differentiation of day 0 hiPSCs (without isolating mesoderm subset at 
D4 of differentiation) into ECFC lineage. n = 15; means ± SD; t test: ****P < 0.0001. 
(D) D4 SSEA-5−KNA+ mesoderm–derived ECFC vessels remain stable in vivo with 
completely inosculating with the host vasculature to become part of the host circula-
tion and do not regress to form teratoma after long-term in vivo implantation 
(≥8 months after implantation). While SSEA-5−KNA+ cells formed robust functional 
in vivo vessels (red arrows, left), SSEA-5−KNA− cells failed to form robust in vivo vessels 
(blue arrows, right). (E) Quantification of functional hCD31+ blood vessels (n = 26, 
SSEA-5−KNA+ and n = 9, SSEA-5−KNA−; means ± SD; t test: ***P = 0.0002. (F) Direct 
in vivo differentiation of SSEA-5−KNA+ cells formed CD31+NRP-1+ blood vessels as 
early as 8 days after implantation (red, hCD31; green, NRP-1).
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2 weeks after injection, suggesting that GFP+ N-KNA+ cells can 
migrate through the vitreous and reach the retina of NHP.

We next used flow cytometry on dissociated neural retinas from 
cell-injected versus saline-injected eyes in 6-month-old db/db mice 
to confirm revascularization. One month after injection, N-KNA+– 
and D-KNA+–injected eyes showed an increased proportion of 
CD31+ CD144+ ECs compared to saline-injected contralateral 
controls (Fig. 7D). Together, the cell-injected eyes showed a signifi-
cant four times increase in CD31+ CD144+ ECs compared to saline- 
injected controls (Fig. 7E).

In vivo retinal imaging revealed no retinal toxicity  
following KNA+ cell injection
For this part of the study, we used two strains of db/db mice, 
B6.BKS(D)-Leprdb/J and BKS.Cg-Dock7m +/+ Leprdb/J. These two 
strains exhibit different degrees of diabetes and were used to more 
accurately reflect the marked variation of glucose control seen in 
diabetic subjects and to discern whether the severity of diabetes in 
the host affects the function of the KNA+ cells. B6.BKS(D)-Leprdb/J 
mice have less severe diabetes, with most mice demonstrating blood 
glucoses between 250 and 350 mg/dl from weeks 4 to 20 of diabetes 
and with a typical life span of 18 to 20 months. In contrast, the BKS.

Cg- Dock7m +/+ Leprdb/J strain develops a more severe hyperglycemia 
(on average, >350 mg/dl), with a life span of typically less than 
12 months.

B6.BKS(D)-Leprdb/J mice were first examined at 1 month after 
injection (fig. S6, A and B). No retinal pathology was observed by 
fundus imaging, and total retinal thickness as well as thickness of 
the retinal nerve fiber layer and the inner plexiform layer were 
identical in eyes injected with cells or saline (fig. S6, C and D). No 
vascular pathology could be detected on fluorescence angiography 
at 1 month after injection (fig. S6E). At 3 months after injection, 
OCT showed normal-appearing retina in db/db mice injected with 
N-KNA+ cells or saline (fig. S7A), and no fluorescein leakage or vas-
cular abnormalities were detected in N-KNA+ cell– or saline-injected 
eyes (fig. S7B). Similar findings were obtained in BKS.Cg-Dock7m 
+/+ Leprdb/J cohorts injected with KNA+ cells (fig. S8, A and B).

Intravitreal injection of KNA+ cells rescues visual  
function in db/db eyes
Electroretinograms (ERGs) measure the electrical response of the 
retina to light stimuli and demonstrate the function of multiple 
retinal cell types by the analysis of individual waveform components. 
We performed intravitreal injections of KNA+ cells in the eyes of 

Fig. 4. In vitro tube formation and quantification of endothelial surface marker from ECFC. (A) Representative images of the characteristic capillary networks 
generated by KNA+ cells on Matrigel. (B and C) Quantification of tube formation assay with bar diagram of total vessel length (B) and branch points (C). (D) Expression 
pattern of different endothelial markers in KNA+ cells derived from ECFCs of either nondiabetic (N-ECFC) or diabetic (D-ECFC) origin. N-ECFC and D-ECFC cells were stained 
with antibodies for CD31, CD144, NRP-1, CD146, and KDR. After flow cytometry analysis, the percentage of cells expressing each cell surface marker is presented in the 
bar graph. (E) Analysis of the tube formation assay using N-ECFCs and D-ECFCs. Representative images of characteristic capillary networks on Matrigel. (F and G) Bar graph 
of total length (F) and branching point analysis are presented (G).
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6-month-old diabetic BKS.Cg-Dock7m +/+ Leprdb/J mice. Represent-
ative ERG waveforms with quantification of maximum amplitudes 
from 1 month after injection with N-KNA+ or D-KNA+ cells are 
displayed (fig. S9A). The scotopic b-wave amplitude was signifi-
cantly increased in db/db mice injected with N-KNA+ cells compared 
to db/db mice injected with saline (fig. S9B). We observed a trend 
toward improvement of scotopic a-wave in the db/db eyes with 
D-KNA+ cells compared to saline-injected db/db eyes (P = 0.0512). A 
significant improvement in visual acuity 1 month after injection was ob-
served in BKS.Cg-Dock7m +/+ Leprdb/J mice injected with either N-KNA+ 
cells or D-KNA+ cells compared to saline-injected eyes (fig. S9C).

Proteomic studies demonstrate multimodal retinal signaling 
pathways influenced by KNA+ cells
To better understand the potential molecular mechanisms underlying 
the beneficial effects of N-KNA+ and D-KNA+ cell administration, we 
performed proteomic studies on retinal homogenates (Fig. 7, F and G). 
Retinas of db/db mice were intravitreally injected with either saline, 
N-KNA+, or D-KNA+ and were harvested 1 month after injection. 
Compared to saline-injected eyes, the proteomic analysis of retinal 
homogenates from mice injected with N-KNA+ cells, and to a lesser 

degree, D-KNA+ cells, showed a marked reduction in hypoxia- 
inducible factor 1 (HIF1) and VEGF receptor 2 (VEGFR2) expression. 
Retinal homogenates from mice injected with D-KNA+ cells, and to a 
lesser degree, N-KNA+ cells, showed a marked decrease in expression of 
hexokinase (HK) and mammalian target of rapamycin (mTOR) com-
pared to saline-injected eyes. Administration of N-KNA+ cells resulted in 
increased expression of FGF-2 (vascular and neuroprotective) (25), 
STAT3 (signal transducer and activator of transcription 3) (cellular repair) 
(26), Vav Guanine Nucleotide Exchange Factor 1 (VAV1) [formation 
of endothelial tight junctions by increasing Yes-associated protein 1 
(YAP)] (27), Mnk1 [activated in response to extracellular signal– regulated 
kinase 1 and p38 Mitogen-activated protein (MAP) kinases] (28), and 
Cytochrome c oxidase IV (COX IV) [energy homeostasis and adenosine 
triphosphate (ATP) generation] (29). D-KNA cell injection resulted 

Fig. 5. Transcriptomic analysis demonstrates that KNA cells from nondiabetic 
and diabetic donors are highly similar. (A) Expression of KNA and hiPSC marker 
genes. (B and C) Bulk RNA-seq comparison of diabetic-derived hiPSCs (D-hiPSC) 
versus nondiabetic-derived hiPSCs (N-hiPSC) (B) and diabetic-derived KNA cells 
(D-KNA) versus nondiabetic-derived KNA cells (N-KNA) (C). Red dots were significantly 
up-regulated genes and blue dots were significantly down-regulated genes in 
diabetic-derived cells. TMM, trimmed mean of M values. (D) Spearman correlation 
of all four samples using three principal components. Fig. 6. KNA+ cells from nondiabetic and diabetic donors integrate into retinal blood 

vessels of db/db mice 1 month after injection. (A to E) Representative immuno-
fluorescence images of retinal frozen sections stained with anti–human CD31 (hCD31) 
(green) and anti–mouse CD31 (mCD31) (red) antibodies. Viable human nondia-
betic (N-KNA+) (A, C, and E) and diabetic (D-KNA+) (B and D) cells were detected in 
the db/db mouse retinas and incorporated into the small vessels of the vascular plexus. 
Nuclei were stained with DAPI (blue). Insets in (A) and (B) show cell incorporation 
at higher magnification. IPL, inner plexiform layer; GCL, ganglion cell layer; INL, inner 
nuclear layer; OPL, outer plexiform layer; ONL, outer nuclear layer.
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in increased expression of Cellular Retinoic Acid Binding Protein 2 
(CRABP2) (retinoid metabolism and the visual cycle) (30), EphA2 
(neurogenesis and monocyte-endothelial interactions) (31), and pro-
grammed cell death (Pdcd) (epithelial cell polarity) (32, 33).

Vascular density assessment in retinas of db/db mice 
injected with either saline or N-KNA cells
Last, we demonstrate the effect of N-KNA cell administration on 
retinal vascular perfusion. For this assessment, we used a series of 
nine parameters using VESsel GENeration (VESGEN) Analysis soft-
ware (34–37). VESGEN uses a binary vascular image and automated 
output that provides informative vascular maps with quantification 

of key vascular parameters (Fig. 8, A  to F). Using VESGEN, we 
observed that the number of vessels within a standardized region of 
interest (ROI) was increased in the retinas of mice injected with 
N-KNA cells compared to those injected with saline (Fig. 8G). 
Fractal dimension was calculated as an index of vascular complexity, 
typically characterized as the space-filling capacity of a vascular 
pattern, and demonstrated an increase in the retinas of the N-KNA 
cell–injected db/db mouse eyes compared with saline (Fig.  8H). 
Additional parameters of vascularity included the following: vessel 
length (total of all vessels in ROI; Fig. 8I); vessel length density, 
which represents the vessel length/ROI (Fig. 8J); vessel area density, 
which is the vessel area/ROI (the amount of area taken up by the 
vessels within the ROI; Fig. 8K); and vessel number density, which 
is the vessel number/ROI (Fig. 8L). All vascular parameters indicat-
ed restoration of retinal vascularity in N-KNA–treated retinas com-
pared to saline-treated diabetic retinas.

Fig. 7. Retinal flow cytometry confirms revascularization following injection 
of either nondiabetic or diabetic KNA cells in db/db mice and flat-mount 
macaque retinas triple-stained with Collagen IV (Col IV) (red), GFP (green), 
and DAPI (blue). (A) Images from noninjected retinas. (B and C) Images from 
retinas 2 weeks after intravitreous injection of GFP+ nondiabetic KNA+ cells. Arrows 
in (B) and (C) point to GFP+/KNA+ cells. Arrowheads in (C) indicate GFP+/KNA+ cells 
becoming part of blood vessels. Scale bars, 20 m (A to C). (D) Whole retina flow 
cytometry of paired contralateral db/db eyes injected with vehicle and either 
nondiabetic (N-KNA) or diabetic (D-KNA) KNA cells. (E) Quantification of CD31+CD144+ 
(VE-cadherin) ECs from whole retina flow cytometry. Student’s t test; *P < 0.05. 
(F and G) Heatmap of differentially expressed proteins between all treatment 
groups. KNA+ cell administration reestablishes physiologic levels of these factors, 
potentially promoting retinal neural protection, improving retinal metabolism, 
decreased inflammation, and reduced angiogenic activity. Proteomic analysis indi-
cating either up-regulation or down-regulation, relative to saline, of retinal proteins 
from db/db mice injected with either nondiabetic (N-KNA+) or diabetic (D-KNA+) 
KNA cells. IL-6, interleukin-6.

Fig. 8. Vascular density assessment in retinas of db/db mice injected with 
either saline or N-KNA cells. (A and D) Saline (A) and N-KNA cells (D). Retinal flat 
mount from db/db cohorts stained with Griffonia Simplicifolia Lectin I IB4 (green), 
revealing a significant improved perfusion in treated eye. (B and E) Binary input 
image of saline- and N-KNA–treated perfused retinal flat mounts. (C and F) Branching 
generation detected by VESGEN software identifies each generation (1 to 9) with a 
specific color code from largest to smallest branches. (G to L) Graphs show VESGEN 
quantification data. Changes in the number of vessels (G), fractal dimension (charac-
terizes the structural changes from large vessels to small vessels across the retina) 
(H), total length (the summation of the length of all vessels in the ROI) (I), vessel length 
density (total length/ROI) (J), vessel area density (vessel area/ROI) (K), and vessel 
number density (vessel number/ROI) (L). All parameters indicate a restoration of 
retinal vascularity with N-KNA cell treatment compared to saline control injection.
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DISCUSSION
In this study, we demonstrate the use of a unique hiPSC-derived 
mesodermal population that promotes robust microvascular repair 
without any evidence of toxicity. This population was characterized 
on the basis of expression of VEGFR2, NCAM, and APLNR (KNA+ 
cells). Both nondiabetic and diabetic donors were used to generate 
hiPSC lines, and in vitro and in vivo studies were performed to 
interrogate their function. KNA+ cells from nondiabetic and diabetic 
sources expressed similar chemokine receptors, formed equivalent 
numbers of tubes and branching points in a two-dimensional (2D) 
angiogenic assay, and expressed a near-identical transcriptome. 
Intravitreally injected N-KNA+ and D-KNA+ cells migrated to the 
retinal surface, homed to sites of vascular damage, incorporate into 
resident vasculature, and remained viable. Using in vivo retinal 
imaging, no evidence of retinal toxicity was observed and the injection 
of N-KNA+ or D-KNA+ cells was able to not only correct vascular 
abnormalities but also improve retinal function as assessed by ERGs 
and improve visual acuity as assessed by optokinetic nystagmus 
(OKN) in db/db mice.

ECs have been reported to arise from axial, paraxial, lateral, 
intermediate, and posterior mesoderm subsets (9, 10). A variety of 
methods have been used to control the differentiation of hiPSCs 
into ECs [reviewed in (13)]. In general, hiPSCs are differentiated 
into ECs via three approaches: differentiation in coculture with 
stromal cells, formation of 3D embryoid bodies, or 2D feeder-free 
monolayer cultures (the most common method) (13). Manipulating 
the signaling pathways that specify mesoderm differentiation from 
the hiPSC is common to the monolayer differentiation systems as 
used in the present study. Thus, growth factors such as Activin-A, 
BMP4, and basic FGF are commonly used (13, 16, 17). GSK-3 
(glycogen synthase kinase 3) inhibitors such as CHIR99021 and 
BIO (6-bromoindirubin-3′-oxime) are also frequently added to pro-
mote canonical Wnt signaling pathway, which stimulates the dif-
ferentiation of the hiPSC-derived mesoderm toward the endothelial 
lineage (14). VEGF is the most common growth factor that is used 
during this phase (13, 16). Inhibition of the TGF- signaling path-
way has been reported to be crucial for promoting the endothelial 
specification from mesoderm cells and to avoid endothelial-to- 
mesenchymal transition in some protocols (14). We now report on 
a method to generate ECFCs, displaying properties similar to 
umbilical cord blood and adult peripheral blood ECFCs (17), via a 
specific mesoderm subset displaying features of posterior/lateral 
mesoderm. This is a novel observation as only a single group has 
reported that ECFCs similar to umbilical cord blood–derived cells 
can be derived through a multistep differentiation protocol with 
VEGF165 signaling through NRP-1 and VEGFR2 (17). The present 
protocol builds upon that foundation to identify and define the 
mesoderm precursor of the ECFC. Whether other published hiPSC- 
derived endothelial differentiation protocols produce ECFCs awaits 
determination through application of single-cell colony-forming 
assay analytics using those protocols, but several approaches 
(coculture with stromal cells or 3D embryoid body formation) have 
been reported to lack EC derivation with high proliferative ECFC 
properties (17).

Depletion of SSEA-5 glycan on hiPSCs eliminates potential 
teratoma-forming cells from hiPSC differentiation protocols (24). 
The SSEA-5−KNA+ cells when injected in vivo integrated into the 
retinal vasculature of diabetic mice, and those treated animals 
displayed greater retinal vascular perfusion than saline-treated 

controls. No evidence of injury to the retina was demonstrated by 
multiple modalities, and visual acuity was improved in the diabetic 
animals receiving S−KNA+ cells. Thus, the beneficial effects of the 
KNA+ cells on retinal function (OKN and ERG) are believed to be 
due to the direct incorporation and differentiation of cells into ECs, 
restoring the patency of degenerated retinal vessels (with improved 
perfusion as supported by studies using VESGEN to analyze patent/
perfused vasculature) and also by the release of tropic factors 
(supported by signaling array studies). Neural electrophysiological 
dysfunction occurs early before vascular abnormalities in diabetic 
retinopathy (38). As we described herein, KNA+ cells restored 
neuronal function in the retina of db/db mice and prevented the 
earliest changes in diabetic retinopathy progression (39).

Proteomic analysis of retinal homogenates from mice injected 
with KNA+ cells showed reduction in key pathological signaling 
pathways. HIF1 and VEGFR2 were reduced by the administration 
of N-KNA+ cells and also reduced, but less so, by the administration 
of D-KNA+ cells. HIF1 signaling enhances glycolysis by increasing 
the expression of GLUT1 (Glucose transporter 1) and HK II 
(Hexokinase II) (40), and, as would be expected with reductions of 
HIF1, a concomitant decrease in HK II expression was observed. 
Proteomic analysis of retinal homogenates also showed a decrease 
in expression of lactate dehydrogenase following D-KNA+ cell in-
jection, more so than N-KNA+ cells, suggesting that the diabetic 
cells may be more metabolically robust than the nondiabetic cells 
because of preconditioning in the diabetic environment. Furthermore, 
when compared with both saline- and N-KNA+ cell–injected retinas, 
the retinas of mice injected with D-KNA+ cells showed the greatest 
decrease in expression of matrix metalloproteinase 2 (MMP2), a 
type IV collagenase that has been shown to play an essential role in 
retinal angiogenesis. The decrease in MMP2 expression in the retina 
of the mice injected with KNA+ cells corroborates our previous find-
ings regarding the role of MMP2 in diabetic retinopathy (41). In the 
retinas of mice injected with D-KNA+ cells compared to saline- and 
N-KNA+ cell–injected retinas, we observed a greater reduction of 
interleukin-6, a cytokine known to mediate inflammatory damage 
in the retina, and of mTOR. mTOR functions as a serine/threonine 
protein kinase that regulates cell growth, cell proliferation, cell motility, 
cell survival, protein synthesis, autophagy, and transcription (42).

We found several proteins increased in response to N-KNA+ cell 
administration. VAV1, classically known for its role in hematopoiesis, 
is a guanine nucleotide exchange factor for the Rho family of 
guanosine triphosphate binding proteins that activate pathways 
important for cell migration (43). Vav1 modulates responses to 
protein tyrosine kinases. We observed a marked increase in FGF-2 
expression in the N-KNA–treated retinas (44). The vascular protec-
tive effects of VEGF are highly amplified by FGF-2 (45). FGF-2 
also provides neurotrophic effects protecting against photoreceptor 
damage and retinal degeneration and, in the context of our study, 
may be responsible in part for the improvement that we observed in 
the ERG and OKN of KNA+ cell–treated eyes (46). We observed an 
increase in STAT3 and phospho-STAT3 following N-KNA cell 
treatment. STAT3 associates with the pyruvate dehydrogenase 
complex E1 and accelerates the conversion of pyruvate to acetyl 
coenzyme A, elevates the mitochondrial membrane potential, and 
promotes ATP synthesis (47). Phospho-STAT3 participates in 
reparative processes (47) and may explain, in part, the beneficial 
retinal effects observed. Mnk1 plays important roles in controlling 
signals involved in mRNA translation (48) and is activated in 
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response to treatment with growth factors and mitogens (28). Last, 
we observed an increase in cytochrome c oxidase subunit 4 isoform 
1 (49), the oxygen-accepting and rate-limiting step of the respirato-
ry chain that regulates the supply of variable ATP demands in cells, 
supporting that KNA+ cell treatment could be improving retinal 
metabolism.

In the D-KNA–treated retinas, we observed an increase in 
EphA2 that interacts with and phosphorylates YAP protein, leading 
to its stabilization, nuclear translocation, and activation (50). YAP 
plays a key role in retinal barrier characteristics (51), so it is plausi-
ble that D-KNA administration by the activation of EphA2 may 
have contributed to the restoration of retinal barrier integrity in the 
leaky retinas of diabetic mice. EphA2 can also preserve neuronal 
function during ischemic stress (52) and thus may have served to 
maintain neuronal function in the microvasculature. Tripartite 
motif-containing protein 25 (TRIM25) was increased and maintains 
endoplasmic reticulum homeostasis under adverse conditions, and 
its up-regulation ameliorates oxidative stress. TRIM25 directly 
targets Keap1 by ubiquitination and degradation, leading to Nrf2 
activation, which bolsters antioxidant defense and cell survival (53). 
NRF 2 is reduced in diabetic retinopathy and thus the exogenous 
administration of KNA cells may, in part, benefit the retina by acti-
vation of this protective pathway (54). We also observed an increase 
in Pdcd4, an inhibitor of protein translation (33). Preservation of 
Pdcd4 is important for expression of epithelial barrier proteins 
including maintenance of epithelial polarity (33), which, in the 
retina, could potentially be critical for retinal pigment epithelial cell 
function that is compromised in the retina of diabetic mice. In the 
D-KNA cell–treated mice, we also observed an increase in CRABP2, 
known for its ability to regulate retinoic acid (RA) binding to nuclear 
RA receptors. Retinoid CRABP2 serves to protect RA, a scarce re-
source, from dispersing into cell membranes and/or undergoing 
catabolism (55). Thus, proteomic studies suggest that KNA+ cell 
administration results in activation of key protective pathways in 
the retina and inhibition of deleterious pathways.

Our study has some limitations including that we did not inves-
tigate whether administration of D-KNA+ cells would increase the 
number of perfused retinal vessels as we showed for N-KNA (Fig. 8). 
We are unable to make a direct quantitative comparison of D-KNA+ 
cell function to N-KNA+ cell function without performing addi-
tional studies using a larger sampling of patient-derived hiPSC 
lines. Live blood flow studies, while technically difficult in rodents, 
would provide evidence beyond that shown by the lectin perfusion 
[Isolectin B4 (IB4)] and postmortem detection of perfused vessels 
using IB4. Injection of either N-KNA+ or D-KNA+ improved retinal 
function as assessed by ERG and OKN studies conducted pre-mortem. 
We also did not examine the ability of KNA+ mesoderm cells to differ-
entiate into retinal pericytes, nor did we examine epigenetic modifica-
tions in the original donor cells or in the iPSC-derived KNA+ cells, 
which would have determined whether the programming strategy 
reversed the metabolic memory of longstanding diabetic disease.

In conclusion, our studies suggest that the specific mesoderm 
subset, KNA+ cells, may be of great interest for further translation as 
a cell therapy. We show their protective effects on retinas of Type 2 
diabetes (T2D) mice with retinal pathology, consistent with early 
features of human diabetic retinopathy. Both diabetic and non-
diabetic sources of KNA+ cells provide improvement of retinal 
function, structural rescue of damaged vessels with increased vas-
cularity and perfused vessels, and restoration of aberrant signaling 

cascades. Future studies will focus on line-to-line comparison be-
tween those derived from diabetic versus control donors, optimiza-
tion of KNA+ cell concentrations, dosing intervals, and use of KNA+ 
cells with other stem/progenitor populations to enhance their func-
tion and survival in the diseased diabetic retina. Our results provide 
a defined protocol for the safe, efficient, and robust derivation of 
hiPSC-derived specific mesoderm subset for use as a novel therapy to 
rescue ischemic tissues and repair blood vessels in individuals with 
microvascular diseases so common in diabetes (fig. S10).

MATERIALS AND METHODS
Human participants
Studies were performed according to University of Alabama (UAB) 
review board–approved protocol (IRB-300000173). All participants 
gave written informed consent. Peripheral blood samples from 
diabetic individuals and age- and gender-matched healthy individuals 
were collected at UAB Eye Clinic.

Murine studies
All animal studies were conducted in accordance with the Guidelines 
for the Care and Use of Laboratory Animals. All procedures were 
approved by the Institutional Animal Care and Use Committees 
(IACUCs) at Indiana University School of Medicine (IACUC 
protocol #10850). Male and female immunodeficient nonobese 
diabetic/severe combined immunodeficient (NOD/SCID) mice (6 to 
12 weeks old) that were used in this study were maintained under 
specific pathogen–free conditions at the Indiana University Laboratory 
Animal Resource Center (LARC). We were also approved by the 
local IACUC (IACUC 20919) at UAB, Birmingham, AL, USA 
following guidelines stated by the Association for Research in Vision 
and Ophthalmology.

NHP studies
The NHP studies were performed at the Oregon Health and Science 
University facility. Five adult male/female macaques were used in 
this study. All procedures performed on the macaques were approved 
by IACUCs at the Oregon Health and Science University and 
performed in accordance with the Association for Research in Vision 
and Ophthalmology Statement for the use of animals in ophthalmic 
and vision research.

Peripheral blood mononuclear cell isolation
Peripheral blood mononuclear cells (PBMCs) were isolated from 
~200 ml of blood using differential centrifugation by layering the 
blood on Ficoll-Paque PLUS (GE Healthcare) solution.

hiPSC generation and culture
Isolated PBMCs were stored at −80°C and shipped to ALSTEM Inc. 
for reprogramming into hiPSCs and for characterization. For this 
study, three iPSC lines derived from healthy controls (table S2A) 
and three hiPSC lines derived from diabetics (table S2B) were used 
for the in vitro and in vivo studies. The fibroblast-derived hiPSC 
line (DF19-9-11T) (8) was purchased from WiCell. hiPSCs were 
maintained in mTeSR1 complete medium (STEMCELL Technologies) 
on Matrigel (Corning) in tissue culture dishes at 37°C and 5% CO2. 
Medium was changed on days 2 to 4 after hiPSCs were plated, and 
cells were passaged on day 5. Before cell digestion, medium was 
removed from the culture dish. Fresh medium with Dispase (2 mg/ml) 
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(Gibco) was then added to the plate. The plate was incubated at 
37°C for up to 5 min until the edge of colonies were lifted from the 
bottom of the plate. Dispase-containing medium was aspirated, and 
the cells were gently washed with Dulbecco’s minimum essential 
medium (DMEM)/F12 medium (Gibco) three times. Next, the cells 
on the plate were scraped with a 5-ml disposable pipette and washed with 
fresh medium. Cell-containing medium was centrifuged at 300g for 
5 min, and the pellet was resuspended in complete mTeSR1 medium 
and was redistributed evenly in the medium. Before plating the 
colonies, 10-cm culture plates were precoated with Matrigel for 30 min. 
After the coated Matrigel was removed, 8 ml of mTeSR1 complete 
medium was added to the dishes, and resuspended colonies were 
added to the medium. The colonies were evenly distributed in the 
medium by shaking the plates in a multiple side-to-side motion. 
The morphology of the hiPSC culture was monitored as previously 
described (56).

Bulk RNA-seq studies
Human diabetic and nondiabetic iPSCs and KNA cells (four sam-
ples in total) were cultured as previously described. The cells were 
then detached, washed in phosphate-buffered saline (PBS), and 
resuspended in 200 l of TRIzol reagent. Pure RNA was collected 
using the Zymogen Direct-zol RNA MiniPrep Kit (Zymo Research), 
and the 260/280 ratio was determined to be ≥2 for each sample. 
RNA quality was further assessed using a Bioanalyzer (Agilent), and 
all samples had a RNA Integrity Number (RIN) > 7. Complementa-
ry DNA (cDNA) generation, library preparations, and sequencing 
were performed by the UAB genomics core. Illumina paired-end 
75–base pair sequencing was used with 25 million reads per 
sample. The raw sequencing data were aligned to the human 
reference genome (GRCh38) using Spliced Transcripts Alignment 
to a Reference (STAR), and quant mode was used to generate raw 
transcript counts. EdgeR was used to normalize the count data using 
trimmed mean of M values (TMM), and DEGs between D-/N- 
hiPSCs and D-/N-KNA cells were determined using the exactTest 
function with a square root dispersion Biased Cross-Validation 
(BCV) of 0.5. Spearman correlation for the four samples was done 
using Scanpy with three principle components. Data from this study 
have been uploaded to www.ncbi.nlm.nih.gov/geo/query/acc.
cgi?acc=GSE191206 (Gene Expression Omnibus, accession number 
GSE191206).

Animal model
Mice containing a homozygous G-to-T transverse mutation in the 
leptin receptor (Leprdb/db) display abnormal splicing and termination 
of the gene and loss of leptin-mediated signal transduction (57–59). 
These mice show a subset of T2D characteristics including obesity, 
hyperglycemia, and increased insulin production. Mice homozygous 
for the diabetes spontaneous mutation (Leprdb) manifest morbid 
obesity, chronic hyperglycemia, pancreatic  cell atrophy, and be-
come hypoinsulinemic. Obesity starts at 3 to 4 weeks of age. Elevated 
plasma insulin begins at 10 to 14 days and elevated blood sugar at 
4 to 8 weeks. Homozygous mice are polyphagic, polydipsic, and 
polyuric. The Leprdb/db phenotype is influenced by the background 
strain on which the mutation is expressed, and two db/db mouse 
strains were used in this study. When homozygous Leprdb/db is on 
the C57BLKS/J genetic background (BKS.Cg-Dock7m +/+ Leprdb/J; 
stock #000642, the Jackson Laboratory), the mice are significantly 
and chronically hyperglycemic by 8 weeks of age. BKS.Cg-Dock7m 

+/+ Leprdb/J with blood glucose typically in the range of 250 ~ 350 
mg/dl (60). The second strain [B6.BKS(D)-Leprdb/J; stock #000697, 
the Jackson Laboratory] experiences a more severe diabetes pheno-
type with blood glucoses in the range of 550 to 600 mg/dl, severe 
depletion of insulin-producing  cells of the pancreatic islets, 
peripheral neuropathy, myocardial disease, and death by 10 months 
of age (61). Both T2D mouse models were purchased from the Jackson 
Laboratory, and, for both strains, Lepr+/db animals were used as 
nondiabetic controls. Body weight and nonfasting blood glucose 
were measured monthly, and glycated hemoglobin was measured 
every 3 months. Blood samples were collected from the tail of 
nonfasted animals, and glucose levels were determined with the 
glucometer system Accu-Chek Aviva Plus (Roche Diagnostic).

Directed differentiation of human pluripotent  
stem cells into the mesoderm (SSEA-5−KNA+) and  
ECFC (NRP-1+CD31+) lineages
To start differentiation, the hiPSC culture medium was switched to 
Stemline II medium (Sigma-Aldrich). After 2 days (day 0 of mesodermal 
differentiation), Activin-A (10 ng/ml; R&D Systems), FGF-2 
(10 ng/ml; Stemgent), VEGF165 (10 ng/ml; R&D Systems), and 
BMP4 (20 ng/ml; R&D Systems) were added to the medium for 
24 hours to promote mesodermal differentiation. The next day, 
medium replaced with Stemline II medium containing FGF-2, VEGF165, 
and BMP4. At day 3 of mesodermal differentiation, the medium was 
replaced with fresh Stemline II differentiation medium, and ECFC 
mesoderm cell sorting was performed at day 4 of mesodermal 
differentiation. KDR+NCAM+APLNR+, KDR+NCAM+APLNR−, and 
KDR+NCAM−APLNR− mesoderm fractions ± SSEA-5 depletion were 
sorted using flow cytometry at day 4. Sorted cells (100,000 cells/75 cm2) 
from these fractions were each cultured in Matrigel-coated tissue 
culture flasks with fresh Stemline II medium supplemented with 
BMP4, VEGF165, and FGF-2 (10 ng/ml) for additional 8 days (4 plus 
8 days, total of 12 days) with fresh medium change every other 
day to examine for the emergence of NRP-1+CD31+ ECFCs as pre-
viously described (17).

Flow cytometry and cell sorting
Adherent cells were harvested using the TrypLE Express Enzyme 
(Gibco), and the cells were resuspended in the EGM-2 Endothelial 
Cell Growth Medium (Lonza) before staining. FcR-blocking reagent 
(Miltenyni Biotech) was used to prevent the nonspecific binding of 
antibodies. The following antibodies were used to stain the cells: 
anti-human SSEA-5–fluorescein isothiocyanate (FITC) (clone 8e11, 
STEMCELL Technologies), KDR–phycoerythrin (PE) (clone 89106, R&D 
Systems), NCAM-PE-Cy7 (clone NCAM16.2, BD Biosciences), 
APLNR-APC (Allophycocyanin) (clone 72133, R&D Systems), 
CD31-FITC (clone WM59, BD Pharmingen), CD144-PE (clone 16B1, 
eBioscience), and NRP-1–APC (clone AD5-176, Miltenyi Biotech). 
After the antibodies were washed using fresh medium, propidium 
iodide (eBioscience) was added to the cell suspension to detect 
dead cells. Cells were analyzed and sorted on a BD LSR 4, BD SORP 
Aria, or BD FACSAria (BD Biosciences). Positive cell populations 
were gated on the basis of fluorescent minus one controls. In some 
cases, sorted cells were suspended in the CryStor CS10 Freeze Media 
(BioLife Solutions) and stored at −80°C until use.

Flow cytometry on neural retina studies were performed in three 
db/db animals at 7 months of age and 1 month after intravitreal 
injection. N-KNA or D-KNA cells were injected in one eye, and 

http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE191206
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE191206
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saline was injected in the contralateral eye. Immediately following 
euthanasia, the animals were perfused with 6 ml of PBS, and the neural 
retinas were collected and placed in prewarmed Ringer’s solution. 
The retinas were digested in 100 U of papain at 37°C for 30 min with 
flowing carbogen (95% O2 and 5% CO2). After digestion, the dissoci-
ation vials were placed on ice, and 4 ml of fluorescence- activated 
cell sorting (FACS) buffer was added to quench the papain activity. 
The dissociated retinas were centrifuged at 400g for 5 min at 4°C, 
the supernatant was removed and replaced with 1  ml of Ames 
solution, and the retinas were triturated ~30× until the retina was 
completely dissociated into single cells. The retinal cell suspensions 
were then filtered through 40-m mesh, centrifuged, and then re-
suspended in 200 l of FACS buffer containing the following pri-
mary antibodies: viability dye (LIVE/DEAD Fixable Near-IR Dead 
Cell Stain Kit, Invitrogen), anti-CD144 (clone: 55-7H1; BV605, BD 
Biosciences), and anti-CD31 (clone: MEC 13.3; BV510, BD Biosci-
ences). After 20 min of incubation on ice, 4 ml of FACS buffer was 
added and the dissociated retinas were centrifuged at 400g for 5 min 
at 4°C. The supernatant was then removed and replaced with BD 
Cytofix/Cytoperm (BD Biosciences) for 30 min on ice. A total of 
4 ml of FACS buffer was then added to each tube followed by centrif-
ugation and resuspension in 200 ml of FACS buffer. The cells were 
then loaded onto the flow cytometer for analysis.

Detection of growth factor receptors on KNA+ cells
The expression of cell surface receptors for growth factors and for 
the receptor for laminin 4 (CD146) on the KNA+ population 
was determined by flow cytometry. The antibodies described above 
were used for first sorting of the KNA+ cells, and then the following 
additional antibodies were used: CXCR4-BV421 (BioLegend), 
IGF1R-PE (BioLegend), CD146-BV421 (BioLegend), and PlexinB1-PE 
(R&D Systems). Cells were incubated for 30 min at room temperature 
and protected from light. After staining, the cells were centrifuged 
at 300g for 5 min at room temperature, washed, and resuspended in 
Stemline II medium. Flow cytometric detection of the cell surface 
antigens and cell sorting were performed using BD FACSCelesta 
(BD Biosciences).

Cell culture of ECFCs
For ECFC emergence, CD31+-, CD144+- or KDR+-, and NRP-1+-
sorted cells were centrifuged at 300g for 5 min and then resuspended 
in 1:1 complete EGM-2 supplemented with 10% fetal bovine serum 
(GE Healthcare) and Stemline II differentiation medium. To grow 
ECFCs, 2500 sorted cells were plated on each well of rat tail type I 
collagen-coated 12-well plates. Two days after plating, the medium 
was replaced by three parts of EGM-2 and one part of differentia-
tion medium. ECFC colonies with cobblestone appearance could be 
detected on day 7. When the cultures were confluent, ECFCs were 
collected and passage by replating 10,000 cells/cm2 on collagen 
I–coated plates in complete EGM-2. Medium was changed every 
other day as described previously (19, 62).

In vitro capillary network formation assay on Matrigel
Ninety-six–well plates were coated with 50 l per well of growth 
factor–reduced Matrigel. After the Matrigel was solidified at 37°C 
for 30 min, 10,000 cells per well were added on top of Matrigel. 
Triplicate wells were set up for each condition. Plates were incubated 
overnight at 37°C for 8 to 16 hours and were monitored at ×10 
magnification using a Zeiss Axiovert 25 CFL inverted microscope 

with a ×10 CP-ACHROMAT/0.12 numerical aperture (NA) objec-
tive. Images were taken using a SPOT RT color camera (SPOT 
Imaging) with the manufacturer’s software.

In vivo implantation and vessel formation assay
3D cell containing collagen gel was generated using pig skin type I 
collagen (GeniPhys) as previously described (63). Briefly, to make 
type 1 collagen gel, ice-cold porcine skin collagen solution was 
mixed with 0.01 N HCl and neutralized with PBS and 0.1 N NaOH 
to pH 7.4. The gel (1.5 mg/ml) was kept on ice before polymerization. 
Cells were resuspended in the gel to reach a concentration of 4 × 
106 cells/ml. Then, 250 l of the cellularized gel was added to each well 
of a 48-well tissue culture. The plate was incubated at 37°C, in 5% 
CO2 for 30 min to let the gel polymerize. Last, 500 l of culture 
medium was added on the solidified gel and incubated at 37°C, in 
5% CO2 for overnight. Next, cellularized gels were picked out from 
the wells and implanted into the flanks of 6- to 12-week-old NOD/
SCID mice as previously described (19). The incisions were sutured, 
and mice were monitored for recovery. All surgical procedures were 
conducted under anesthesia and constant supply of oxygen. After 
2 weeks, gels were retrieved from the euthanized mice. The gels were 
fixed and sectioned, and then hematoxylin and eosin and human 
CD31 (hCD31) immunohistochemistry staining was performed to 
detect  Human EC–derived blood vessels perfused with host red 
blood cells. Sections were imaged from each explant using a Leica 
DM 4000B microscope (Leica Microsystems) with an attached 
SPOT-KE digital camera (SPOT Imaging). Functional vessels that 
contained minimal one murine red blood cell were counted. Some 
sections were stained with fluorescent anti-hCD31 and anti-human 
NRP-1 antibodies. Olympus FV1000MPE inverted confocal/2P 
system was used to examine NRP-1+CD31+ vessels.

ECFC single-cell proliferation assay
hiPSC-derived ECFCs or mesoderm subset–derived ECs were 
subjected to a single-cell assay to test their clonogenic proliferative 
potential. Briefly, ECs were collected using the TrypLE Express 
Enzyme (Gibco) and resuspended in EGM-2 medium. Serial dilu-
tions were performed to obtain a concentration of 0.68 cells in each 
well of collagen I–coated 96-well culture plates. The wells were 
checked 1 day after plating to ensure the presence of a single cell in 
each well. Culture medium was changed every 4 days. After 14 days, 
cells were stained with Sytox reagent (Invitrogen), and the number of 
cells in each well was counted at ×10 magnification using a Zeiss 
Axiovert 25 CFL inverted microscope with a ×10 CP-ACHROMAT/ 
0.12 NA objective. Wells with different EC counts were defined 
as EC clusters (2 to 50 cells per well), low–proliferative potential 
ECFCs (51 to 500 cells per well), and HPP ECFCs (501 to 2000 and 
≥2001 cells per well) as previously described (19, 62).

Intravitreal injection of KNA+ cells
Intravitreal injection was performed at 24 weeks of diabetes. All 
mice were immunosuppressed through intraperitoneal injection 
using cyclosporine (30 mg/kg) daily for 7 days before intravitreal 
injection and then biweekly for the next 3 weeks. The pupils were 
dilated using 1% atropine sulfate ophthalmic solution (AKORN) 
and 2.5% phenylephrine hydrochloride (Paragon BioTeck Inc.). Mice 
were anesthetized using 2.5% isoflurane (Fluriso, VetOne). A cell 
suspension containing 1 × 105 KNA+ cells in 1 l of saline was slowly 
injected into the vitreous cavity through the sclera/choroid using a 
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32-gauge beveled needle (Hamilton Company, Reno, NV) (64). 
Another cohort of mice receiving 1 l of saline injection into the 
vitreous cavity was used as control. Topical triple antibiotic ointment 
(Allegan) was applied to the injected eye.

Optokinetic response
To evaluate the optokinetic response, a computer-based visual 
acuity response test (OptoMotry 1.7.7, Cerebral Mechanics) was 
used in all cohorts of mice. Briefly, mice were tested for visual acuity 
by observing their optokinetic responses to rotating sinusoidal gratings 
(65, 66). Mice were placed on a platform at the center of a virtual 
reality chamber composed of four monitors that display sine wave 
gratings rotating at 12°/s. Mice were monitored through a video camera, 
which was continuously recentered on the head of the animal, and 
the presence or absence of the optokinetic reflex was recorded. At 
the beginning, mice were allowed to settle on the platform for 3 to 5 min. 
To assess visual acuity, initially, the grating began at a 100% contrast 
with spatial frequency of 0.05 cycles/deg for both directions of rotation, 
which gradually increased until head turning was no longer observed. 
Spatial frequency threshold, a measure of visual acuity, was deter-
mined automatically with the Opto-kinetic tracking (OKT) software.

Electroretinography
After overnight dark adaptation, mice were anesthetized by intra-
muscular injection of ketamine (85 mg/kg) (KetaVed, ketamine hydro-
chloride, VEDCO) and xylazine (14 mg/kg) (AnaSed LA, VetOne). 
Pupils were dilated using 1% atropine sulfate ophthalmic solution 
and 2.5% phenylephrine hydrochloride. Responses of the outer 
retina were recorded as previously described (67). Mice were placed 
on a temperature-regulated heating pad throughout each recording 
session. For the assessment of scotopic response, a stimulus intensity 
of 1.89 log cd-s/m2 was presented to the dark-adapted dilated eyes 
in a ganzfeld (UTAS System, LKC). Measurement of scotopic 
a-wave amplitude was made from the prestimulus baseline to the 
a-wave trough. b-wave amplitude was made from the trough of 
the a-wave to the crest of b-wave. To evaluate the photopic response, 
animals were light-adapted for 5 min under a light source of 1.46 
log cd-s/m2 intensity. Afterward, photopic responses were recorded 
from 25 averaged flashes at 1.89 log cd-s/m2. The amplitude of the 
photopic b-wave was measured from the trough of the a-wave to the 
crest of the b-wave. Significance was determined using one-way 
analysis of variance (ANOVA) and post hoc tests using Bonferroni’s 
pairwise comparisons (GraphPad Prism 9 version 9.2.0).

Spectral domain optical coherence tomography
Pupils were dilated and then mice were anesthetized using ketamine 
and xylazine as described above. Each mouse was transferred to the 
Envisu SDOIS system (Bioptigen) for Spectral domain optical coher-
ence tomography (SD-OCT) imaging (68). Eyes were then immediately 
covered with Systane Ultra artificial tears (Alcon Laboratories), and 
using an objective lens with a 50° field of view (FOV), retinal images 
were collected. For these images, the optic nerve was centrally po-
sitioned. The SD-OCT volumetric scans (1000 a-scans per b-scan, 
×1000 b-scans per volume) were obtained within the FOV. The 
SDOIS system afforded a retinal FOV of ~1.5 mm, with an axial, 
in-depth resolution of ~6 mm. After imaging, both eyes received 
ophthalmic ointment to prevent corneal dehydration. During recovery, 
mice were placed in a heating pad warmed to 37°C until they fully 
recovered from general anesthesia.

Fundus imaging and fluorescein angiography
Fundus imaging and fluorescein angiography (FA) were performed 
using Micron IV system (Phoenix Research Laboratories) as pre-
viously described (67, 69). Bright-field fundus images and fundus 
fluorescence images were collected from anaesthetized/dilated 
animals, and then the animals were injected intraperitoneally with 
100 l of 1% (w/v) fluorescein sodium (Sigma-Aldrich). FA images 
were captured using excitation and emission filters of 486 and 
436 nm, respectively. All images were captured using StreamPix 
software (Norpix).

Image processing for VESGEN
db/db mice that had undergone injection with KNA+ cells 1 month 
previously were extensively perfused with warm sterile saline and 
then with 0.5 cm3 of the Griffonia Simplicifolia Lectin I (GSL I) IB4. 
Eyes were harvested as described above, and retinas were prepared 
as flat mounts. A separate cohort of mice were processed without 
perfusion, and the eyes were removed for processing as retinal flat 
mounts. Images of retinas from mice perfused with GSL I IB4 or 
retinas from mice stained post-mortem with GSL were processed 
using 2018 Photoshop Adobe Creative Cloud via a 15.6-inch Dell 
desktop with a recommended resolution of 1920 by 1080 pixels. 
Images were first prepared using the brightness/contrast tool to 
maximize the quality of images for tracing. A duplicate of the 
contrast-enhanced traced image was transformed to a binary image 
using the magic wand and fill tool to convert vessels to “black” and 
background to “white.” Images were then converted to grayscale. 
Using a separate transparent layer, an ROI was defined and deter-
mined by the maximum vasculature area.

Vascular quantification
VESGEN is Java-based computer interactive code. VESGEN works 
as a plug-in feature to ImageJ software. VESGEN uses image- 
processing concepts of eight-neighbor pixel connectivity, skele-
ton, and distance map to analyze 2D, black-and-white (binary) 
images of vascular trees, networks, and tree-network composites. 
VESGEN maps typically 5 to 12 (or more) generations of vas-
cular branching, starting from a single parent vessel. These genera-
tions are tracked and measured for critical vascular parameters 
that include vessel diameter, length, density and number, and 
tortuosity per branching generation. The impact of KNA+ cell in-
jections (experimental cohort) on vascular morphology and branch-
ing in db/db mice were quantified by comparing vascular parameters 
with db/db mice injected with saline (control group). For the pur-
pose of this study, we first examined (i) changes in the number of 
perfused vessels, (ii) fractal dimension (Df) that characterizes the 
structural change from large vessels to small vessels across the 
retina, and (iii) total vessel length. We then examined density by 
three parameters vessel number density (Nv), vessel length density 
(L), and vessel area density (Av), which were determined by the ROI 
and is defined as the proportion of the ROI occupied by vessels.

Immunocytochemistry
After been fixed with 4% (w/v) paraformaldehyde for 30 min, 
cells were permeabilized with 0.1% (v/v) Triton X-100 in PBS for 
5 min. A total of 10% (v/v) goat serum was added, and the cells 
were incubated for 30 min to block unspecific antibody binding. 
Next, the cells were incubated with the following primary anti-
bodies overnight at 4°C: anti-CD31 (Santa Cruz Biotechnology), 
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anti-CD144 (eBioscience), anti–NRP-1 (Santa Cruz Biotechnology), 
and anti–-SMA, (Chemicon). Then, the cells were washed with 
PBS three times and incubated with Alexa Fluor 488– or Alexa 
Fluor 565–conjugated secondary antibodies (Molecular Probe). The 
stained cultures were counterstaining with 4′,6-diamidino-2- 
phenylindole (DAPI) (DAKO). Confocal images were acquired 
with an Olympus FV1000MPE confocal microscope using an objec-
tive lens (UPlanSApo 60XW, NA 1.20, Olympus). Z-stack images 
were taken with 10-m intervals. Images were analyzed using FV10-
ASW 3.0 Viewer software (Olympus) and processed in ImageJ software.

Immunohistochemistry of murine and NHP retinas
Mice were anesthetized by intramuscular injection of ketamine/
xylazine and perfused via intracardiac administration of 10 ml of 
1× PBS, followed by 10 ml of 4% paraformaldehyde in PBS. Eyes 
were enucleated, immersion-fixed overnight in 4% paraformaldehyde 
in PBS at 4°C, and stored in PBS until processing. For retinal 
sections, eyes were placed in 30% sucrose in PBS overnight at 4°C 
before preparation of the frozen blocks in optimal cutting tempera-
ture embedding medium (Fisher HealthCare). Serial cross sections 
of retinas (20 m) were cut and mounted on slides. Tissue sections 
were stored at −80°C until ready to be processed. Samples were 
allowed to thaw for a minimum of 1 hour at room temperature. 
Samples were then fixed in ice-cold acetone for 5 min and let dry for 
10  min at room temperature. A 15-min permeabilization step in 
tris-buffered saline (TBS)–0.05% Tween 20 (TBS-T) followed. Antigen 
retrieval was then performed in 1× sodium citrate buffer (Vector 
Laboratories Inc.) for 30 min at 95°C. After a 30-min cool down 
step, to further reduce background staining, samples were incubated 
in 1% Triton X-100 in TBS for 30 min at room temperature. To 
block nonspecific binding, samples were incubated in 10% donkey 
serum in TBS for 30  min at room temperature. Following three 
washes in TBS-T (2 min each), retinal sections were incubated for 
10 min with 3% H2O2 in TBS to block potential endogenous peroxi-
dase activity. After another round of washes, tissue sections were 
reacted with primary antibodies overnight at 4°C: FITC-conjugated 
mouse anti-hCD31 (1:25; Santa Cruz Biotechnology), rat anti-mouse 
CD31 (1:25; BD Biosciences), or with Isolectin GS-IB4 Alexa Fluor 
568 (Thermo Fisher Scientific). Following three washes in TBS-T 
(2 min each), retinal sections were incubated with donkey anti-rat 
DyLight 594 (1:250; Thermo Fisher Scientific) for 1 hour at room 
temperature.

The preparation of retinal flat mounts was performed as previ-
ously described (70, 71). Flat mounts and/or slides were reacted 
with either GSL I IB4, fluorescein (1:100; Vector Laboratories Inc.) 
at room temperature for 4 hours or with primary antibodies 
overnight at 4°C: mouse anti–human nuclear antigen antibody 
(1:100; Abcam) (72–74) and rabbit anti–collagen IV (1:400; Abcam) 
(75). Retinas were then washed in PBS (10 min × 3) and then incu-
bated with species-specific secondary antibodies (1:200) conjugated 
with either Alexa Fluor 594 (Invitrogen) or Alexa Fluor 488 (Invitro-
gen) for 2 hours at room temperature. After incubation with secondary 
antibodies, samples were extensively washed and then incubated 
with DAPI (Thermo Fisher Scientific) for nuclear staining for 10 min 
at room temperature. Last, the retinal tissue was washed with PBS 
and mounted with the VECTASHIELD Hardset Antifade Mounting 
Medium (Vector Laboratories Inc.). Digital images were acquired at 
the UAB High Resolution Imaging Facility core using a Zeiss 
microscope (Axio Imager 2, upright microscope) and a Nikon A1R 

confocal microscope. The system was operated by Nikon NIS 
Elements 5.21 software. Z-stack images were acquired at 1024 by 
1024 pixel density denoised with NIS.ai algorithm and saved as 3D 
reconstructed files.

Gene expression analysis
Reverse transcriptase (RT) reactions were performed in the GeneAmp 
PCR 9700 System Thermocycler (Applied Biosystems). mRNA RT 
reactions were performed using the Transcriptor Univessal cDNA 
Master (Roche). RT reactions without templates or primer were 
used as controls. Gene expression levels were quantified using the 
ABI 7300 RT-PCR System (Applied Biosytems). Quantitative 
polymerase chain reaction (PCR) for mRNA was performed using 
FastStart Universal SYBR green master (Rox) (Roche). Reactions 
were performed at 95°C for 10 min, followed by 40 cycles of 95°C 
for 15 s and 60°C for 1 min. Relative expression levels were calculated 
using the comparative Ct method (76).

Proteomic analysis
For protein expression assays, the retina from D-KNA+– and N-KNA+–
treated mice were disrupted in the TissueLyser LT (QIAGEN) in 
200 l of lysis buffer provided by the Functional Proteomics Reverse 
Phase Protein Array (RPPA) Core Facility (MD Anderson Cancer 
Center): 1% Triton X-100, 50 mM Hepes (pH 7.4), 150 mM NaCl, 
1.5 mM MgCl2, 1 mM EGTA, 100 mM NaF, 10 mM Na pyrophosphate, 
1 mM Na3VO4, 10% glycerol, and freshly added protease and 
phosphatase inhibitors (Roche Diagnostics Corporation). After 
pelleting the debris, the protein concentration was determined with 
the Pierce BCA microplate procedure (Thermo Fisher Scientific) on 
a Synergy H1 plate reader (BioTek), adjusted to approximately 1 g/l 
and sent to RPPA Core for proteomic analysis using their standard 
procedures (www.mdanderson.org/research/research-resources/
core-facilities/functional-proteomics-rppa-core/rppa-process.html). 
Data were analyzed as described for gene expression using Ingenuity 
Pathway Analysis (QIAGEN) (77). Heatmaps were created in R using 
the ggplot2 package per standard protocols (table S3).

Quantification and statistical analysis
All experiments were performed ≥3 times in triplicate. Results are 
expressed as means ± SEM. A power of analysis with a 95% confi-
dence interval was used to calculate sample size required to obtain 
statistically significant results. The sampling number we used gave 
a normal distribution. Significance of differences was assessed by a 
two-tailed Student’s t test or one-way ANOVA–Tukey post hoc 
test, multiple comparison test, or chi-square test. Statistical analysis 
was done by calculating the P values ( = 0.05) using GraphPad 
Prism 9 version 9.2.0 (332) software. Before statistical testing, all 
data were assessed for divergence away from a normal (Gaussian) 
distribution normality test, where P ≤ 0.05 indicates non-normal/
nonparametric data. Data determined to be normally distributed 
will be assessed for statistical significance by a two-tailed unpaired 
parametric t test. Data determined to be non-normally distributed 
will be assessed for statistical significance by a two-tail Mann-Whitney 
nonparametric unpaired t test.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abm5559

View/request a protocol for this paper from Bio-protocol.
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