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A B S T R A C T   

Diabetic retinal disease (DRD), the most common complication of diabetes and a leading cause of blindness in 
working age individuals, is now understood to be a form of sensory neuropathy or neurovascular degeneration. 
Current treatments are focused on advanced vision-threatening disease and a single molecular target, vascular 
endothelial growth factor, has an approved therapy. We trace the evolution of understanding of DRD patho
genesis, identify new approaches to clinical assessment, trials infrastructure and design, and target identification 
to accelerate selection and evaluation of new therapeutics that will speed development of potentially curative 
interventions. Critically, the “Restoring Vision Moonshot” framework will address gaps in knowledge to be filled 
to achieve the goal of restoring sight and preventing vision loss in persons with diabetes.   

1. Overview 

Diabetic retinopathy [or, preferably, “Diabetic Retinal Disease 
(DRD)] (Abramoff et al., 2018) remains a major cause of vision loss in 
working age persons despite improvements in metabolic control and 
ocular treatments of diabetic macular edema (DME) and proliferative 
diabetic retinopathy (PDR). The term “DRD” refers to the effects of 
diabetes on the entire retina whereas “diabetic retinopathy” has been 
defined by the clinically evident vascular lesions without inclusion of 
neurosensory retinal changes. At present the cellular and clinical im
plications of DRD remain poorly understood, but we submit that this 
term should stimulate studies to resolve many open questions.The sub
ject of diabetic retinopathy (DR) has been covered by multiple author
ities (Antonetti et al., 2021; Duh et al., 2017; Simo and Hernandez, 
2015), and here we build on the work of colleagues. We are motivated to 
enhance our understanding and find new approaches to DRD by 
seven-time Emmy Award winner, Oscar nominated actor, and promi
nent diabetes research advocate, Mary Tyler Moore’s struggles with 
vision loss despite “successful” panretinal photocoagulation (PRP). 

We present this paper not merely to summarize past work, but to 

understand the long trajectory to gaining a clinically applicable under
standing of the pathophysiology of DRD that enables maintenance of 
good vision, its restoration when lost, and an organizational structure to 
deploy this information in trials and practice. Thus, in this review we:  

1. Trace the evolution of the understanding of DRD, its clinical 
assessment, and its treatment; 

2. Argue that the limited information provided by photographic im
aging of vascular lesions has constrained progress in what is now 
understood to also be a form of sensory neuropathy. Whereas pre
vious work has led to an emphasis on surgical treatment of advanced, 
vision-threatening disease, new efforts should focus on approaches 
that address underlying pathophysiology at earlier stages of disease 
progression;  

3. Present a general theory of the current understanding of underlying 
metabolic and other pathophysiologic mechanisms at the root of 
DRD;  

4. Identify new approaches to clinical assessment, trials infrastructure 
and design, and target identification to support more rapid selection 
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and evaluation of new therapeutics and help speed development of 
potentially “curative” interventions, 

5. Affirm that better understanding of the full spectrum of neuro
vascular pathophysiology in persons with DRD, as well as patho
physiologic correlates of visual function and patient autonomy are 
necessary to enable patients to maintain vision and achieve optimal 
health-related quality of life and function; and  

6. Outline a “Restoring Vision Moonshot” initiative – inspired by U.S. 
President Kennedy’s challenge in 1961 (at the height of the Cold War 
with the Soviet Union and following their successful launch of the 
first artificial Earth satellite, Sputnick 1) to land a man on the moon 
within a decade as defense against Soviet domination of space. This 
Moonshot can serve as an organizing framework to address critical 
knowledge gaps along the path to achieve goals of restoring reduced 
vision, protecting the retina, and preventing vision loss in persons 
with diabetes. 

2. An evolving understanding of DRD 

2.1. The history of our understanding of diabetic retinal disease, including 
as a neurovascular disorder 

Diabetic retinopathy has been long considered to be a “microvas
cular disease” despite evidence that the neurosensory retina is also 
affected dating back over 100 years. Recent publications suggest the 
term “diabetic retinal disease” (DRD), to include vascular and neural 
retinal pathophysiology (parallel to diabetic kidney disease (DKD)), to 
better reflect diabetes’ impact on the whole retina (Abramoff et al., 
2018; Pan et al., 2021). Excellent histories of DR have been provided by 
Wolfensberger (Wolfensberger and Hamilton, 2001) and Lynch (Lynch 
and Abramoff, 2017). The current review seeks to provide greater 
insight into the times and the people who were involved in this early 
discovery work (prior to 2010). Many additional investigators have 
subsequently extended the early findings into important clinical and 
laboratory-based studies. 

In 1875, Leber (1875) and Dickinson (1875) presented arguments for 
primary involvement of vascular and neural elements in the retina in 
DRD. Here we summarize the chronology of some key observations 

(Fig. 1). The first recognized publication to directly state that diabetes 
affects the neurosensory retina was provided by Dr. Orlando Orlandini 
in Venice, Italy in 1904 (Orlandini, 1904). He stated, “histological ex
amination of the retina in de-pancreatised animals (rabbits and quail) 
showed two [types of alterations] “alterations of nervous tissue (espe
cially) (above all) ganglion cells and nerve fibers, and of blood vessels”. 
He also found vacuolization of retinal ganglion cells and degeneration of 
blood vessels and intraretinal hemorrhages. The next contribution on 
this topic was by Dr. Donato Lo Russo at the Clinica Oculistica di Roma 
in 1927. His study of post-mortem human eyes revealed “reduced 
thickness of the nerve fiber layer, reduction in the number of retinal 
ganglion cells and the formation of “cavities” in the inner retina”. These 
two papers were published in a primeval era of diabetes investigation; i. 
e., within five decades of the first description of DRD by von Jaeger 
(Fischer, 1989; von Jaeger, 1856) and within two decades of von Mer
ing’s and Minkowski’s discovery (von Mering and Minkowski, 1889) 
that pancreatectomy in a dog induces diabetes. 

The field was quiet for three decades after Lo Russo’s paper, then 
several landmark papers appeared in the 1960’s. Dr. Reimer Wolter 
(Fig. 2) provided the next key report in 1961 (Wolter, 1961). He trained 
as an ophthalmologist in Hamburg, Germany and later as a neuropa
thologist at the University of Michigan. In Hamburg a medical school 
classmate gained recognition as Professor Gerd Meyer-Schwickerath, 
who developed xenon arc retinal photocoagulation in the 1950’s 
(Henderson, 1986; Meyer-Schwickerath, 1959). At Michigan Dr. Wolter 
combined clinical practice with pathology and laboratory studies, 
including use of the xenon photocoagulator. He reported findings from 
eight patients with diabetes who had died at the Wayne County General 
Hospital, an institution that cared for psychiatric and indigent persons. 
The patients had undergone clinical ophthalmoscopic examination 
during their lifetimes and showed typical signs of DRD. His pathologic 
examinations revealed hyalinized and sclerotic retinal blood vessels, as 
well as intervascular connections consistent with what were later 
termed, “intraretinal microvascular anomalies (IRMA)”. He also found 
degenerated ganglion cell axons, neurites and dendrites, phagocytosis of 
neurons, and fat accumulation by microglia as noted with lipid staining 
dyes. Marked gliosis with hyperplastic astrocytes were noted around 
microaneurysms and areas of neovascularization. In contrast, 

Fig. 1. Chronology of developments in retinal neurodegeneration in diabetes.  
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centrifugal nerve fibers that originate in the brain and supply retinal 
blood vessels were increased in number. Of note, he suggested that 
retinal “lipid” accumulation represents lipids and proteins from digested 
neurons rather than a true exudate or transudate that we currently 
consider as a mark of increased vascular permeability. He opined, “the 
primary retinal pathology in diabetes mellitus seems to be neuronal.” 

In 1962, a time when post-mortem examinations in hospitals were 
common, Dr. James Bloodworth, Jr. (Fig. 3), a pathologist at the Ohio 
State University, studied 300 eyes from 160 patients with diabetes and 

157 eyes from non-diabetic persons. He observed features of micro
aneurysms and added that, “degeneration of nervous elements is always 
present in the surrounding retina.” He stated, “The ganglion cells, most 
of the inner plexiform layer and nerve fiber layer are usually missing in 
the region of the cotton-wool ‘exudate’. He concluded, “There is, as yet, 
no concrete evidence that the capillary changes initiate the conditions, 
and … our studies suggest that the degenerative changes in the nervous 
elements of the retina may precede the vascular changes.” He further 
suggested that the presence of phagocytic cells in areas of ganglion cell 
and nerve fiber degeneration, independent of exudates, indicates that 
“gitter” cell nodules are sometimes concerned with the phagocytosis of 
neuron and nerve fiber debris (Bloodworth, 1962). Dr. Bloodworth 
subsequently moved to the University of Wisconsin and received the 
1963 American Diabetes Association Eli Lilly award. 

These two pathologic studies described the vascular and neural cell 
alterations in persons with established DRD. However, they did not 
provide direct correlation between the medical history, the in vivo ocular 
status of the subjects and post-mortem pathologic findings. They also did 
not define macular vs peripheral retina variations, and did not quantify 
the lesions. Further, the histochemical stains used at the time did not 
provide the cell-specific data that can now be inferred with mRNA and 
protein detection technologies. Nonetheless, these two seminal papers 
were cited in the major textbook of the 1960’s, Sir Stewart Duke-Elder’s 
magnum opus, System of Ophthalmology, in 1967 (Duke-Elder and 
Dobree, 1967). 

Two other notable papers in the same decade emphasized the 
vascular nature of DR. First, in 1961, Drs. David Cogan, Daniel Toussaint 
and Toichiro Kuwabara at the Massachusetts Eye & Ear Infirmary 
described a trypsin digest method to remove the neurosensory retina 
from post-mortem retinas and they emphasized the loss of pericytes in 
eyes of persons with diabetes (Cogan et al., 1961). However, as noted 
previously (T.W. Gardner, 1995), their study did not include 
non-diabetic controls, examine areas without microaneurysms, nor 
present quantitative data or statistical analysis to confirm a “preferen
tial” loss of pericytes. Nevertheless, this paper was cited frequently to 
support the concept of sorbitol accumulation mediated via aldose 
reductase and a primary role of pericyte loss (Kinoshita, 1986). Multiple 
studies have since employed the method to reveal microaneurysms, 
areas of capillary non-perfusion and neovascularization in relation to 
regions seen in trypsin digest preparations (De Venecia, Davis and 
Engerman, 1976; Kohner and Henkind, 1970). A second major devel
opment in 1961 was from Novotny and Alvis (Novotny and Alvis, 1961) 
who demonstrated the technique of fluorescein angiography of the 
human retina and revealed the extent of microvascular lesions. These 
two studies corresponded closely with the clinical phenotype and 
perpetuated the concept that DR is strictly a microvascular disease. 

Beyond the information gathered and assumptions generated by 
pathological studies, early studies investigated retinal function in per
sons with diabetes. Dr. A. Dubois-Poulsen published evidence of 
depressed visual sensitivity using rod “scotometry” (measuring visual 
field defects) in 1952 (Dubois-Poulsen, 1952). In 1969, Dr. J.A. Roth at 
the Nuffield Laboratory of Ophthalmology at Oxford University, work
ing under the tutelage of Professor Eva Kohner, found scotomas in all of 
the 31 diabetic patients examined, including those without clinically 
visible DR, but none in the non-diabetic control subjects (Roth, 1969). 
The scotomas were relative and detected only with small or dim test 
objects, but were generally larger than predicted by the fundus 
appearance. All patients with ophthalmoscopically visible DR had 
scotomata, as did half of those without visible DR. Two years later, Drs. 
Wisznia, Lieberman and Leopold (Wisznia et al., 1971) from the Mount 
Sinai School of Medicine Department of Ophthalmology in New York 
studied patients with Goldmann perimetry compared to ocular exami
nation, fundus photography and fluorescein angiography. The patients 
with non-proliferative diabetic DR (NPDR) demonstrated small arcuate 
field defects. Both Roth and Wisznia et al. ascribed the visual field de
fects to microvascular lesions and did not mention involvement of the 

Fig. 2. Reimer Wolter, M.D. Image courtesy of Gale Oren, MILS, AHIP, John W. 
Henderson Library, Kellogg Eye Center, University of Michigan. 

Fig. 3. James Bloodworth, Jr. M.D. Image courtesy of the University of 
Wisconsin-Madison Archives, #511352. 
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neurosensory retina or provide details of the medical history of the 
subjects. Nevertheless, they documented that visual fields reveal func
tional retinal defects beyond what necould be discerned with standard 
clinical examination. Chee and Trick (Chee and Flanagan, 1993; Trick 
et al., 1990) used automated perimetry in the 1990s to confirm 
increased depth and size of scotomas related to severity of the micro
vascular features of DR. 

Studies that emphasized involvement of the neurosensory retina in 
diabetes and its role in visual loss were pioneered by investigators on 
three continents. Daizo Yonemura, M.D. at the Kanazawa, Japan Uni
versity School of Medicine Ophthalmology Department demonstrated 
reduced oscillatory potential amplitudes in 15 patients with mild DR and 
in seven of 13 patients with diabetes but no visible DR (Yonemura et al., 
1962). He speculated that neuronal and non-neuronal cell defects may 
contribute to the electrophysiologic defects but did not publish subse
quent papers on the topic. 

Svend-Erik Simonsen, M.D (Fig. 4). conducted his work at the Gen
tofte Hospital and Steno Diabetes Hospital in Copenhagen, Denmark. His 
initial findings, “ERG in Juvenile Diabetics: a prognostic study,” (S.E. 
Simonsen, 1969) were presented at the landmark 1968 Airlie House 
Symposium organized by Drs. Stuart Fine and Morton Goldberg in 
northern Virginia; a follow-up paper was published in 1974 (S. E. 
Simonsen, 1974). In 1980, he published a remarkable longitudinal study 
of 137 persons with type 1 diabetes who he examined after 6–8 years 
and 13–15 years of follow-up (S. E. Simonsen, 1980). His data showed 
that reduced oscillatory potential amplitudes predicted the onset of 
proliferative retinopathy and he concluded, “Alterations in the oscilla
tory potential in diabetics without retinopathy must reflect functional 
changes in the neurophysiologic properties of the retina before oph
thalmoscopical changes are detectable.” He published two additional 
papers that included assessment of dark adaptation (Frost-Larsen, Larsen 
and Simonsen, 1981a; 1981b). Nonetheless, measures of functional 
changes of the retina were not included in the Airlie House classification 
of DR that emerged from the Symposium (Anonymous, 1991; Goldberg 
and Fine, 1969). 

The two preceding authors emphasized changes in the oscillatory 

potential amplitude whereas George Bresnick, M.D., M.P.A. at the Uni
versity of Wisconsin (Fig. 5) also investigated their temporal aspects. 
The “implicit time” reflects the speed of cell-to-cell electrical signal 
transmission through the retina, arising in the plexiform and nuclear 
layers. Dr. Bresnick and colleagues showed that reduced oscillatory 
amplitudes predict progression to high-risk PDR (Bresnick et al., 1984). 
They also found that delays of the a-wave, b-wave and oscillatory po
tentials in 72 patients with diabetes but in none of 29 control subjects; 
the delays increased in correlation with severity of DR (Bresnick and 
Palta, 1987). They also proposed that the response to flicker stimulation 
(30 Hz) might be a useful clinical test of retinal function in diabetes. 
Indeed, Dr. Mitchell Brigell and colleagues (Brigell et al., 2020) recently 
found that oscillatory potential implicit times and pupillary responses 
(the RETeval score) improved prediction of NPDR progression better 
than risk estimates based on Early Treatment Diabetic Retinopathy 
Study (ETDRS) 7-field photography alone. Patients having scores ≥23.5 
were 11 times more likely to require a future ocular intervention than 
patients having scores <23.5. In 1986, Dr. Bresnick succinctly proposed 
that DR should be considered a disorder of the neurosensory retina, not 
merely a microvascular disease (Bresnick, 1986). That is, diabetes im
poses similar impact on retinal neural cells as on other peripheral sen
sory and autonomic nerves. These changes, however, are not detectable 
by clinical examination or fundus photographs, in contrast to the 
evident red “vascular” lesions, and so are not appreciated by clinicians. 
The implication of his thesis was that like glaucoma, DR disease status 
evaluation should include tests of visual function, such as visual fields or 
contrast sensitivity, not merely visual acuity or fundus appearance. 

The role of the neurosensory retina in diabetes was also explored in 
detail by Benedetto Falsini, MD, an ophthalmologist (Fig. 6), and Gio
vanni Ghirlanda, MD, an endocrinologist, in Rome. They used steady- 
state focal pattern electroretinography in persons with type 1 diabetes 
and no or minimal clinically evident retinopathy (Caputo et al., 1990; 
Falsini et al., 1989; Ghirlanda et al., 1991). In 1989, they reported 
reduced amplitudes in persons with angiographically normal retinas and 
greater impairment in persons with mild retinopathy. Dr. Ghirlanda and 
colleagues stated in 1997, “The pre-retinopathy stage is characterized by 
the absence of lesions on ophthalmological examination, while clinically 
overt retinopathy, which may begin long after the onset of diabetes, 
represents a late stage (emphasis added) in a chronic underlying process” 
(Ghirlanda et al., 1997). This insightful lesson from an endocrinologist 
has been adopted very slowly by ophthalmologists. Dr. Falsini recalled 
to the authors: 

Fig. 4. Svend-Erik Simonsen, M.D. circa 1975. Image courtesy of Lone 
Simonsen, Ph.D. Fig. 5. George Bresnick, M.D., M.P.A. Image courtesy of Dr. Bresnick.  
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“In the late 80’s I conducted studies on the pattern ERG in diabetes 
with the hypothesis that pattern ERG could detect early inner retinal 
dysfunction in pre-retinopathic diabetes. These studies were 
prompted by some clinical, preliminary observations suggesting that, 
unlike the flash ERG (derived from the outer retina), the pattern ERG 
was significantly reduced in diabetic patients. At that time no im
aging techniques studying retinal microanatomy were available, so 
these functional changes could not be correlated with retinal layer 
abnormalities. However, several studies published by my group in 
collaboration with Professor Vittorio Porciatti, my mentor and 
friend, confirmed that in IDDM patients with normal appearing 
retina and short disease duration, there was already a dysfunction of 
inner retina.” 

Concurrent events in ophthalmology from the 1950’s through the 
1980’s included the treatment of PDR with hypophysectomy, xenon arc 
photocoagulation, ruby and argon laser panretinal photocoagulation 
(PRP), the development of the Airlie House and ETDRS grading scales, 
and the use of focal macular photocoagulation for DME. The risks and 
benefits of intensive metabolic control were still vigorously debated and 
home glucose monitors first appeared in the early 1980’s. Studies of the 
impact on the neurosensory retina were considered to be “research” 
without clinical application; few retina specialists were trained in retinal 
physiology or in the use and interpretation of functional tests (present 
authors included). Most publications still focused on microvascular pa
thology, and a cellular basis for a neurosensory retinopathy did not 
appear to match the clinical phenotype. 

The story returns to Japan where Etsuo Chihara, M.D., (Fig. 7)., an 
ophthalmologist at the University of Kyoto and his colleagues deter
mined the effects of experimental diabetes in rabbits on retinal protein 
synthesis beginning in 1981 (Chihara, 1981; Chihara et al., 1982; Tsu
kada and Chihara, 1986). They found that diabetes markedly reduces 
retinal protein synthesis, mostly within ganglion cells, including those 
proteins that accumulate within the optic nerve, within weeks of dia
betes onset–well before the onset of clinically evident microvascular 
lesions. These were the first studies to define a defect in a specific 
anabolic process in the neurosensory retina. Protein synthesis is a cen
tral activity of all cells that results from the incorporation of amino acids 
into peptides, as mediated by growth factors, notably insulin. Acceler
ated protein degradation and reduced protein synthesis are cardinal 
features of diabetes and account for skeletal muscle wasting and 

elevated plasma amino acid concentrations (Kimball and Jefferson, 
1998). 

Dr. Chihara recently provided the following recollections about his 
early studies: 

“When I was a resident I was impressed that the hard exudates in 
diabetic patient were so beautifully lined radially, and I postulated 
an association between the axonal lining and accumulation of lipo
proteins. In later days, I recognized that the orientation is associated 
with glia and not with axons. But this experience inspired me to start 
works on the relationship between diabetes and neural functions. 

Before start of my study, reduced oscillation patterns of the elec
troretinogram, abnormal color sensation and impaired contrast 
sensitivity prior to diabetic vasculopathy had been reported, how
ever pathogenesis was unknown. Also, before my start of investiga
tion, I was interested in neurosecretion of oxytocin from the pituitary 
gland. This peptide was synthesized in the neural soma, transported 
in the axon and secreted from nerve terminal. Even though the basic 
mechanism of this system had not been elucidated at that time, I 
estimated an association with axoplasmic transport (axonal flow), a 
hot topic evolving at that time. I thought that the similar mechanism 
may be found in the eye, and I selected this topic as a subject for my 
thesis. 

Fortunately, the eyeball is a closed system, and most of 3H-leucine 
injected into the vitreous cavity stays in the eye, a constant amount 
of 3H-leucine is incorporated into retinal proteins, and a constant 
amount is transported in the optic nerve as axonal transport, so the 
optic system was more appropriate for quantitative research of 
neural tissue than the sciatic nerve which was used by the basic 
science researchers. 

When diabetes was induced in rabbits by alloxan, there was a sig
nificant association between blood sugar levels and a decrease in 
amount of fast axonally transported radioactive proteins and retinal 
protein synthesis (J Neurochem 1981: 27: 247–250). The decrease in 
slow axonal transport also was parallel to the decrease in protein 
synthesis in the retina (Brain Res 1982: 250: 363–366). So, I thought 

Fig. 6. Benedetto Falsini, M.D. Image courtesy of Dr. Falsini.  

Fig. 7. Etsuo Chihara, M.D. Image courtesy of Dr. Chihara.  
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that the decrease in the amount of axonal transport in optic nerve of 
diabetic rabbit is reflecting decreased protein synthesis in the retina. 

We thought that depleted supply of cytoskeleton such as microtu
bules and neurofilament via axon transport in diabetes is appropriate 
to explain diabetic nerve abnormalities such as dying back type 
diabetic neuropathy (a phenomenon where the caliber of peripheral 
axon selectively thinned, in contrast caliber of axonal hillock or 
proximal axon does not). 

After publishing our first reports my interest was directed to specific 
proteins or enzymes which may be selectively impaired in diabetic 
subjects, because there are more than 100 proteins such as neuro
trophic factors, mitochondria, synaptic vesicles which are trans
ported by axonal transport. Each should work to maintain nerve 
functions. We separated axonally transported proteins by SDS elec
trophoresis and studied if change in component of axonally trans
ported materials occur in diabetic optic nerve. 

We thought these kinds of changes in the component of transported 
proteins may lead to nerve dysfunction. I was interested what kind of 
proteins or enzymes are affected.” 

Dr. Chihara complemented his laboratory studies with clinical find
ings that nerve fiber layer density is reduced in persons with type 2 
diabetes in proportion to the severity of retinopathy as defined by red- 
free fundus photographs in 1993 and by scanning laser polarimetry in 
2008 (Chihara et al., 1993; Takahashi and Chihara, 2008). The specific 
cause of these defects is still not known but loss of ganglion cell protein 
synthesis could be a contributing factor. Retinal nerve fiber layer 
dysfunction and thinning parallel reduced visual evoked potential 
amplitude and velocity found in early stages of DRD (Papakostopoulos 
et al., 1985; Riva et al., 2005; Varkonyi et al., 2002). These observations 
are best appreciated in light of our understanding of glaucoma. The 
average nerve fiber layer thinning in persons with glaucoma is 20 mm 
and in those with diabetes, 12 mm (Takahashi and Chihara, 2008). Dr. 
Michael Abràmoff (Abramoff et al., 2018) has emphasized that the de
gree of visual field depression in persons with mild to moderate NPDR is 
equivalent to that in persons with glaucoma, yet the field loss due to 
diabetes is not currently treated. 

The cellular consequences of impaired neuroretinal homeostasis and 
function received additional attention in the 1990’s. Kathryn LaNoue, 
Ph.D (Fig. 8). at the Penn State College of Medicine, was a biochemist 
who had discovered new pathways of brain glutamate metabolism 
(Hutson et al., 1998). She, Erich Lieth, Ph.D. and Alistair Barber, Ph.D. 
applied these principles to the retina in diabetic rats, which revealed 
that elevated retinal levels of branched chain amino acids (leucine, 
isoleucine and valine) due to diabetes-induced systemic (mostly skeletal 
muscle) protein degradation increases retinal glutamate levels in these 
diabetic rats. Moreover, diabetes impairs detoxification of glutamate to 
glutamine via glutamine synthase (Gowda et al., 2011; Lieth et al., 2000; 
Lieth et al., 2001). The net elevated retinal glutamate levels thus 
contribute to glutamate excitotoxicity. These metabolic changes reflect 
impaired glial cell function, as described in human tissues by Dr. Toke 
Bek in 1997 (Bek, 1997) and separately by Drs. Rungger-Brandle, Zeng 
and Barber in 2000 (Barber et al., 2000; Rungger-Brandle et al., 2000; X. 
X. Zeng, Ng and Ling, 2000). Microglia, innate immune cells of the 
retina, are also activated by diabetes (H. Y. Zeng, Green and Tso, 2008; 
X. X. Zeng et al., 2000). Increased retinal vascular permeability and 
decreased occludin tight junction protein content occur contempora
neously with the neural cell changes (Antonetti et al., 1998; Barber 
et al., 2000). Thus, the entire neurovascular unit is altered by diabetes. 
Goncalves et al. (2021) elegantly showed the intimate relationship be
tween vascular permeability and vision. They created mice with muta
tions in the occludin tight junction gene such that the protein was either 
constitutively phosphorylated on the amino acid (Ser490) that mediates 
VEGF-induced vascular permeability, or genetically blocked this 

phosphorylation event so the effect of VEGF is inhibited. They found that 
this phosphorylation not only regulated permeability as predicted, but it 
also determined whether or not visual acuity and contrast sensitivity 
were impaired. Of note, neither neural cell death nor electroretino
graphic responses typical of diabetes were impacted by the vascular cell 
manipulations. Thus, there are permeability-dependent consequences, 
and there are also permeability-independent effects in experimental DR. 
These studies demonstrate the interrelationships within the neuro
vascular unit and will hopefully spur additional interrogations of 
cell-cell interactions in the retina to elucidate the mechanisms of vision 
impairment. 

The consequences of altered glutamate metabolism, which also im
pairs synaptic transmission, may include neuronal cell death via 
apoptosis. Wolter (1961) and Bloodworth (1962) both noted condensed 
ganglion cell nuclei, the histologic hallmark of programmed cell death 
(apoptosis). Kerrigan et al. (Kerrigan et al., 1997) noted condensed 
nuclei in ganglion cells of human eyes with primary open angle glau
coma and in eyes without a history of glaucoma but with a history of 
diabetes. Other work investigating retinal cell death in diabetes did so in 
rat retinas subjected to trypsin digestion, but removal of the neurosen
sory retina precluded detection of neuronal death (Mizutani et al., 
1996). Dr. Barber (Fig. 9), utilized his experience as a neuroscientist to 
investigate the question of retinal cell apoptosis in diabetes and pro
vided this perspective: 

“We observed occasional tantalizing terminal deoxynucleotidyl 
transferase-dUTP end labeling (TUNEL)-positive nuclei in histologi
cal cross-sections of retinas from diabetic rats, and based on their 
position and appearance they were likely to be retinal ganglion cells. 
As a neuroscientist who had most recently studied cell death and 
neuroprotection in cerebral ischemia, I was unfamiliar with the 
emphasis on vascular pathology in diabetic retinopathy, so I made 
the erroneous assumption that diabetes-induced loss of neurons was 
already well established. It was only after looking at the histology 
slides with other members of the Penn State Retina Research Group 
that I learned that we were seeing something important. Those early 
conversations determined a personal shift in interest that defined the 

Fig. 8. Kathryn F. LaNoue, Ph.D. Image courtesy of Penn State Department of 
Cellular & Molecular Physiology. 
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rest of my research career. Since that time I have always maintained 
that the best conversations take place at the microscope. 

Observation of TUNEL-positive cells was not enough evidence to 
establish that diabetes increased neuronal cell death. We needed a valid 
method to quantify these transient and rare events. After examining 
many histological sections we finally developed a TUNEL protocol that 
would work on whole retinas, based on communication with Annett 
Bien at her Society for Neuroscience conference poster (Bien, A., M.F. 
Humphrey, C. Seidenbecher, B.A. Sabel, and M.R. Kreutz. 1996. Soc. 
Neurosci. 22:126.2. Abstract), who was using the technique to quantify 
retinal ganglion cell apoptosis in whole retinas after optic nerve crush 
(later published as (Bien et al., 1999). Other important additions to the 
protocol were positive controls. Luckily our lab technician, Sonny Khin, 
knew how to dissect and section the ventral prostate from castrated rats; 
a procedure be had learned when working for John Isaacs, who pio
neered studies on mechanisms of apoptosis in the prostate. Without this 
positive control and that from retinas subjected to ischemia-reperfusion, 
we would not have been able to confirm that the TUNEL protocol was 
working. Later we confirmed the increase in apoptosis by immunohis
tochemistry for activated caspase-3, and then developed biochemical 
assays for caspase-3 enzyme activity and cytoplasmic nucleosome con
tent, which eliminated the need to spend hours at the microscope 
counting TUNEL-positive nuclei.” 

Dr. Barber used the flat mount approach and found consistent, 
quantitative and rapid onset nuclear cleavage and condensation in 
diabetic rat and human retinas in contrast to minimal apoptotic cells in 
non-diabetic controls (Barber et al., 1998). The ability to detect 
TUNEL-positive cells in flat mounts versus cross sections is analogous to 
seeing a multitude of stars while viewing the night sky (a “flat mount”) 
but there are many light years between stars so it would be difficult to 
see a star in a “slice” through space. Thus, cross section studies may lead 
to sampling error. 

The evidence supporting a role for neurosensory retina involvement 
in human DRD continued to accumulate during the 1990’s and 2000’s. 
Dr. Edoardo Midena et al. (1990) (Fig. 10) reported defective nyc
tometry in persons with diabetes in the absence of visible DR (Midena 
et al., 1990); Dr. Boel Bengtsson observed in 2005 that white-on-white 
perimetry better correlates with retinopathy severity than does visual 
acuity (Bengtsson et al., 2005); Dr. Elisabet Agardh (Fig. 11) also 
demonstrated that visual fields are more sensitive than visual acuity in 
detecting retinal dysfunction in eyes with DME (Agardh et al., 2006); Dr. 
Stela Vujosevic, in 2006, correlated microperimetry and optical coher
ence tomographic findings in eyes with DME (Vujosevic et al., 2006); 
and Dr. Mariacristina Parravano (Parravano et al., 2008), in 2008, 

reported decreased Humphrey Matrix frequency doubling perimetry 
sensitivity in 73% of persons with type 1 diabetes. The extensive expe
rience with visual field defects in persons with varying degrees of DRD 
suggests one or more types of visual field instruments may reveal 
important pathology in diabetes. The scotomas in persons with glau
coma tend to follow stereotypical patterns (arcuate and nasal step de
fects) related to nerve fiber layer loss. Diabetes may cause more 
randomly arranged areas of sensitivity loss due to dysfunction of pho
toreceptors, bipolar, amacrine and/or ganglion cells and their connec
tions. Hopefully additional studies will define which cell types are 
responsible for the patterns of visual field sensitivity loss. 

These collective data support Dr. Fiona Ewing’s 1998 summary of 
electrophysiological and psychophysical abnormalities in diabetes in 

Fig. 9. Alistair Barber, Ph.D.; Image courtesy of Dr. Barber.  

Fig. 10. Edoardo Midena, M.D.; Image courtesy of Dr. Midena.  

Fig. 11. Elisabet Agardh, M.D. Image courtesy of Dr. Agardh.  
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which she stated, “… It becomes clear that the examination of visual 
function provides a case study in integrative neuroscience.” (Ewing 
et al., 1998). That is, the entire visual system, not just the retina, is 
impaired by diabetes. 

The evidence summarized above provided strong evidence for a 
neurodegenerative component to DR by the first decade of the 21st 
century. Additional important contributions continue to accumulate 
that have provided new diagnostic and therapeutic insights. Dr. Jennifer 
Sun and colleagues at the Joslin Diabetes Center, Harvard University 
showed that “disorganized inner retinal layers (DRIL)” as revealed by 
optical coherence tomography within the central macula are associated 
with worse visual acuity in eyes with DME than those with intact 
neuronal layers (J. K. Sun et al., 2014; J. K. Sun et al., 2015). Dr. 
Katherine Joltikov and colleagues (Joltikov et al., 2018) found that 
subjects with DRIL had reduced contrast sensitivity and automated 
perimetry performance than persons without DRIL. Drs. Elliott Sohn and 
Michael Abràmoff at the University of Iowa combined extensive human 
and rodent data to strongly argue in 2016 that neurodegeneration may 
precede vascular changes in diabetes (Lynch and Abramoff, 2017; Sohn 
et al., 2016), although the sensitivity to detect microvascular lesions in 
color fundus photographs is limited compared to fluorescein angiog
raphy and OCT angiography which reveals microvascular lesions in 
approximately one third of eyes with normal clinical examinations (de 
Carlo et al., 2015). Thus, it is possible that undetectable microvascular 
lesions exist in the human eyes despite normal fundus photographs. 

Pinilla et al. (2019) provided important longitudinal data regarding 
retinal thickness measures in patients with stable type 1 diabetes but no 
visible retinopathy, nephropathy, or peripheral neuropathy. The mean 
foveal thickness of their patients remained stable during 8 years of 
follow up, but patients with diabetes exhibited significant reduction in 
total retinal thickness due to the thinning of the inner retinal layers 
(inner nuclear layer, ganglion cell layer, and retinal nerve fiber layer). 
The controls showed a significant diminution in only the retinal nerve 
fiber layer and in the ganglion cell layer areas. Collectively, these and 
other clinical studies (Bao et al., 2019) indicate there is little doubt that 
a neural component is part of DRD and “microvascular disease” is an 
incomplete term (Antonetti et al., 2006). 

Diabetes affects many aspects of vision but the relationship of 
various defects remains uncertain. Drs. Midena and Bini at the Univer
sity of Padova, Italy reviewed the contributions of OCT imaging, fundus 
autofluorescence and microperimetry in persons with DME (Midena and 
Bini, 2016). Each of these techniques contributes distinct information, 
such as hyperreflective intraretinal spots suggestive of microglial cell 
activation, the extent of intraretinal fluid and regions of reduced retinal 
sensitivity, respectively. Dr. Riccardo Sacconi and colleagues (Sacconi 
et al., 2019) in Milan found impaired retinal vascular reactivity using 
the Dynamic Vessel Analyzer (Imedos, Jena, Germany) and reduced 
vascular density (Swept-Source OCT-A PLEX® Elite 9000; Carl Zeiss 
Meditec, Inc., Dublin, CA, USA) but intact macular microperimetry 
sensitivity (via the MP-1 microperimeter (Nidek Technologies, Padova, 
Italy) in patients with type 1 diabetes without clinically evident reti
nopathy after a mean duration of disease of 12 years. They concluded 
that vascular changes are the earliest detectable features of retinopathy. 
This conclusion overlooks the fact that “vascular reactivity” reflects 
neurovascular unit coupling as discussed in Section 4. Lorenzi and col
leagues (Tecilazich et al., 2016) found in a small cohort that defective 
myogenic responses to increased perfusion pressure was associated with 
an accelerated onset of DR. Joltikov et al. (2017) assessed multiple as
pects of retinal structure and function in persons with no to mild NPDR. 
They found that the quick contrast sensitivity function (qCSF) method, 
standard automated perimetry, and frequency doubling perimetry all 
revealed defective retinal sensitivity in concert with ganglion cell layer 
thinning. Moreover, they found that the percent of subjects with 
abnormal tests increased with the severity of retinopathy and even 
moderate NPDR did not universally impact the visual function tests. The 
basis for these inconsistencies is currently unknown. 

The aforementioned studies examined primarily the cone photore
ceptor system. During the 2000’s, and in opposition to Sacconi’s et al., 
2019 report of primary vascular dysfunction in DRD (Sacconi et al., 
2019), multiple studies from Drs. Anthony Adams, Michael Bearse and 
colleagues at the University of California, Berkeley School of Optometry 
showed that delays in mfERG implicit times precede microvascular le
sions (as evaluated by color photographs) and predicted the regions 
where vascular lesions and macular edema would appear within one to 
two years (Bearse et al., 2004; Harrison, Bearse, Ng, et al., 2011a, 
2011b; Harrison, Bearse, Schneck, et al., 2011a, 2011b). These changes 
also primarily reflect cone photoreceptor transduction. The effect of 
diabetes on the rod photoreceptor system has received relatively less 
specific attention but delays in dark-adapted (scotopic) ERG implicit 
times occur in diabetic rats (Pardue et al., 2014) and humans (Holfort 
et al., 2011; Motz et al., 2020). By contrast, Longhin et al. (2016) did not 
detect rod defects in persons with mild NPDR using scotopic micro
perimetry and dark-adapted ERGs. Dr. Greg Jackson and colleagues 
(Jackson et al., 2012) found reduced frequency doubling sensitivity in 
persons with mild to moderate NPDR compared to controls. In addition, 
25% of the patients exhibited reduced dark adaptation and scotopic 
visual field sensitivity was reduced by 2.9 dB in spite of having normal 
plasma retinol and retinal binding protein levels. Thus, a minority of 
patients have subtle defects in rod photoreceptor function that are 
apparently independent of systemic vitamin A deficiency. Further in
vestigations of rod function will help to better understand the impact of 
diabetes on the dominant cellular pathways of the retina. 

Based on the evidence in the literature presented over decades, the 
authors believe it is substantively established that: 1) DRD includes 
dysfunction of both the inner and outer retina in a manner that may vary 
between patients and across the spectrum of severity; 2) the peripheral 
retina is affected early in the course of disease; and 3) tests of visual 
function are more sensitive indices of DRD than visual acuity. To date, 
investigators have applied available test methods to DRD but further 
investigation is required to determine the optimal indices to predict the 
stage and course of the disease in patients. Further details of the cellular 
anatomy of human DRD may help to guide development of these test 
strategies. 

Summary point: Diabetic retinal disease involves the entire neuro
vascular unit–including blood vessels and neural cells–so the assessment 
and staging of people with diabetes at risk for and with DRD needs to 
account for this observation. Through its DRD Staging Update project 
(described in Section 3, below), the Restoring Vision Moonshot will 
address: 1) the implications that DRD is present in the absence of clinical 
evidence of retinopathy on ophthalmologic exams or fundus photo
graphs; and 2) the evidence that neural component of retinopathy must 
be accounted for in staging and therapeutic approaches. 

2.2. Retinal physiology and the effects of diabetes 

The evidence that diabetes disrupts the entire retina in humans is 
now overwhelming, as summarized by Simo et al. (Simo et al., 2018), 
but important questions remain. The retina as the specialized visual 
organ, operates under its own distinctive physiologic principles, and 
understanding normal visual processes can provide a framework to learn 
how diabetes impacts its homeostasis. The human retina is the product 
of eons of evolution that collects and transfers light energy captured by 
opsin in cones and rhodopsin in rods into electrical signals that confer 
visual and non-visual sensory information. That is, photoreceptive cells 
are paired to horizontally and vertically oriented cells that form inte
grated signals that are transmitted to the occipital lobe via the optic 
nerve and optic radiations. The visual information includes spatial and 
temporal resolution that is translated into perceptions of shapes, depth, 
color, contrast and motion. This system adapts across a wide range of 
illumination from starlight to bright sunlight (Hildebrand and Fielder, 
2011). In addition, non-image forming “vision” operates under ambient 
light captured by melanopsin in intrinsically photosensitive ganglion 
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cells, and controls pupil responses, sets the circadian cycle, sleep/a
lertness and mood (Mure, 2021). 

The general requirements for normal vision include:  

1. Phototransduction and daily photoreceptor outer segment renewal;  
2. Electrical signal transmission and integration between interneurons;  
3. Biosynthesis of macromolecules (lipids, nucleic acids and proteins);  
4. Transport of ribosomes and macromolecules along the length of 

ganglion cell axons to the lateral geniculate body; and 
5. Maintenance of high sodium and potassium gradients across unmy

elinated neuronal cell membranes via sodium-potassium ATPase and 
sodium channels, which in turn, enables generation of action 
potentials. 

These functions require both glycolytic and oxidative metabolism, 
with the highest degree of oxidative activity in photoreceptors. Ganglion 
cells, by contrast, reside in a lower oxygen environment (pO2 approxi
mately 30 mm Hg in macaque retina) (Linsenmeier and Zhang, 2017), 
yet have a rate of anabolic activity, as measured by protein synthesis, 
that is the highest of all cellular layers (Losiewicz et al., 2019). 

The term, “neurovascular unit,” as originally applied to the brain 
(Hawkins and Davis, 2005; Zlokovic, 2008) and now to the retina 
(Metea et al., 2007; Newman, 2013) encompasses the physiologic and 
anatomic interactions between neurons, glial cells, blood vessels and 
microglia. Angiogenesis and neurogenesis are closely linked during 
retinal embryogenesis and are essential for normal retinal development 
(Joyal et al., 2018). This relationship is illustrated by the lack of for
mation of the superficial retinal vascular plexus in the absence of gan
glion cells following genetic ablation (Edwards et al., 2012; Sapieha 
et al., 2008) and in humans with the outer retinal vascular plexus 
appearing (Dreher and Robinson, 1988; Hughes et al., 2000) with the 
first visually functional neurons (Dreher and Robinson, 1988). 

During adult life normal functional integration of these cells enables 
adaptation to metabolic fluctuations, such as variable nutrient and ox
ygen/carbon dioxide levels and blood pressure, known as autor
egulation (Pournaras et al., 2008). Notably, 30 Hz flickering light 
stimulation increases retinal activity, so vessels dilate to provide 
increased blood flow; in contrast, breathing 100% oxygen and systemic 
arterial hypertension each induce vasoconstriction to maintain blood 
flow within a physiologic range. Usui et al. (2015) elegantly demon
strated that amacrine and horizontal cells and their associated capil
laries are interdependent for normal function and survival. In addition, 
Chou and Porciatti (Chou and Porciatti, 2020) illustrated that retinal 
ganglion cell activity adapts to visual stimuli and energy demands, a 
concept that is likely relevant to DRD. 

Pathologic conditions also illustrate neurovascular unit interactions. 
For example, patients with presumably primary optic nerve disorder
s—autosomal dominant optic atrophy (Cesareo et al., 2021) and glau
coma (Rao et al., 2020)—exhibit reduced peripapillary vascular density, 
likely consequent to reduced ganglion cell function. In the 
streptozotocin-induced mouse model of type 1 diabetes, ganglion cells 
upregulate embryonic factors such as semaphorin 3A that induce 
vascular permeability at early stages of disease and prior to induction of 
VEGF (Cerani et al., 2013). Semaphorin3A can prevent physiological 
vascular regeneration (Joyal et al., 2012) and Kwon et al. found that 
plasma levels of Semaphorin3A correlate with severity of DR phenotypes 
(Kwon et al., 2016). Moran and colleagues (Moran et al., 2016) recently 
summarized how neural and vascular cells interact in the context of 
diabetes. 

Moreover, inherited photoreceptor degeneration also leads to 
attenuation of vascular caliber and increased blood-retinal barrier 
permeability (Ivanova et al., 2019). Thus, it is understandable that 
diabetes impairs the physiologic adaptations to flickering light and 
hyperoxia prior to the onset of visible vascular lesions (Lott et al., 2012, 
2015; Pournaras et al., 2008; Sousa et al., 2020). These early onset al
terations reveal how the metabolically active retina responds to 

physiologic variations and dysmetabolic conditions. Newman and col
leagues (Metea et al., 2007; Newman, 2013, 2015; Nippert and New
man, 2020) have demonstrated the critical role of Müller cells and 
astrocytes in mediating neurovascular interactions via prostaglandin E2, 
epoxyeicosatrienoic acids and nitric oxide. Glial dysfunction in diabetes 
impairs these interactions, which lead to vasodilation (“reactive hy
peremia”), a common feature of DR (Grunwald et al., 1996) and reflects 
impaired autoregulatory mechanisms. Reactive hyperemia is reduced 
after panretinal and focal macular photocoagulation and anti-VEGF 
therapy (Blindbaek et al., 2020; Gottfredsdottir et al., 1993; Grunwald 
et al., 1989). Thus, the critical communications between the neurosen
sory retina and its vascular supply are progressively impaired by dia
betes and improved by its treatments. 

Summary point: Normal retinal neurovascular physiology and pri
mary disorders of ganglion cells and photoreceptors provide insights 
into how diabetes impairs cell—cell interactions within the retina. 

2.3. Retinal neuroplasticity 

Homeostatic neuroplasticity refers to the ability of neural tissue to 
adapt to physiologic and pathologic alterations during development, 
and particularly involves dendrites and synapses (Turrigiano, 2012); 
(Leinonen et al., 2020; Shen et al., 2020). The retina exhibits remarkable 
neuroplasticity to slowly recover function after injury, such as after 
treatment of retinal detachment and advanced photoreceptor de
generations (Levi et al., 2021; Nuzbrokh et al., 2021). That is, visual 
acuity can progressively recover up to a year after repair of macula-off 
rhegmatogenous retinal detachments in the absence of persistent sub
macular fluid, due to recovery of photoreceptor outer segments (Mitry 
et al., 2013; Shimoda et al., 2010). Moreover, the Zacks lab (Chinskey 
et al., 2014; Pawar et al., 2017; Ross et al., 2020; Xiao et al., 2021) has 
shown that modulation of autophagy and apoptosis prolongs photore
ceptor survival in mice with experimental retinal detachment, and their 
work enabled a phase I clinical trial of a Fas receptor inhibitor 
(NCT03780972). Leinonen (Leinonen et al., 2020) showed that ho
meostatic plasticity accompanies genetically determined photoreceptor 
cell death. Neural development and growth-related pathways, ion 
channel activity and post-synaptic elements are the most highly upre
gulated transcriptomic pathways. Thus, if photoreceptors can adapt to 
stress, what about inner retinal neurons? 

Glaucoma affects primarily ganglion cells and their axons. Fry et al. 
(2018) reviewed the literature and suggested that ganglion cells are 
dysfunctional before they die, and can recover function (visual field 
sensitivity) after reduction of intraocular pressure (Caprioli et al., 2016; 
Musch et al., 2014). The mouse optic nerve crush model is a severe 
injury which has been used to test ganglion cell axon recovery, and 
Peterson et al. (2021) showed that complement C3 and myeloid cells 
mediate recovery. Ganglion cells also adapt to rod photoreceptor dam
age with preservation of cone receptor pathways (Care et al., 2020). 
Thus, ganglion cell function can improve, and understanding of the 
underlying injury processes is important. The role of dendrites and 
synapses in homeostatic plasticity is particularly relevant to early stage 
DRD (Gastinger et al., 2001; Gastinger et al., 2008; vanGuilder, Bruck
lacher, Conboy, Bronson, & Barber, 2008) (Castilho et al., 2015; Cui 
et al., 2019). Hence, there may be specific therapeutic opportunities to 
enhance visual function in DRD. By comparison, a six year prospective 
followup study suggests that corneal nerve sensitivity improves in as
sociation with enhanced metabolic control (Misra et al., 2022). Pe
ripheral sensory neuropathy in patients with type 1 diabetes can 
improve with intensive treatment, though those with type 2 diabetes are 
less responsive to treatment (Callaghan et al., 2012), but the potential 
plasticity of the retina in persons with type 2 diabetes has not been 
directed tested. 

The vascular features of DRD can also resolve after control of hy
perglycemia and/or hypertension as illustrated in Fig. 12. Pancreas 
transplantation in persons with type 1 diabetes can also stabilize DRD 
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(Giannarelli et al., 2005; Jenssen et al., 2017; D. M. Thompson et al., 
2008). The metabolic and cellular basis for this recovery, and after 
anti-vascular endothelial growth factor therapy is poorly understood but 
offers opportunities to guide future therapeutic development efforts. 

Summary point: Retinal functional and pathophysiologic studies 
provide important clues that are not evident in fundus photographs to 
guide clinical trials and interventions. Thus, it is essential to view the 
retina from the perspective of its normal functions and how it responds 
to stresses. 

2.4. Diabetes alters retinal electrical signals 

Sensation of stimuli such as touch and pain that yield electrical sig
nals transmitted to brain centers via axons has been a fundamental 
mechanism of the nervous system since the rise of multicellular organ
isms. Retinal action potentials are generated by ganglion cells, conveyed 
to the lateral geniculate nucleus of the thalamus, and relayed to the 
visual cortex. Thus, ganglion cell electrical properties are the integrated 
signals from the entire retina. 

Reduced amplitude and velocity of these signals in the earliest phases 
of DRD have been long recognized in the visual evoked potential re
sponses (Papakostopoulos et al., 1985; Parisi et al., 1994; Varkonyi 
et al., 2002). These retinal responses are analogous to and correlated 
with reduced signals in peripheral nerves of persons with diabetes 
(Shahidi et al., 2012). Recent studies in diabetic mice have revealed new 
details of ganglion cell electrical dysfunction. Yu et al. (J. Yu et al., 
2013) showed an increased spontaneous ON-cell spiking rate due to 
reduced inhibitory firing. Cui et al. (2019) also found increased firing 
rates, increased resting membrane potentials and decreased membrane 
capacitance in transient ON-RGA2 cells, but not in transient OFF-RGA2 
cells. (RGA cells have large somas and dendritic fields; (W. Sun, Li and 
He, 2002). Flood et al. (Flood et al., 2020) also found that ON sustained 
ganglion cells receive excessive excitation under dark- and light-adapted 
conditions. Chen and colleagues (W.-Y. Chen et al., 2021) found 
impaired pupillary responses in diabetic mice associated with enlarged 
cell bodies and increased dendritic branching complexity of M2/M3 
subtypes of intrinsically photosensitive ganglion cells. Moore-Dotson 
and Eggers (Moore-Dotson and Eggers, 2019) determined that reduced 

and shortened calcium signals in presynaptic GABAergic amacrine cells 
reduces light-evoked inhibitory input to rod bipolar cells, which in turn, 
creates an imbalance in ganglion cell function. Together, decreased 
gamma aminobutyric acid (GABA) release, increased glutamate release, 
and increased excitation of retinal ganglion cells contribute to this 
essential common pathway of vision (Eggers and Carreon, 2020). Cat
alani and Cervia (Catalani and Cervia, 2020) succinctly summarized 
these findings as shown in Fig. 13. Collectively, these data provide a new 
dimension for understanding previously unappreciated aspects of how 
diabetes alters retinal neuronal structure and function and impairs 
vision. Hopefully, studies in rodents can be translated into clinical 
studies of ganglion cell function for diagnostic or therapeutic purposes. 

Summary point: Preserving and restoring retinal ganglion cell 
integrity should be a goal of future therapies to preserve and restore 
vision in DRD. 

2.5. Human data is essential 

One hundred sixty-five years have passed since the initial observa
tions of DR to the present understanding of a whole retina diabetic 
retinal disease. As evidence of progress in the advances in diabetes and 
DRD care over the past five decades, at least half to two-thirds of persons 
with decades of type 1 diabetes and stable metabolic control do not 
develop vision-threatening eye disease (Antonetti et al., 2012; Diabetes 
et al., 2015; Sabanayagam et al., 2019)–an approximately 80% reduc
tion in significant vision loss compared to prior decades. However, vast 
expansion of the global population with diabetes (Teo et al., 2021) 
continues to impair the quality of life and productivity of tens of millions 
of persons due to diabetes-related visual loss, combined with vast 
financial burden to society, making it imperative to move beyond the 
microvascular-centric view of DR, and find therapeutic approaches that 
can be deployed early in disease progression (including before there is 
photographic evidence of DRD) and address the function of the entire 
neurovascular unit (Antonetti et al., 2006). This expansion includes 
adolescents with both type 1 and type 2 diabetes who already have mild 
DRD and other complications (Dabelea et al., 2017; Mayer-Davis et al., 
2017). 

The 60 year old studies of Wolter (1961) and Bloodworth (1962) 

Fig. 12. Improvement in diabetic retinopathy. Fundus photographs from a patient with clinically significant diabetic macular edema before (left) and 9 months after 
(right) control of type 2 diabetes, hypertension and hyperlipidemia but without any ophthalmic therapy. 

Fig. 13. A summary of major changes induced by 
DRD affecting the dendritic field of different retinal 
ganglion cells (RGCs). RGC branching pattern and 
branching level in the five strata (S1–S2: OFF sub
laminae; S3–S5: ON sublaminae) of the inner plex
iform layer (IPL) was depicted. The dendritic 
arborization of melanopsin-expressing RGCs 
(mRGCs) located in the inner nuclear layer (INL) 
was showed as well. DR: Diabetic retinopathy; GCL: 
ganglion cell layer; RGA: RGC type A; RGC: retinal 

ganglion cell; RGD: RGC type D (Catalani and Cervia, 2020). Note the reduced dendritic length and arborization induced by diabetes.   
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were the last large scale examinations of the cellular features of DRD, 
and the majority of studies over the past several decades have been 
based on rodents. A recent paper by Obara et al. (Obara et al., 2017) 
showed that melanopsin-expressing retinal ganglion cells are reduced in 
post-mortem eyes of persons with DR. Nonetheless, the cellular and 
molecular features that underlie human retinal vascular nonperfusion, 
macular edema, disorganized retinal inner layers (DRIL), neuro
inflammation and the consequences of chronic anti-VEGF therapy and 
panretinal photocoagulation remain unknown. A similar state of igno
rance existed about the pancreas in normal and diabetic humans until 
creation of the Network for Pancreatic Organ Donors with Diabetes (jdr 
fnpod.org) in 2007 to collect post-mortem tissues and analyze their 
morphology and cellular features. Key findings from nPOD to date 
include: 1) normal pancreases vary widely in size and number of islets; 
2) insulitis is a feature of type 1 but not type 2 diabetes; and 3) 
insulin-positive beta cells persist in persons with longstanding type 1 
diabetes (Atkinson et al., 2020). The success of nPOD and similar or
ganizations, notably the European Innovative Medicines Initiative for 
Diabetes and the NIH-funded Human Pancreas Analysis Program 
(Kaestner et al., 2019; Marchetti et al., 2019) portends substantial po
tential gains from a human eye biosample recovery, preparation, and 
sharing program for DRD. 

The inability to biopsy the human retina or to routinely collect vit
reous as a proximal biofluid has substantially limited the ability to 
determine the effects of diabetes and its treatment and the importance of 
this approach was recently emphasized by Midena (Midena et al., 2021). 
The value of vitreous fluid analysis was clearly shown by the use of 
vitreous samples to confirm VEGF as a major angiogenic factor and 
therapeutic target in patients with PDR (Adamis et al., 1994; Aiello 
et al., 1994). A similar approach identified upregulation of the plasma 
kallikrein-kinin system in vitreous (Gao et al., 2007; Kita et al., 2015), 
giving rise to a therapeutic trial in persons with DME (NCT03466099). 
Proteomic analyses of human retina and vitreous from the Joslin 
50-Year Medalists, who have survived 50 years or more with 
insulin-dependent diabetes, have also identified the 
photoreceptor-secreted protein, retinol binding protein 3 (RBP3) as a 
potential protective factor against advanced DRD (Yokomizo et al., 
2019). Weber et al. (Weber et al., 2021a, 201b) recently reviewed the 
published data regarding vitreous proteomics and proposed a stan
dardized methodology for sample collection, analysis and publication of 
data that is in line with standards of the Human Proteome Organization 
(hupo.org). The most frequently identified upregulated pathways in 
vitreous of persons with PDR include inflammation, complement and 
angiogenesis, and downregulated pathways are related to neuronal 
survival. They recommended vitreous proteomic studies follow rigorous 
methods of quantification, data normalization, and deposition of full 
datasets in public repositories. Weber et al. (Weber et al., 2021a, 201b) 
also found that metabolic pathways such glycolysis, glycogenolysis, 
protein kinase A signaling, NRF2-mediated oxidative stress, and the 
SPINK1 pancreatic cancer pathway are upregulated in PDR vitreous, 
whereas semaphorin neuronal repulsive signaling pathway”, “IL-15 
production”, “LXR/RXR activation”, and “synaptogenesis signaling 
pathway” are inhibited compared to controls. This study depleted high 
abundance vitreous proteins such as antibodies, alpha1-antitrypsin, 
alpha2-macroglobulin, albumin, apolipoprotein A1 and A2, fibrin
ogen, haptoglobin, and transferrin, prior to liquid chromatography and 
mass spectrometry. This step enabled detection of retina-derived pro
teins such as metabolic enzymes and axonal guidance proteins in the 
vitreous. This reduction in semaphorin content and signaling as 
measured by liquid chromatography/mass spectrometry contrasts with 
increased semaphorin 3A content in persons with PDR as measured by 
ELISA and immunoblotting (Dejda et al., 2014) but the basis of the 
different results is uncertain at this time. Multiple vitreous cytokines 
have been found to be changed in eyes with DRD (Daruich et al., 2018; 
Gariano and Gardner, 2005; Ghodasra et al., 2016) but this information 
has yet to yield therapies other than anti-VEGF antibodies. The ability to 

investigate the status of the retina via vitreous fluid biopsy may offer 
new opportunities for better understanding of the metabolic attributes 
of DRD. 

Post-mortem human retinas also offer the opportunity to gain direct 
insight into disease mechanisms. Unbiased proteomic analysis of human 
retinas revealed previously unrecognized neurodegenerative pathways, 
such as dopamine degradation, Parkinson’s signaling, synaptic long- 
term potentiation and amyloid processing (Sundstrom et al., 2018). 
The eyes studied by Sundstrom et al. were obtained from patients who 
had undergone fundus examination within two years prior to death to 
exclude the presence of clinically evident DRD and the average death to 
harvest time was 3.8 h. Eyes were classified as controls, and diabetic 
with or without increased glial fibrillary acidic protein immunoreac
tivity. The altered metabolic pathways detected were not predicted on 
the basis of prior DRD studies but clearly show the impact of diabetes on 
retinal homeostasis prior to the onset of visible microvascular lesions. 
Notably, neuroprotective role of THOP1 in Alzheimer’s disease and 
unfolded protein response’ pathways were uniquely enriched in control 
retinas in contrast to those from donors with diabetes. By contrast, 
dopamine degradation and Parkinson’s Signaling were enriched only in 
diabetic retinas with glial activation. Neuregulin signaling, synaptic 
long term potentiation, and amyloid processing pathways were enriched 
in diabetic retinas with no glial cell activation. Of interest, the dopamine 
degradation pathway activation is consistent with the finding of reduced 
retinal dopamine signaling in diabetic rats and mice (Aung et al., 2014) 
and the preliminary results that two weeks of carbidopa/levodopa 
therapy improved dark-adapted ERG oscillatory potential implicit times 
in patients with diabetes (Motz et al., 2020). 

Becker et al. (2021) performed transcriptomic analysis of a large 
cohort of post-mortem human retinas. In summary, they noted: a) 
marked differences between the macula and peripheral retina of normal 
and diabetic donors; b) upregulation of ADAMTS4 (ADAM Metal
lopeptidase with Thrombospondin Type 1 Motif 4), CCND1 (Cyclin D1), 
FZD7 (Frizzled Class Receptor 7), and RGS5 (Regulator Of G Protein 
Signaling 5); c) pathway analysis revealed marked differences in 
sphingolipid, carbon, tricyclic acid cycle, synaptic signaling, and other 
central aspects of metabolism; and d) multiple gene expression changes 
consistent with retinal ganglion cell loss. Interestingly, neither VEGF-A 
nor VEGF-B mRNAs were upregulated in eyes with advanced DR. They 
did not report associated proteomic or phosphor-proteomic data which 
might reveal a separate level of adaptive responses. 

Eisma et al. (Eisma et al., 2015) reviewed prior studies using human 
eyes that revealed retinal vascular cell death, increased retinal VEGF 
expression, altered vascular integrin expression, gliosis, and neuro
inflammation. They also pointed out the limitations due to post-mortem 
tissue degradation and small sample sizes derived from multiple donors. 
Nevertheless, analysis of post-mortem human eyes has advanced the 
understanding of age-related macular degeneration, particularly when 
combined with clinical data of the patients while alive (Curcio et al., 
2020; M. Li et al., 2021; Williams et al., 2021). 

We argue strongly for increased use of human data, but add that 
integrated human and animal studies can confirm molecular targets of 
preclinical disease (T. W. Gardner, Abcouwer, Barber and Jackson, 
2011). For example, Dr. Xuwen Liu et al. (2016) demonstrated that 
phosphorylation of occludin protein on Serine 490 has a causal role in 
VEGF-induced endothelial cell permeability and tube formation in vitro, 
which was confirmed by the expression of Serine 490 immunoreactivity 
in neovascular complexes from patients with PDR. Likewise, Dr. Donald 
Puro et al. (Puro et al., 2016) found that neovascular complexes from 
rats with oxygen-induced retinopathy and humans with PDR share 
similar very high hyperpolarization which may further promote 
hypoxia-driven neovascularization, perhaps independent of VEGF. 
Furthermore, the Kim, D’Amore and Arboleda-Velasquez labs identified 
Runt-related transcription factor 1 (RUNX1) in CD31+ vascular endo
thelial cells in human PDR fibrovascular membranes, and inhibiton of 
RUNX1 reduced neovascularization in oxygen-induced retinopathy 
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(Lam et al., 2017). Clearly, integrated analysis of human and pre-clinical 
data can provide important insights into disease pathogenesis. This 
point demonstrates the benefits of collaborations between 
laboratory-based scientists and clinicians. 

Summary point: Human data from blood, vitreous fluid and retinas 
are essential to integrate with structural data from imaging and visual 
function data to advance the development of better diagnostic and 
therapeutic approaches, including the selection of subjects for clinical 
trials. 

2.6. Key issues in clinical study design for DRD 

The clinical evaluation of neural structure and its relationship to 
visual function in persons with DRD has been frequently been limited by 
the modest numbers of patients being studied and cross-sectional rather 
than longitudinal approaches. Past studies have also provided an 
incomplete understanding of the relative timing of neural versus 
vascular pathophysiologic changes over the course of evolution from no 
to severe DRD and the implications for prognosis and treatment. 

In addition, DRD may be heterogeneous in that some persons may 
have predominantly vascular or neural features. Indeed, the European 
Consortium for the Early Treatment of Diabetic Retinopathy (EURO
CONDOR) found: 1) neurodysfunction occurred in 61% of patients with 
ETDRS grade <20 and in 68% of patients with ETDRS grade 20–35; and 
2) a third of patients with ETDRS grade 20–35 had no abnormalities on 
mfERG or spectral domain optical coherence tomography retinal 
thickness measurements (Santos et al., 2017). These data reflect pri
marily cone photoreceptor pathway function and the study did not 
evaluate rod photoreceptor function in the mid-peripheral retina where 
the earliest stages of vascular non-perfusion typically occur (Shimizu 
et al., 1981). Since comprehensive determination of DRD severity 
cannot be made by a single neural or vascular-based index, a single test 
is likely to miss responses to therapy in patients with heterogenous 
phenotypes. 

It is also important to realize that differences in group means from 
clinical trials may or may not provide sufficient information to identify 
subsets of patients who might respond, predict their prognosis and their 
potential responses to interventions. Additional challenges in studies 
that have attempted to elucidate neural biomarkers or endpoints in DRD 
include:  

1. Lack of definition of test-retest variability and effect sizes;  
2. Potential neural retinal differences between individuals of varying 

ages, gender and types of diabetes;  
3. Controlling for varying diabetes duration, systemic status and degree 

of metabolic control of study participants;  
4. Lack of target confirmation and biological response parameters in 

subjects enrolled in studies; and  
5. Lack of data from a diversity of populations so that results may not 

reflect real world situations 

The true duration of diabetes and degree of control of subjects prior 
to entering clinical trials is often difficult to discern, particularly in 
persons with type 2 diabetes, so their position on a curve of systemic 
progression is unknowable. Segregating data from persons with type 1 
versus type 2 diabetes might help to reveal underlying differences in 
DRD between these forms of diabetes since the metabolic bases are 
distinct, and partly overlapping. It is possible that DRD represents a 
common response to variable metabolic and inflammatory insults, 
similar to the manner in which radiation-induced injury exhibits a 
phenotype similar to DRD (Simo et al., 2018). Moreover, Ahlqvist and 
colleagues (Ahlqvist et al., 2018) categorized persons with type 2 dia
betes into five subtypes based on six clinical parameters: glutamic acid 
decarboxylase (GAD) autoantibodies, age at diabetes onset, HbA1c, 
body mass index, and measures of insulin resistance and insulin secre
tion. They found that the highest risk of DRD and peripheral neuropathy 

is associated with insulin deficiency, whereas the highest risk of diabetic 
nephropathy and fatty liver disease was found in those who have severe 
insulin resistance (Ahlqvist et al., 2020). These findings may have sub
stantial impact on the design of future clinical trials for the major 
complications, including DRD. 

Clinical trials of retinal diseases have the advantage of sensitive 
imaging endpoints but for non-genetically defined diseases we currently 
lack the ability to confirm the presence of drug targets in the eye or to 
follow a biological parameter to monitor responses to therapies. For 
example, recent Phase 3 trials of the complement factor D antibody, 
lampalizumab (Roche; NCT02745119) and Fovista® (anti-platelet 
derived growth factor (PDGF) BB; and Ophthotech; NCT01940887 and 
NCT01944839) for geographic atrophy were terminated for lack of ef
ficacy. It was not considered possible to assay for intraocular comple
ment factor D or anti-PDGF BB in the subjects who were recruited to the 
trials. Similar limitations have been overcome in oncology where the 
expression of an oncogene, such as HER-2/neu defines the prognosis and 
response to treatment with monoclonal antibodies for a subset of women 
with breast cancer (Pegram et al., 1998) and the bcr-abl gene defines the 
defect in chronic myelogenous leukemia that paved the way for suc
cessful therapy with imatinib (Bartram et al., 1983). However, in 
ophthalmology, patients are frequently given therapy for which there is 
no confirmation that the target is manifest in individuals. There is yet no 
analogous molecular diagnostic test for any stage of DRD; even vitreous 
VEGF concentrations are not elevated in all patients with PDR (Aiello 
et al., 1994) and they are not tested in practice to predict or monitor 
anti-VEGF therapy. We have argued that target identification of retinal 
diseases would allow for greater specificity for clinical trial design and 
clinical care (T. W. Gardner and Sundstrom, 2017). 

The effects of systemic medications targeting DRD can be monitored 
to confirm that patients are taking their medications and that the 
medications are having the intended pharmacologic response. The 
DRCR Retina Network Protocol AF (NCT04661358) that examines the 
effects of fenofibrate on DR worsening will test serum cholesterol as a 
potential index of drug effectiveness and to understand whether feno
fibrate’s effects on DR are mediated through its actions on lipid 
pathways. 

Summary point: Future clinical studies in DRD should have rigor
ously defined metrics for standardized and thorough ocular and systemic 
evaluations, including functional assessment of the neural retina and 
patient-specific molecular diagnostic tests. 

Alternative metrics of visual function beyond best corrected visual 
acuity and reliable, reproducible quality of life measures are sorely 
needed for future studies to understand the full impact of DRD. Several 
pilot clinical trials have employed neurosensory retina function tests as 
primary endpoints. Scott et al. used frequency doubling perimetry in two 
separate randomized 24 month studies of low-dose treatment with the 
antibiotic, doxycycline, which has anti-inflammatory properties. Doxy
cycline administration had no discernible effect on retinal sensitivity in 
33 subjects with mild-to-moderate NPDR (Scott et al., 2014a, 2014b). 
However, in a separate study of 30 patients with severe NPDR to 
non-high risk PDR (Scott et al., 2014a, 2014b) the subjects had a base
line reduction in foveal sensitivity of − 3 dB. Mean FDP foveal sensitivity 
further decreased in the placebo group (− 1.9 dB) and increased in the 
doxycycline group (+1.8 dB) (P = 0.02) with no change in retinopathy 
severity. Further studies of doxycycline were not pursued, due in part to 
concern about induction of antibiotic resistance. 

The EUROCONDOR study group employed mfERG implicit times as 
an index of neuroretinal function in persons with type 2 diabetes in 
response to placebo, or topically applied brimonidine or somatostatin 
(Simo et al., 2019). The primary outcome was the change in implicit 
time between baseline and after 96 weeks of follow-up. Patients 
randomly received brimonidine (n = 152), somatostatin (n = 145), or 
placebo (n = 152) eyedrops. Neither brimonidine or somatostatin 
treatment caused a neuroprotective effect in the entire cohort. However, 
a minority of patients (34.7%) with baseline prolonged implicit times 
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worsened if they received a placebo (P < 0.001), but the brimonidine 
and somatostatin treated groups remained stable, suggesting that the 
medications may have been protective. However, whether or not the 
topically applied medications engaged the target receptors in human 
retina remains an open question. Nonetheless, this study remarkably 
collected mfERG data from 11 clinical sites across Europe and main
tained 76% patient follow up for 96 months in subjects with no visual 
symptoms. 

The DRCR Retina Network (formerly the Diabetic Retinopathy 
Clinical Research Network or DRCR.net) (DRCR.net) used automated 
Humphrey perimetry as a secondary endpoint in the Protocol S com
parison of ranibizumab versus PRP in persons with PDR. The patients 
had baseline visual field loss of approximately − 6 dB (equivalent to 
moderately severe glaucoma), and from years three to five of follow-up 
both groups had a similar rate of visual field loss (Maguire et al., 2020). 
The cause of the unpredicted field loss in the ranibizumab treated pa
tients is not known, but this study shows the ability to employ visual 
fields across multiple clinical sites and the importance of monitoring 
patients for visual function deficits that may occur in the natural history 
of disease or as adverse consequences of therapies. 

Collectively, these studies address Dr. Bresnick’s 35 year old admo
nition to include measures of visual function in the evaluation of persons 
with DRD (Bresnick, 1986). Two ongoing therapeutic trials 
(NCT04265261 and NCT04661358) now include visual fields and 
contrast sensitivity testing as secondary endpoints. Such tests have the 
ability to assess the separate functions of the macula and mid-peripheral 
retina, and rod versus cone pathways, depending on the stage of disease 
and hypothesis being tested. 

Summary point: Visual function data can be successfully acquired in 
longitudinal trials, which can be a useful way to determine the benefits 
and risks of new therapeutics. 

2.7. Lessons from inherited retinal diseases 

The success of other fields can provide important lessons. Dr. George 
Bresnick challenged the DRD field to take a comprehensive view of 
vision and disease state in 1986 (Bresnick, 1986), and the unpredicted 
and marked progressive loss of visual field sensitivity after 5 years of 
anti-VEGF therapy reported in 2020 (Maguire et al., 2020) forcefully 
confirmed the wisdom of his words. The field of inherited retinal 
photoreceptor and pigment epithelial cell disorders has seen remarkable 
advances over the past 20 years. The discovery of gene mutations in 
humans, rodents and dogs led to huge advances in understanding of the 
physiology of the outer retina, and enabled the development of suc
cessful gene therapy for persons with late-stage Leber congenital 
amaurosis (Bainbridge et al., 2015; Testa et al., 2013). Progress in this 
field has been accelerated by the biannual International Retinal 
Degeneration Symposium, now in its 19th meeting, organized by Drs. 
Robert (Gene) Anderson, Matthew LaVail and Joe Hollyfield. In addi
tion, private donors have supported two Montaciano Symposia in Italy 
to address key challenges in opportunities and needs, such as novel 
outcome measures and endpoints in small patient populations, study 
design and ethical considerations. The Symposium’s goal is to stimulate 
discussions among researchers, funding agencies, industry, and policy 
makers to further the design, conduct, and analysis of clinical trials (D. 
A. Thompsonet al., 2015; D. A. Thompsonet al., 2020). The European 
Association for the Study of Diabetes Eye Complications (http://easdec. 
org) has met annually since 1991 and brings ophthalmologists and en
docrinologists together. The DRD field, which affects several orders of 
magnitude more persons, would benefit greatly from more frequent 
goal-oriented meetings. 

Summary point: Regularly scheduled international meetings are 
needed to accelerate the field. 

2.8. A general theory of DRD pathogenesis 

Decades of fundamental research using reductionist investigations of 
specific signaling pathways in rodent models have provided important 
insights into the pathophysiology of preclinical phases of DRD, notably 
mechanisms of neuroinflammation, vascular permeability and neo
vascularization, gliosis and cell death. These findings have helped to 
confirm the role of the neurovascular unit in retinal physiology and 
disease (T. W. Gardner and Davila, 2017; Moran et al., 2016; Newman, 
2013; Y. Zeng et al., 2019). However, most of these mechanisms that 
have been proposed to lead to vascular lesions (polyol pathway activa
tion, nonenzymatic glycation, oxidative stress) have not been validated 
in human tissue or causally linked to vision loss, so a comprehensive, 
testable concept of DRD remains elusive. Several factors contribute to 
this challenge. 

First, diabetes is a complex metabolic disorder and unlike genetically 
defined disorders, cannot be defined by a linear pathway that can be 
replicated in animal models and cells, thus limiting the ability to 
perform effective drug screens. Type 1 diabetes results from autoim
mune driven beta cell destruction and insulin deficiency, which leads to 
hyperglycemia, dyslipidemia and altered amino acid metabolism. Pe
ripheral insulin resistance often accompanies Type 1 diabetes in both 
lean and overweight individuals (Cree-Green et al., 2018; Greenbaum, 
2002; Nadeau et al., 2010; Wurtz et al., 2012). That is, type 1 diabetes is 
a catabolic disorder that leads to accelerated tissue breakdown, notably 
fat and protein, in which excess levels of glucose, amino acid
s—particularly branched chain amino acids—and triglycerides and fatty 
acids, accumulate in the blood, and ATP generation is reduced (Hebert 
and Nair, 2010; Nair et al., 1983). The lack of appropriate levels of in
sulin in tissues (not just in plasma) or appropriate quantities of macro
molecules being synthesized and turned over in a steady state fashion 
leads, in the short term, to signs and symptoms of hyperglycemia and 
ketosis, and in the long term to stunted growth and wasting of 
insulin-sensitive tissues, such as skeletal muscle and adipose. Thus, tis
sues essentially starve in the presence of abundant substrates that cannot 
be metabolized efficiently (Okar, 2002). For example, brief (9 h) of 
systemic insulin withdrawal in persons with controlled type 1 diabetes 
reduces muscle ATP generation and the content of muscle mitochondrial 
enzymes involved in oxidative phosphorylation, with secondary in
creases in VEGF signaling, inflammation, cytoskeleton signaling, and 
integrin signaling pathways (Karakelides et al., 2007). If these effects 
define the consequences of insulin deficiency (with secondary hyper
glucagonemia and elevated corticoid levels) in peripheral tissues, is the 
retina affected in a similar manner? We submit that the retina is likely 
affected by multiple aspects of systemic diabetes dysmetabolism, and 
perhaps by the accompanying autoimmune processes of type 1 diabetes, 
and that prevention and treatment of DRD depends on controlling these 
multiple processes. The Diabetes Control and Complications Tri
al/Epidemiology of Diabetes Interventions and Complications 
(DCCT/EDIC) established a strong correlation between levels of glyce
mia and complications but has not examined other metabolites to date 
(Nathan and Group, 2014). 

Second, our current incomplete knowledge of normal retinal ho
meostatic processes limits the understanding of how diabetes impairs 
retinal viability. One can think of the retina as a complex highly active 
metabolic factory that has to meet specific requirements in specific cells 
to achieve normal visual functions. In a simplistic example, an efficient 
factory receives raw materials of various types at its loading dock and 
the amounts and qualities of these raw materials are carefully validated 
and controlled (Fig. 14). At appropriate times raw materials enter the 
factory where they undergo inspection and quality control, are fed into 
an assembly line, and where the output is defined by needs of customers 
on the outside. In a similar fashion, cells take in raw materials for cell 
function—glucose, amino acids, fatty acids, ions, vitamin cofac
tors—and have well-regulated pathways to incorporate raw materials 
into macromolecules, and the breakdown of some nutrients to yield 
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energy in the form of ATP and GTP. When the raw materials are of poor 
quality or in wrong quantities, or the assembly line malfunctions, the 
products are defective. Understanding how a factory functions under 
normal conditions is a prerequisite to restoring it to efficient production. 

Some of these processes have been investigated in the retina. For 
example, insulin deficient rats have 30–40% less of the high normal 
basal retinal insulin receptor activity and downstream phosphatidyl 
inositol 3-kinase and Akt kinase activity (Rajala et al., 2009; Reiter et al., 
2006). Subconjunctival insulin delivery and systemic administration of 
the competitive inhibitor of sodium/glucose cotransporter 1 & 2, 
phloridzin, restores the depressed signaling pathways and retinal pro
tein synthesis and reduces apoptosis and expression of pro-inflammatory 
genes (Fort et al., 2011). Insulin deficient rats also exhibit reduced 
retinal lipid synthesis in (Tikhonenko et al., 2010) and diabetic db/db 
mice have increased retinal glycolytic intermediates and ß-oxidation 
metabolites after systemic administration of radiolabeled glucose, but 
reduced citrate metabolism. Palmitate uptake increases in db/db mice 
but its flux through the tricitric acid (Krebs) cycle was blocked at suc
cinate; i.e., it is not fully utilized for energy production (Sas et al., 2016). 
Indeed, multiple lipid classes are reduced in retinas of db/db mice (Sas 
et al., 2017) indicating reduced tissue uptake and/or increased oxida
tion. Moreover, succinate buildup can trigger production of growth 
factors that regulate vascular permeability and angiogenesis such as 
VEGF and Angiopoietin-2 and further exacerbate DRD (Sapieha et al., 
2008). Collectively, these studies confirm that retinal anabolic functions 
are impaired within several months of the onset of insulin deficient and 
insulin resistant models of diabetes. Patrice Fort and colleagues (Fort 
et al., 2021) using postmortem human eyes and plasma from persons 
with type 2 diabetes, revealed a graded decrease from no diabetes to 
diabetes with DRD in long chain acylcarnitines, longer chain fatty acid 
esters of hydroxyl fatty acids, diacylglycerols, triacylglycerols, phos
phatidylcholines, and ceramides in central retina biopsies. Moreover, 
sera from Pima Indians with type 2 diabetes also exhibited a similar 
graded decrease in circulating long-chain acyl-carnitines and a graded 
increase in the intermediate length saturated and monounsaturated 
triacylglycerols from no DRD to moderate NPDR. These findings indicate 
diminished synthesis of complex lipids and impaired mitochondrial 
beta-oxidation of fatty acids in retinal DRD with parallel changes in 
circulating lipids. In short, the metabolic “factory” in the retina is 
damaged by diabetes before the onset of clinically evident lesions but in 
parallel with reduced electroretinographic responses and visual acuity 
(Aung et al., 2013; Q. Li, Zemel, Miller and Perlman, 2002). 

In addition to better-known changes in carbohydrate and lipid 
metabolism, insulin deficient diabetes also alters retinal amino acid 
concentrations and their metabolism (Frayser and Buse, 1978; Ola et al., 
2011; Ward et al., 2005). Notably, retinal leucine, isoleucine and valine 
concentrations are increased by 50–96% after 4 months of insulin 

deficiency in rats. Ola et al. (2002) concluded that elevated branched 
chain amino acid concentrations inhibit glutamate transamination to 
glutamine and subsequent conversion to malate. The altered retinal 
amino acid composition may also contribute to reduced retinal protein 
synthesis that occurs in diabetic rats (Fort et al., 2014). Elevated vitreous 
concentrations of proline and pentose phosphate pathway components, 
along with reduced ascorbate levels, occur in vitreous of patients with 
PDR versus controls (Haines, Manoharan, Olson, D’Alessandro and 
Reisz, 2018). Also, Zuo et al. (2021) employed multidimensional 
network biomarker analysis of serum in a case-control study of patients 
with type 2 diabetes. They found that multiple polyunsaturated fatty 
acids were decreased in the vitreous of persons with diabetes and DR, 
and that a panel of linoleic acid, nicotinuric acid, ornithine and phe
nylacetylglutamine was highly specific and sensitive to distinguish 
retinopathy from diabetes. They did not include information about the 
status of other complications in their cohort. Separately, Hou and col
leagues (Hou et al., 2021) reviewed 9 public databases and concluded 
that altered amino acid and energy pathways reflected in plasma, vit
reous and aqueous fluids are associated with the presence of retinop
athy, as illustrated in Fig. 15. Collectively, these studies strongly suggest 
that multiple aspects of diabetes dysmetabolism contribute to DRD, yet 

Fig. 14. A cellular “factory” showing substrates at the entry port on the left, their normal processing along an “assembly line” and output to the tissue on the right 
(top), compared to changes from diabetes (bottom), in which metabolic pathways are impaired with reducing biosynthesis and increased catabolism, leading 
eventually to tissue dysfunction and breakdown. 

Fig. 15. Results of pathway analysis of metabolic biomarkers of DR. The color 
of the circle indicates the significance level in the enrichment analysis; darker 
color (more red) indicates greater significance. The size of the circle reflects the 
pathway impact value in the topology analysis, such that the larger the circle, 
the larger the impact value. The x-axis is the pathway impact value calculated 
based on topology analysis from (Hou et al., 2021). 
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how these central metabolic abnormalities lead to retinal neurovascular 
and inflammatory consequences remains an important open question. 

The DCCT showed 50–70% reduction in retinopathy, nephropathy 
and peripheral neuropathy in patients who received intensive therapy 
versus those who received conventional therapy (Anonymous, 1993). 
Both groups of patients received the same total dose of insulin, while the 
intensively treated group received their insulin in more frequent in
tervals so the periods of insulin deficiency were shorter. How did this 
relatively minor adjustment lead to major improvement in outcomes? 
The benefits of intensive control are strongly associated with HbA1c 
levels but to date the roles of other metabolites have only recently been 
studied. Mathew et al. (2019) found that cardiac autonomic neuropathy 
in persons with type 1 diabetes is associated with higher plasma fuma
rate and lower asparagine and glutamine concentrations, independent of 
baseline glucose, hemoglobin A1c, body mass index and duration of 
diabetes. Moreover, Afshinnia et al. (2021) have now shown that 
elevated serum levels of unsaturated free fatty acid and phosphotidye
thanolamine and reduced levels of saturated free fatty acids and lipid 
species predict rapid progression of estimated glomerular filtration rates 
in persons with type 1 diabetes. Similar studies regarding DRD are now 
in progress. 

These studies identify risk factors for developing DRD but another 
perspective is to define the factors that are associated with lack of pro
gression to vision-threatening DRD. Analysis of DCCT/EDIC subjects 
15–18 years after DCCT closeout (with a mean diabetes duration of 29.7 
years) showed that 67.9% of those in the intensive therapy group and 
49.1% of those in the conventional therapy group had only mild NPDR 
(grade 35/<35) or less (Diabetes et al., 2015). Further, the Joslin 
50-Year Medalist Study revealed that patients who were protected from 
PDR (42.6%) had lower plasma carboxyethyl-lysine and pentosidine 
concentrations than those with PDR (J. K. Sun et al., 2011), and the 
pancreases of all Medalists studied retained ß-cell insulin positivity (M. 
G. Yu et al., 2019). The presence of DRD as assessed by OCT angiography 
was associated with cognitive impairment (Fickweiler et al., 2021). 
Thus, a significant minority of persons with long-standing type 1 dia
betes remain relatively free of complications. What additional meta
bolic, socioeconomic or genetic factors conferred this protection and 
might be applied to those at greater risk to minimize disease 
progression? 

We propose that complications-prone tissues have distinct baseline 
energy and biosynthetic requirements that make them vulnerable to 
long-term quantitative and or qualitative impairment of macromolecule 
synthesis and/or degradation. The high metabolic requirements of the 
retina for normal function may be an “Achilles heel” that compromises 
its viability over the course of years of diabetes (Antonetti et al., 2006). 
Chronic metabolic stresses may lead initially to adapative responses to 
preserve tissue function and viability (reduced electrical responses in the 
retina, and hyperfiltration and hypertrophy in the kidney), followed by 
failure of adaptive changes (cell death), then maladaptive pathology 
(fibrosis, neovascularization and loss of function (vision) as outlined 
previously (Abcouwer and Gardner, 2014; T. W. Gardner and Davila, 
2017; Gray and Gardner, 2015). 

A corollary to this approach is that the signaling pathways that 
determine normal fetal growth of the retina with neurons, glial cells and 
vessels migrating peripherally from the optic nerve to form the neuro
vascular unit may provide clues to disease states. For example, proteins 
typically associated with embryonic development such as semaphorins 
(Cerani et al., 2013; Dejda et al., 2014; Kwon et al., 2016) and a pro
teolytically cleaved fragment of Netrin-1 are found in the vitreous of 
patients with various forms of DRD (Miloudi et al., 2016). Joyal and 
colleagues (Joyal et al., 2018) summarized how energy demands drive 
retinal vascularization during development and how impaired energy 
availability and biosynthesis compromises adult retinal cell viability. 
Ahmad et al. (Ahmad et al., 2020) illustrated how developmental 
mechanisms may be used to promote retinal regeneration. Properly 
timed and localized expression of vascular endothelial growth factor, 

Wnt and biosynthetic signaling pathways such as the insulin receptor 
and mechanistic target of rapamycin are also likely to be central to 
maintenance of the adult retina over many years. It may be instructive to 
analyze which of these pathways are reduced at various stages of human 
diabetes and in which regions of the retina, such that replacement 
strategies could be developed to restore retinal function and regenerate 
or reactivate cellular neuronal and vascular cell activity. Indeed, 
augmentation of the mTOR pathway can sustain photoreceptor function 
in mice with photoreceptor mutations (Punzo et al., 2009; Zhang et al., 
2016), and ganglion cells following optic nerve injury (Teotia et al., 
2019), as does ocular and systemic augmentation of the Akt/mTOR 
pathway in diabetic rats (Fort et al., 2011, 2014; Zolov et al., 2021). 
These findings may stimulate clinical trials in persons with DRD under 
the aegis of the Restoring Vision Moonshot (see below). 

Additional pathways that are altered by diabetes may also provide 
therapeutic opportunities. For example, the mineralocorticoid receptor 
(Behar-Cohen and Zhao, 2021) is upregulated in photoreceptor, inner 
nuclear layer, ganglion cells of Goto-Kakizaki diabetic rats and human 
diabetic retinas, and the mineralocorticoid receptor inhibitor, spi
ronolactone, reduces retinal inflammation and restores the blood-retinal 
barrier (Zhao et al., 2021). Also, the sulfonylurea receptor 1 (SUR1) is 
expressed in human retina axons colocalizes with the Kir6.2 channel, 
and the SUR1 inhibitor, glyburide, a common anti-diabetic drug, miti
gates retinal gliosis in Goto-Kakizaki diabetic rats (Berdugo et al., 2021). 
Several investigators have suggested that choroidal vascular lesions are 
correlated with photoreceptor defects in persons with no visible DR and 
non-proliferative retinopathy (Choi et al., 2017; Parravano et al., 2021). 
The understanding of choroidal processes in DRD remains an area of 
continued investigation. 

Summary point: DRD is likely the consequence of the tissue re
sponses to chronic multiple metabolic alterations in persons with type 1 
and type 2 diabetes, and identifying and inhibiting aggravating and/or 
enhancing protective pathways may lead to opportunities to prevent 
DRD and/or to restore vision. 

3. It is time for a moonshot to find “cures” for DRD 

3.1. The worldwide threat of DRD 

The very real threat of visual loss is a chief concern among people 
with diabetes and their families, with tens of millions of individuals, 
worldwide, who suffer from blindness and vision threatening retinal 
disease as a complication of their diabetes. In fact, DR increasingly af
fects children with type 2 diabetes (Lin et al., 2021). DR is the most 
common cause of blindness in working age adults, worldwide, with 
global prevalence of DR in people with type 1 diabetes being 77% and in 
type 2, 25% (Teo et al., 2021):  

1. 463 million people with diabetes mellitus in the world, estimated to 
increase to 700 million people in 2045 

2. In 2020, 103 million people worldwide with DR, projected to in
crease to 160.5 million by 2045  

3. In 2020, 28.4 million people with VTDR, projected to increase to 
44.82 million by 2045  

4. In 2020, 18,83 million people with CSME, projected to increase to 
28.61 by 2045 

Our broadening understanding of DRD as a disease of the neuro
vascular unit (Antonetti et al., 2012; T. W. Gardner and Davila, 2017) 
parallels major advances in analytic techniques at the cellular and mo
lecular (“omic”) level (Becker et al., 2021) progress in tissue nano
transfection (Gallego-Perez et al., 2017; Roy et al., 2020; Xuan et al., 
2021); regenerative medicine and bioprinting (Lahne et al., 2020; Rui
z-Alonso et al., 2021; Wang et al., 2018), availability of advanced im
aging technologies (Channa, Wolf, & Abramoff, 2021a, 2021b), greater 
access to well characterized cohorts of people with diabetes (Levi et al., 
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2021; Chua et al., 2019; Hietala et al., 2008; Sobrin et al., 2021; J. K. Sun 
et al., 2011), and potential utility of artificial intelligence (Grzybowski 
et al., 2020). Thus, the authors argue the time is right for a 
science-with-a-mission “moonshot” to find “cures” for low vision and 
blindness due to DRD, to better identify, early, and arrest progression of 
DRD, and to protect the retina from the deleterious effects of diabetes. 
The model for such a moonshot is the highly successful United States 
National Aeronautics and Space Administration’s (NASA’s) lunar 
mission of the 1960’s. 

3.2. The “Restoring Vision Moonshot” inspired by Mary Tyler Moore and 
President John F. Kennedy (JFK)’s “Moonshot” 

In January 2018 JDRF (www.jdrf.org) partnered with the Mary Tyler 
Moore and S. Robert Levine, MD Charitable Foundation to launch the 
“Restoring Vision Moonshot” as a way to honor Ms.Moore’s singular 
efforts in support of finding cures for type 1 diabetes and its complica
tions. In their 2017 “Profile in Progress” for Diabetes Care (Atkinson and 
Nierras, 2017), following her death, Drs. Mark Atkinson and Concepcion 
Nierras wrote of Ms. Moore’s extraordinary impact on type 1 diabetes 
research funding (Atkinson and Nierras, 2017):“Beginning in 1995, [Ms. 
Moore] led a group of government relations volunteers, individuals with 
diabetes and their family members to petition the U.S. Congress for 
increased funding for the National Institutes of Health (NIH) and, in 
particular, for special funding for type 1 diabetes research (Fig. 16). 

In response to these persistent charm offenses and advocacy initia
tives, from fiscal year 1998 through 2017, Congress appropriated a cu
mulative total of $2.46 billion in special funding for type 1 research, 
with an additional equal amount to support diabetes care and education 
programs for Native Americans, who are disproportionately affected by 
type 2 diabetes. The so-called Special Diabetes Program (SDP) funding 
augments regularly appropriated funds that the U.S. Department of 
Health and Human Services receives for diabetes research. The SDP has 
fostered unique collaborations among the NIH, the Centers for Disease 
Control and Prevention, and the broader research community to accel
erate the pace of progress in type 1 diabetes research. Thanks largely to 
Ms. Moore’s leadership, the diabetes research community has benefitted 
greatly from opportunities made possible by the SDP as illustrated in a 
few examples below”. 

Drs. Atkinson and Nierras further describe related progress in the 
areas of Genetic Discovery; Epidemiology, Disease Prediction, and 
Pathogenesis; Beta Cell Replacement; and Complications Prevention and 
conclude by emphasizing that: 

“The progress enabled by this long-term investment in diabetes 
research underscores the power of partnership among government, 
foundations, scientists, and people with diabetes – an alliance that 
counted Ms. Moore among its most effective leaders”. 

From 1991 to 2017, Ms. Moore also helped the JDRF raise over $2 
billion for direct type 1 diabetes research funding (making JDRF the 
world’s largest non-profit funder of diabetes research) along with 
leading advocacy for an initiative which doubled the NIH’s funding 
(1998–2003, approximately $14 billion increased to approximately $28 
billion) as well as taking the lead (along with Michael J. Fox, Christo
pher Reeve and others) in advocating for federal support for embryonic 
stem cell research. In the years Ms. Moore worked with JDRF to help find 
cures for diabetes and its complications, her diabetes had a devastating 
impact on her life including causing significant visual loss from diabetic 
retinal disease. 

It is a fair assumption that most may know Ms. Moore by her work as 
an actress and diabetes research advocate. But there is something 
readers may not know about her – in her heart she was a dancer. She 
worshipped Fred Astaire, Gene Kelly, Ginger Rogers, and Cyd Charisse 
and wished she could dance like them (Fig. 17). She had a dancer’s 
discipline, work ethic, drive to perfection, and willingness to take risk 
(literal leaps of faith), with the clear understanding that in order to 
innovate, to create something beautiful, your toes were going to get 
bloody, but most of all, it was in dance that she found her true joy. 
Diabetes stole this joy from her. Remarkably, Ms. Moore was able to 
manage through the numbness and loss of position sense due to her 
neuropathy, and was even able to train herself to overcome the exer
tional pain of her peripheral vascular disease, and ultimately benefitted 
from revascularization surgery. 

But she was never able to overcome the vision-stealing impact of her 
retinopathy and the severe narrowing of her visual fields and diminished 
night vision that accompanied her pan-retinal photocoagulation laser 
therapy. Indeed, over time, it became a great challenge for her to simply 
walk across a room and avoid obstacles, or judge changes in grades, or 
walk down stairs, or be physically active in low light, making this once 
fiercely independent woman, this joyful dancer, unable to get around on 
her own, unable to sustain her autonomy. 

Fig. 16. Mary Tyler Moore helping to launch the new journal, NIH MedlinePlus, 
Fall 2006 (Atkinson and Nierras, 2017). 

Fig. 17. Mary Tyler Moore dances with Gene Kelly on the “Mary Tyler Moore 
Hour” an MTM Enterprises Production, aired on CBS, April 1, 1979. 
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3.3. The Restoring Vision Moonshot workshop 

The Restoring Vision Moonshot launch workshop in January 2018 
benefitted from participation by a diverse group of leaders in basic and 
clinical research; tissue regeneration and bioengineering; therapeutics 
development, pharma, biotech; bioinformatics and artificial intelli
gence; funding and regulatory agencies; as well as people personally 

affected by diabetes and its complications (see Table 1). 
The launch workshop featured a day of moderated panel pre

sentations and well engaged discussions. Topics addressed included: an 
overview of Type 1 diabetes and the state of DR; key factors leading to 
visual loss in T1D; solving blindness in other retinal disorders; under
standing DR/DME; current treatments for DME; landscape of care for 
PDR; approaches for DR in development; lessons learned from other 
diseases; next generation approaches; tissue nanotransfection; regener
ative therapies; optogenetic modulation; photoreceptor replacement by 
cell transplantation; reconstructing the macula; bioprinting and bioen
gineering; technological approaches to regain vision, including retinal 
prostheses; hydrogel scaffolds for regeneration; and perspectives from 
funders. A summary of some of the proposed opportunities coming out 
of the launch workshop is included in Table 2. 

3.4. President Kennedy’s moonshot challenge 

The Restoring Vision Moonshot finds its inspiration in JFK’s May 
1961 challenge to the US to “commit itself to achieving the goal, before 
this decade is out, of landing a man on the Moon and returning him 
safely to the Earth” (Kennedy, 1961). In his September 1962 speech at 
Rice University, JFK amplified the challenge, noting that, “We choose to 
go to the Moon in this decade and do the other things, not because they 
are easy, but because they are hard; because that goal will serve to 
organize and measure the best of our energies and skills, because that 

Table 1 
Participants in the restoring vision moonshot initiative program workshop.  

January 2018  

• Wei Liu, Assistant Professor, Albert Einstein College of Medicine  
• Tom Bollenbach, Chief Technology Officer, Advanced Regenerative Manufacturing 

Institute (ARMI)  
• Katrina Norfleet, Director of Communications, Association for Research in Vision 

and Ophthalmology (ARVO)  
• Timothy Kern, Professor, Case Western Reserve University  
• Stephen Rose, Chief Research Officer, Foundation Fighting Blindness  
• Peter Loskill, Doctor, Fraunhofer Institute for Interfacial Engineering and 

Biotechnology  
• Jason Erlich, Global Head, Clinical Ophthalmology Produce Development, 

Genentech/Roche  
• Lily Peng, Product Manager, Google Research  
• Joseph Boneventre, Chief, Renal Division, Harvard Institute of Medicine  
• Lloyd Paul Aiello, Professor of Ophthalmology, Harvard Medical School  
• Jennifer Sun, Assistant Professor, Harvard Medical School and the Joslin Diabetes 

Center  
• Bhavna Antony, Research Scientist, IBM Research  
• Eileen Koski, Program Director, Health Data & Insights, IBM Research  
• Ashwani Malhotra, Research Business Alliances Executive, IBM Research  
• Roy Beck, Executive Director, Jaeb Center for Health Research  
• Adam Glassman, Coordinating Center Director, Jaeb Center for Health Research  
• Elia Duh, Professor of Ophthalmology, Wilmer Eye Institute, Johns Hopkins School 

of Medicine  
• Leonard Levin, Professor and Chair, McGill University  
• Steven Becker, Audacious Goals Initiative Program Coordinator, National Eye 

Institute (NEI)  
• Kapil Bharti, Tenure-Track Investigator, National Eye Institute (NEI)  
• Emily Chew, Director, Division of Epidemiology and Clinical Applications, National 

Eye Institute (NEI)  
• Paul Sieving, Director, National Eye Institute (NEI)  
• Bjarki Johannesson, Investigator, New York Stem Cell Foundation  
• Elizabeth Schwarzbach, Vice President, Business Development, New York Stem Cell 

Foundation  
• Dhanuraj Shetty, Senior Director, Strategic Alliances and Partnership, New York 

Stem Cell Foundation  
• Susan Solomon, CEO, New York Stem Cell Foundation  
• Lisa Strovink, Chief Strategy Officer, New York Stem Cell Foundation  
• Richard Kirk, Chief Executive, PolyPhotonix  
• Patrick McCrossen, PolyPhotonix  
• Brian Hofland, President, Research to Prevent Blindness  
• Chandan Sen, Professor and Vice Chairman (Research), Department of Surgery, The 

Ohio State University Wexner Medical Center  
• Brent Toto, Program Director, Center for Regenerative Medicine and Cell Based 

Therapies, The Ohio State University College of Medicine  
• Robin Ali, Professor, Kings College London  
• Pete Coffey, Professor, University College London, University of California, Santa 

Barbara  
• Mark Atkinson, American Diabetes Association Eminent Scholar, Director, 

University of Florida Diabetes Institute  
• Michael Abramoff, Professor of Ophthalmology and Visual Sciences, University of 

Iowa  
• Erin Lavik, Professor, University of Maryland, Baltimore County  
• Daniel Pelaez, Assistant Research Professor of Ophthalmology and Biomedical 

Engineering, University of Miami Miller School of Medicine  
• David Antonetti, Professor, Ophthalmology and Visual Sciences, University of 

Michigan  
• Jim Weiland, Professor, Biomedical Engineering, University of Michigan  
• Thomas Gardner, Professor of Ophthalmology & Visual Sciences, University of 

Michigan Medical School  
• William Murphy, Professor, Biomedical Engineering, University of Wisconsin  
• David Gamm, Associate Professor, University of Wisconsin, School of Medicine and 

Public Health  
• Dimitri Azar, Director, Verily and University of Illinois College of Medicine  
• Pete DiStefano, Chief Scientific Officer, Zebra Biologics Inc.  
• Ron Lindsay, CEO, Zebra Biologics Inc.  

Table 2 
Summary of Opportunities generated by Restoring Vision Moonshot Launch 
Workshop, January 2018.   

• Use human bio-samples, patient registries and very large datasets to better identify 
new pathways and medical therapies; perform detailed phenotyping of patients to 
further generate well characterized populations to develop metrics to quantify what 
parameters of disease occurrence, progression, and reversal can be identified.  

• Biomarkers of anatomic and functional state are critically important. The key is to 
find biomarkers that can be readily measured over time and that will correlate well 
with clinical/functional status. One caveat is that while biomarkers can be used to 
describe disease situations, they may not have predictive effect on a particular 
individual patient. There will need to be a clinical end-target before these can be 
used as a registerable endpoint with the FDA.  

• Technological and engineering approaches can be electrical chemical, biologic, or 
cellular-based to address cell dysfunction and cell death.  

• Stem cell research in the stroke field has attempted to be neuroprotective and is now 
moving toward the vasculature, whereas in the retina, it’s been the opposite. Both 
fields can learn from each other about what does and does not work in the human 
body. Using endothelial progenitors derived from stem cells may be able to “re- 
plumb” an ischemic retina, considered an “easier ask” than developing a complete 
neural network to replace the retina, recognizing that neither is “easy.” A key factor 
will be how the new cells implanted ill react to the underlying diabetes effects, and 
will it be in a similar fashion to the native cells that died as a result of the disease.  

• Specific polymers in the form of hydrogels may be able to repair the blood-brain 
barrier and, by extension, possibly the blood-retinal barrier as well as support 
regeneration with nerve resprouting. These polymers may be used as a means of 
drug delivery or cell-based therapy delivery.  

• Making modifications to blood vessels or to retinal ganglion cells may have a 
beneficial effect beyond what is currently thought would be likely to happen.  

• Optogenetics or photoreceptor transplantation may also need improved vascularity 
for optimal results.  

• Transcription factors take a differentiated cell and transform it into another cell 
type, to generate cells of a desired phenotype/function. One potential question is 
whether this can be achieved in situ in the living human eyes and how to assess the 
long-term effects.  

• Delivery of drugs and cells to the inner retina is challenging in terms of 
maintenance, accuracy and function over extended periods of time. How well they 
penetrate into the retina remains unanswered and needs to be addressed along with 
addressing other therapeutics (be they drugs, trophic factors, cells, etc.) delivery 
challenges.  

• Encapsulated technologies for delivery of therapeutics have been used in other 
ophthalmic disease sates in clinical trials, and may be applicable in retinopathy. Key 
question remains: how many targets have been validated in the eye for retinal 
disease?  

• Replacing the whole retina through bioprinting is critical for advanced disease. At 
this point, bioprinting to replace the whole retina may represent the most feasible 
biologic solution.  
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challenge is one that we are willing to accept, one we are unwilling to 
postpone, and one we intend to win.” In kicking off the Restoring Vision 
Moonshot Workshop, Dr. Levine, repeated JFK’s framing of the nature of 
the challenge he had put forth in the context of the challenges ahead to 
achieve the goals of this new moonshot and added: “We further under
stand what every dancer, like my wife intrinsically knew, that to achieve 
something no one has done before requires passion, clarity of vision, 
discipline, a willingness to take risk, collaboration, and the clear un
derstanding that in order to succeed, your toes are likely to get 
bloodied.” Like the imperative driving JFK’s moonshot was fear of So
viet dominance of space, and the threat this posed to the US’s liberty and 
sovereignty, the Restoring Vision Moonshot’s imperative is the fear of 
the millions of people with diabetes about visual loss and blindness, and 
the threat this poses to their personal liberty and sovereignty. 

3.5. The NASA moonshot program as a model for “science-with-a- 
mission” 

In their response to JFK’s challenge, NASA leadership organized the 
US space program around the achievement of critical milestones 
required to complete their manned mission to the moon (Fig. 18). 

In order to achieve its goals NASA established “partnerships with 
industry, not as vendors but as research and development partners” 
(Webb, 1982), as well as with academia and the military services, while 
sharing decision-making with the various collaborating centers “to the 
fullest extent possible” (Webb, 1982). NASA strove to sustain a balanced 
approach to administration, fostering decentralization of program 
innovation and management while sustaining centralized goal-setting, 
oversight, and contracting/financing support. In his foreword to Dr. 
Arnold Levine’s Managing NASA in the Apollo Era, James Webb, further 
notes: 

“Dr. Dryden [Deputy NASA Administrator], Dr. Seamans [Associate 
Administrator], and I, in making the substantive and administrative 
decisions, constantly and deliberately sought to spread our most 
difficult problems over the largest possible number of able minds and 
to develop means to evaluate, from the broadest national and in
ternational viewpoints, the concepts and proposals that resulted. We 
could not know what some of this large number could invent, but we 
strongly felt many innovative ideas would emerge from a widespread 
invitation to work on the problems related to an understanding of the 
solar system and the universe beyond.” 

This openness to a broad range of ideas, decentralization of decision- 
making, and program innovation and management in partnership with 
industry, academia, and the military services, along with clarity and 
focus on the overarching goal of “landing a man on the moon and 
returning him safely to earth” (Kennedy, 1961) and its timeline of 
achieving this goal “before the decade is out” (Kennedy, 1961) were 
keys to NASA’s many successes in the decade of the 1960’s, capped by 
JFK’s challenge being achieved on July 20, 1969 with Neil Armstrong’s 
famous “one small step for [a] man …” on the lunar surface and the 
Apollo 11 spacecraft he was commanding splashing down safely in the 
Pacific on July 24, 1969. 

3.6. The Restoring Vision Moonshot 

NASA’s approach to achieving its complex, large scale, extraordinary 
mission provides guidance for other such undertakings, such as the 
Restoring Vision Moonshot, starting with recognition of the nature of the 
problem, the depth of the basic science and translational challenges that 
must be overcome to succeed, stating an overall goal clearly at the outset 
with a timeline to achieve that goal, and establishing intermediate 
milestones against which program managers can organize efforts. 

Like NASA did in service of the moon mission, the Restoring Vision 
Moonshot has assembled participation that is inclusive, bringing 
together individuals from across the globe of diverse expertise (e.g., 
physician-scientists, engineers, cell biologists, epidemiologists, regula
tors), people affected by DRD, and multiple funding entities. The 
Restoring Vision Moonshot provides a supportive context for all to share 
their unique insights while contemplating novel approaches to vision 
preservation and restoration in people with diabetes. Its goals are to 
organize its efforts (Fig. 19) to respond to patient-oriented concerns and 
help develop the means and methods to protect retinas from the dele
terious effects of diabetes, preserve retinal neuronal and vascular 
integrity and function, and restore patients to normal visual function. 

The Restoring Vision Moonshot takes further organizational devel
opment and programmatic cues from the Brehm Coalition (www. 
brehmcoalition.org) and the Kidney Health Initiative (https://khi. 
asn-online.org). Founded by Bill and Dee Brehm in 2007, the Brehm 
Coalition is a self-organizing scientific effort involving 130 experts in the 
fields of immunology and beta cell biology from 12 institutions whose 
purpose is, “to accelerate the search for a cure for type 1 diabetes 
through establishing a new paradigm for medical research based on 
unparalleled collaboration.” It is founded on principles of scientific 
engagement and interaction which establish a unique “phenotype” 
(Table 3) supporting sustainability, satisfaction, and success. Of note, 
Mr. Brehm, a systems engineer and Department of Defense staff member 
in the Johnson and Nixon Administrations, had first hand exposure to 
the NASA moon mission efforts, and Mrs. Brehm has had type 1 diabetes 
for over 70 years. Thus, the organizational structure and purpose of the 
Brehm Coalition is of great personal relevance to them. 

Drs.Matthias von Herrath and Peter Arvan, long-standing Brehm 
Coalition members, make the following observations about its benefits:  

o “The Brehm Coalition is my best professional experience–a forum 
where honesty, trust and collaboration reign (versus competition, 
secrecy and mistrust), the latter being major impediments in pro
ductive science, especially for complex translational research/med
icine questions.  

o direct real-time sharing of negative data to accelerate scientific 
development 

o integration of a wide range of expertise from academia, large aca
demic consortia, clinical consortia and industry as well as smaller 
biotech  

o the coalition is much bigger than the single individual; 1 + 1 = 10 or 
more  

o catalyzation funds have resulted in multiplicity of original 
investment 

Fig. 18. Major Moon Mission Milestones. JFK speech to joint session of 
Congress, May 1961; First Manned Orbital Flight by John Glenn in “Friendship 
7” in February 1962; Gemini completing rendezvous and dock and space 
walks,1965; First un-crewed test flight of the Saturn V launch vehicle, 
November 1967; first manned orbit of the moon, Christmas, 1968; first lunar 
landing July 1969. 
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o ability to openly discuss complex political and scientific enterprise 
issues, position papers  

o exposure of younger trainees, post-docs, and junior faculty to senior 
scientists in an open, supportive mentoring environment  

o bringing together investigators from two distinct scientific fields has 
brought cross-collaborative efforts that would not have been possible 
otherwise.  

o There are unfortunately too few examples where this collegiality is 
fostered. Industry employs a similar basis though to establish func
tional teams, academia often unfortunately not.” 

The Kidney Heath Initiative (KHI) was founded in 2012 as a public- 
private partnership between the American Society of Nephrology and 
the Food and Drug Administration. Its mission is to “catalyze innovation 
and the development of safe and effective patient-centered therapies for 
people living with kidney diseases.” Its efforts provide proof points for 
the importance of the Restoring Vision Moonshot’s emphasis on 
bringing the patient voice and perspective into its process as a key driver 
of how DRD’s scientific challenges and clinical issues are framed and 
how the patient point of view can be incorporated into programmatic 
decision-making and approach, including through the development of 
patient reported outcomes measures (PROMs) (Conway and Knight, 
2021; Sheldon, 2021; Tarver and Neuland, 2021). The KHI’s efforts 
further substantiate the value the Restoring Vision Moonshot assigns to 
efforts to develop updated taxonomies of disease and the use of science 
and technology road-mapping as stimulus for innovation. 

The question raised by the successes of cross-field, cross-institu
tional, cross-sector collaboratives, like the Brehm Coalition, Kidney 
Health Initiative, nPOD, Artificial Pancreas Program of the JDRF 
(Kowalski, 2015) and others is simply – why not for Diabetic Retinal 
Disease? The Restoring Vision Moonshot is a response, and the time is 
now. 

The Restoring Vision Moonshot is centering its initial efforts on 
updating the staging system and severity scale for DRD (Abramoff et al., 
2018; Jampol et al., 2021; J. K. Sun et al., 2021) as well as on devel
opment of essential shared resources – “accelerators” (Fig. 20). Accel
erators in the pre-launch planning, fund-raising, and early 
implementation stages include:  

1. A biobank for human eyes and vitreous, with access to advanced 
-omic analytic capacity and including an associated data-sharing 
platform and data repository;  

2. Support for validation of biomarkers identified as promising by the 
DRD staging system update project, including through collaboration 
with existing clinical trial networks;  

3. A global digital image repository linked to clinical records and 
against which artificial intelligence (AI) tools can be used to generate 
new insights regarding risk prediction, prognosis, potential response 
to therapy (Gilbert and Sun, 2020). 

4. Organize large cohorts of well characterized individuals with dia
betes for global research access;  

5. Develop validated patient reported outcome measures that can be 
used to facilitate new therapeutics development and clinical 
decision-making; and 

6. Establish a confidential communications platform for scientific ex
change, mentoring, and real-time data-sharing. 

Restoring Vision Moonshot facilitating activities in plan also include 
creating incentives for young investigators to enter the field, and 
convening regular meetings targeting cross-field expert participation to 
encourage further shared learning and collaboration. 

3.7. An international initiative to update the staging of diabetic retinal 
disease 

In their scientific statement (Insel et al., 2015) on the staging of type 
1 diabetes, the JDRF, American Diabetes Association and Endocrine 
Society offered that adoption of their newly proposed staging classifi
cation of pre-symptomatic T1D would:  

1. Provide a new standardized taxonomy for human type 1 diabetes; 
2. Accelerate the clinical development of therapies to prevent symp

tomatic disease;  
3. Aid the design of clinical trials through the use of risk profiles, 

subject stratification, and stage-specific clinical trial end-points; 
4. Promote precision medicine involving the tailoring of optimal ther

apies to specific individuals at specific stages of the disease; and 

Fig. 19. The Restoring Vision Moonshot organizational structure. The Moonshot positions mission-oriented program areas around a hub/core of administrative and 
scientific leadership, a confidential communications and data sharing platform, and essential shared resources such as: a biorepository for human eyes, tissue and 
fluids; a retinal image data bank; biomarker-evaluation variable development/validation; and well characterized patient cohorts and clinical trial networks. 

Table 3 
Phenotype of the Brehm coalition.   

1. Fun to work with  
2. Self-organizing style not compromised by rigid management approach imposed by 

others.  
3. Intimate collaboration facilitated and convenient videoconferences involving all 

Coalition members  
4. Emphasis on the competence of the group rather than solely on the competence of 

individuals.  
5. Respect for and trust in each other with real-time sharing of data.  
6. Dependence on each other for results  
7. Cooperation on, and performance of one another’s experiments.  
8. Sharing of institutional cores and other resources.  
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5. Provide a framework and approach for an optimized benefit/risk 
ratio that should impact regulatory approval, reimbursement, and 
adoption of interventions in the early stages of type 1 diabetes to 
prevent symptomatic disease 

Adopting this construct of the importance of advanced staging sys
tems for the acceleration of disease research and enhancement of patient 
care, the first Restoring Vision Moonshot project launched was tasked 
with developing an updated, multidimensional DRD staging system and 
severity scale (J. K. Sun et al., 2021) that can better define DRD, stage 
individual risk for disease worsening, predict and measure response to 
therapy, and support clinical trials evaluating novel therapies while 
having a readily useable interface for both researchers and clinicians. 
We argue an updated DRD staging system serves a vital role in 
advancing research and care for persons with DRD by providing a 
framework for a common language of DRD risk, progression, severity 
and interventions that can help accelerate our path to “cures” for along 
the full course of disease. 

The Restoring Vision Moonshot’s DRD Staging Project benefits from 
the leadership and participation of global experts organized in six 
working groups (Table 4) comprised of 50 persons from 12 countries 
charged with examining variables relevant to:  

1. Retinal Vascular Disease  
2. Retinal Neuronal Disease  
3. Basic and Cellular Mechanisms of DRD  
4. Systemic factors in DRD  
5. Visual Function in DRD  
6. Quality of Life related to DRD 

Each of the DRD Staging Project working groups undertook struc
tured literature reviews to map the landscape of variables that are 
useful, promising, or have potential for inclusion in an updated staging 
system and severity scale (Fig. 21). The DRD Staging Project working 
groups will deliver their recommendations for an updated system and 
scale, along with outlining needs for additional research, in a series of 
reviews that are currently in preparation. Promising and potential var
iables identified as needing additional validation by this project will 
inform the Restoring Vision Moonshot’s support for such gap-filling 
research as financial resources become available. To accelerate inclu
sion of promising and potential variables in clinical trial protocols, the 
Moonshot will leverage its relationships with established clinical 
research networks to develop validated endpoints for clinical research 
and practice. 

3.8. The Restoring Vision Moonshot ocular biorepository 

Better understanding of human disease and acceleration of target 
identification and development of new therapeutics for DRD will be 
enhanced by the ability to study human tissue (Eisma et al., 2015). 
Further, the research opportunities that can be generated by a human 
tissue resource can become a catalyst for building a community of 
shared interest among a diverse group of investigators and a focal point 
for novel collaborations (Quinn et al., 2021). Recognizing this critical 
role of global access to human tissue with real-time data-sharing among 
collaborating researchers, the first of the Restoring Vision Moonshot’s 
accelerators to be launched is an Ocular Biorepository. This bio
repository is being established at the Elizabeth Caswell Diabetes Insti
tute (CDI) of the University of Michigan under the scientific direction of 
Patrice Fort and in association with the JDRF Center of Excellence there. 
Dr. Fort has developed a dual approach to human sample analysis using: 
a) vitreous obtained from patients in the clinic with accompanying 
medical and ocular histories; and b) post-mortem retinal and vitreous 
tissues recovered in a standardized fashion. This approach enables a 
high-quality assessment of the disease state through molecular and 
cellular analyses extending beyond traditional histopathology (Fort 
et al., 2021). 

We contend that access to human tissues can benefit our under
standing of the pathogenesis of a human disease at the cellular and 
molecular level, facilitate biomarker identification, inform us on the 
formation of disease associated complications, and support the design of 
innovative therapies capable of providing patient benefit. In type 1 
diabetes, this approach has been substantiated through data emanating 
from the many biorepositories and sample distribution efforts that have, 
over the last two decades, been created by the community to address 
such issues. Indeed, efforts like the NIH sponsored TrialNet (www.trialn 
et.org/our-research) (serum, plasma, and peripheral blood mononuclear 
cells), Integrated Islet Distribution Program (iidp.coh.org) (data from 
islets), and the Human Islet Research Network (hirnetwork.org) (data 
from islets and immune cell studies) have led to dramatic improvements 
in our understanding of type 1 diabetes associated autoimmunity and 
beta cell biology. In terms of the pathogenesis of type 1 diabetes, 
perhaps the most pronounced knowledge gains (Atkinson et al., 2020; 
Battaglia et al., 2017; Hart and Powers, 2019; Kaestner et al., 2021) have 
occurred through studies resulting from the Network for Pancreatic 
Organ donors with Diabetes (nPOD) program, upon which the Restoring 
Vision Moonshot’s ocular biorepository is modeled. The nPOD was 
founded in 2007 with support from the JDRF and The Leona M. and 
Harry B. Helmsley Charitable Trust. nPOD organ donors with type 1 

Fig. 20. Restoring Vision Moonshot (RVM) Accelerators, their need and responses.  
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Table 4 
Working group areas and members.  

Vascular Retina 

Lead: 
Tien Wong, M.D., Ph.D., Singapore Eye Research Institute, Singapore, Singapore 

National Eye Centre, Singapore and Duke-National University of Singapore Medical 
School, Singapore 

Members: 
Elia Duh, M.D., Professor of Ophthalmology, Wilmer Eye Institute, Johns Hopkins 

University School of Medicine, Baltimore, MD 
Christine Curcio, Ph.D., Department of Ophthalmology and Visual Sciences, 

University of Alabama at Birmingham, Birmingham, AL 
Barbara Blodi, M.D., Department of Ophthalmology and Visual Sciences, Fundus 

Photograph Reading Center, University of Wisconsin School of Medicine and Public 
Health, Madison, WI 

Amitha Domalpally, M.D., Ph.D., Department of Ophthalmology and Visual Sciences, 
Fundus Photograph Reading Center, University of Wisconsin School of Medicine 
and Public Health, Madison, WI 

Victor Chong, M.D., MBA, FRCOphth, Royal Free Hospital, London, UK and 
Boehringer Ingelheim, Ingelheim am Rhein, Germany 

SriniVas Sadda, M.D., Doheny Eye Institute, Los Angeles, CA and Department of 
Ophthalmology, David Geffen School of Medicine, University of California Los 
Angeles, Los Angeles, CA 

Lee Jampol, M.D., Department of Ophthalmology, Feinberg School of Medicine, 
Northwestern University, Chicago, IL 

David Antonetti, Ph.D., Department of Ophthalmology and Visual Sciences, Kellogg 
Eye Center, University of Michigan Medical School, Ann Arbor, MI 

Rick Ferris, M.D., Ophthalmic Research Consultants, Waxhaw, NC 
Ramin Tadayoni, M.D., Ophthalmology Department, AP-HP, Hôpital Lariboisière, 

Université de Paris, Paris, France 
Tien-En Tan, MBBS (Hons), MMed (Ophth), FRCOphth, Singapore Eye Research 

Institute, Singapore, Singapore National Eye Centre, Singapore and Duke-National 
University of Singapore Medical School, Singapore 

Neural Retina 
Lead: 
Michael Abramoff, M.D., Ph.D., The Robert C. Watzke, MD Professor in Retina 

Research, Professor of Ophthalmology and Visual Sciences, Professor of Electrical 
and Computer Engineering (ECE), Professor of Biomedical Engineering (BME), 
Department of Ophthalmology and Visual Sciences, University of Iowa Hospital and 
Clinics, Iowa City, IA and Founder and Executive Chairman, Digital Diagnostics Inc, 
Coralville, Iowa 

Members: 
Mitch Brigell, Ph.D., FARVO, Head of Clinical Development & Strategy, Occuphire 

Pharma, Farmington Hills, MI 
Christine Curcio, Ph.D., FARVO, White-McKee Endowed Professor, Department of 

Ophthalmology and Visual Sciences, University of Alabama at Birmingham School 
of Medicine 

Roomasa Channa, M.D., Assistant Professor, Department of Ophthalmology and Visual 
Sciences, University of Wisconsin-Madison, WI 

Patrice Fort, Ph.D., Associate Professor of the departments of Ophthalmology and 
Visual Sciences, and Molecular and Integrative Physiology; Director of the Vision 
Research Training Program (NEI-T32) of the University of Michigan Kellogg Eye 
Center, Ann Arbor, MI 

Thomas W. Gardner, M.D., M.S., Professor Ophthalmology and Visual Sciences, 
Molecular and Integrative Physiology and Internal Medicine, University of 
Michigan, Ann Arbor, MI 

Stephanie Lynch, M.D., Eye Specialists of Georgia, Atlanta, GA 
Rafael Simó, M.D., Ph.D., Professor of Medicine & Endocrinology, Head of 

Endocrinology & Nutrition Department, Vall d’Hebron University Hospital; Head, 
Diabetes Research and Metabolism Unit, Institut de Recerca Hospital Universitari 
Vall d’Hebron, Barcelona, Spain 

Frank Verbraak, M.D., Amsterdam Neuroscience – Systems & Network Neuroscience, 
Amsterdam UMC, The Netherlands 

Risa Wolf, M.D., Assistant Professor, Division of Pediatric Endocrinology, Johns 
Hopkins Hospital, Baltimore, MD 

Basic and cellular mechanisms 
Lead: 
Lloyd Paul Aiello, M.D., Ph.D., Professor of Ophthalmology, Harvard Medical School, 

Section Head, Eye Research; VP of Ophthalmology and Director, Beetham Eye 
Institute, Joslin Diabetes Center, Boston, MA 

Members: 
Anthony Adamis, M.D., Department of Ophthalmology, Harvard Medical School, 

Boston, MA 
David Antonetti, Ph.D., Department of Ophthalmology and Visual Sciences, Kellogg 

Eye Center, University of Michigan Medical School, Ann Arbor, MI;  
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Michael Brownlee, M.D., Anita & Jack Saltz Chair in Diabetes Research Emeritus, 
Associate Director for Biomedical Sciences Emeritus, Einstein Diabetes Research 
Center, Albert Einstein College of Medicine, New York, New York 

Arup Das, M.D., Ph.D., FARVO, Professor of Ophthalmology, University of New 
Mexico School of Medicine, Albuquerque, NM; Regents’ Professor of 
Ophthalmology & Cell Biology & Physiology, Vice-Chairman of Research, 
Department of Surgery, University of New Mexico School of Medicine, Albuquerque, 
NM 

Elia Duh, M.D., Professor Ophthalmology, Wilmer Eye Institute, Johns Hopkins 
University School of Medicine, Baltimore, MD; 

Edward P. Feener, Ph.D., Kalvista Pharmaceuticals, Inc., Cambridge, MA 
Mary Elizabeth Hartnett, M.D., FACS, FARVO, Distinguished Professor Calvin S and 

JeNeal N. Hatch Presidential Endowed Chair in Ophthalmology and Visual Sciences, 
Vitreoretinal Medical and Surgical Service, John A. Moran Eye Center, Salt Lake 
City, UT 

George L. King, M.D., Professor of Medicine and Ophthalmology, Harvard Medical 
School, Chief Scientific Officer, Joslin Diabetes Center, Boston, MA 

Renu Kowluru, Ph.D., FARVO, Professor & Director of Translational Research 
Ophthalmology, Visual & Anatomical Sciences, Professor of Endocrinology Wayne 
State University, Kresge Eye Institute, Detroit, MI 

Ulrich F. O. Luhmann, M.D., Roche Pharmaceutical Research and Early Development, 
Translational Medicine Ophthalmology, Roche Innovation Center Basel, F. 
Hoffmann-La Roche Ltd, Grenzacherstrasse 124, 4070 Basel, Switzerland 

Federica Storti, Ph.D., Roche Pharmaceutical Research and Early Development, 
Translational Medicine Ophthalmology, Roche Innovation Center Basel, F. 
Hoffmann-La Roche Ltd, Grenzacherstrasse 124, 4070 Basel, Switzerland 

Charlie Wykoff, M.D., Ph.D., Retina Consultants of Texas, Retina Consultants of 
America, Blanton Eye Institute, Houston Methodist Hospital, Houston, TX 

Systemic health 
Lead: 
Helen Colhoun, M.D., AXA Chair in Medical Informatics & Epidemiology, Institute of 

Genetics and Cancer, University of Edinburgh, Scotland UK; Western General 
Hospital, Edinburgh, Scotland; Co-Chair COVID-19 Epidemiology Research and 
Public Health, Scotland 

Members: 
Janet Snell-Bergeon, Ph.D., Associate Professor of Pediatric & Epidemiology, Director, 

Clinical Epidemiology Division, Barbara Davis Center for Diabetes, University of 
Colorado Anschutz Medical Campus, Aurora, CO 

Rafael Simo-Canonge, M.D., Ph.D., Professor of Medicine & Endocrinology, Head of 
Endocrinology & Nutrition Department, Vall d’Hebron University Hospital; Head, 
Diabetes Research and Metabolism Unit, Institut de Recerca Hospital Universitari 
Vall d’Hebron, Barcelona, Spain 

Emily Chew, M.D., Director of Division of Epidemiology and Clinical Applications, 
National Eye Institute, National Institutes of Health, Bethesda, MD 

Daniel Gordin, MD, DMSc, AProf, Minerva Foundation Institute for Medical Research, 
HelsinkI, Finland; Department of Nephrology, Helsinki University Hospital, Finland 
and Joslin Diabetes Center, Boston, MA 

Anniina Tynjälä, M.D., Folkhälsan Institute of Genetics, Folkhälsan Research Center, 
Helsinki, Finland; Department of Nephrology, University of Helsinki and Helsinki 
University Hospital, Helsinki, Finland; Research Program for Clinical and Molecular 
Metabolism, Faculty of Medicine, University of Helsinki, Helsinki, Finland 

Amber van der Heijden, Ph.D., Amsterdam UMC, Vrije Universiteit Amsterdam, 
department of General Practice, Amsterdam Public Health research institute, 
Amsterdam, The Netherlands 

Joline W.J. Beulens, M.D., Full Professor, Epidemiology and Data Science, Full 
Professor, ACS - Diabetes & metabolism, Full Professor, ACS - Heart failure & 
arrhythmias, Full Professor, APH - Health Behaviors & Chronic Diseases, 
Amsterdam UMC 

Anita Jeyam, M.D., Institute of Genetics and Cancer, University of Edinburgh, 
Edinburgh, Scotland 

Visual function 
Lead: 
Adam Glassman, M.S., Interim Executive Director, JAEB Center for Health Research, 

and Director, DRCR Retina Network Coordinating Center, Tampa, FL 
Members: 
Darrell Baskin, M.D., Partner, Retina Consultants of Texas, Adjunct Assistant 

Professor, Department of Ophthalmology, University of Texas Health Science Center 
of San Antonio, San Antonio, TX 

Mitch Brigell, Ph.D., FARVO, Head of Clinical Development & Strategy, Occuphire 
Pharma, Farmington Hills, MI 

Victor Chong, M.D., M.B.A., Honorary Consultant Ophthalmic Surgeon, Royal Free 
Hospital, London and VP, Global Head of Retina DAS, Janssen R&D, South San 
Francisco, California 

Luis Lesmes, Ph.D., President Adaptive Sensory Technology, Inc., San Diego, CA 

(continued on next page) 
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diabetes, those at increased risk for the disease (autoantibody positive 
individuals), and about 600 persons without the disease have been 
investigated using a variety of techniques designed to address a number 
of fundamental questions. Indeed, nPOD currently supports approxi
mately 300 projects by investigators in over 20 countries. Importantly, 
the results of investigating nPOD tissues have been quite dramatic in 
terms of addressing both knowledge voids and overturning common 
“dogmas” associated with the disease (Atkinson et al., 2020). Specif
ically, studies of human tissues afforded by nPOD have identified a series 
of key immunological and endocrine differences (Y. G. Chen, Mathews 
and Driver, 2018; Peters et al., 2019) between type 1 diabetes as it ap
pears in humans versus the prototype animal model, the NOD mouse. 
These include, but are not limited to, quantitative and qualitative dif
ferences in insulitis (Campbell-Thompson et al., 2016; In’t Veld, 2014) 
and the ability for cellular replication of insulin producing beta cells 
(Saunders and Powers, 2016; Sharma et al., 2021). Such disparities, over 
time, have contributed to our ability to prevent/reverse diabetes in 

animal models while efforts to do so in humans remain unsuccessful. 
Beyond these observations is new appreciation of the extent of disease 
heterogeneity. Investigations of nPOD tissues have uncovered a pro
nounced degree of variation in terms of their pathologies, providing 
support for the emerging concept of disease “endotypes” (Battaglia et al., 
2020); i.e, not all type 1 diabetes is the same. Perhaps most importantly, 
nPOD has provided a scientific basis for argument that type 1 diabetes 
may not result solely from autoimmunity against beta cells but that the 
endocrine cells may, themselves, contribute to their own demise 
(Atkinson et al., 2011). Prior to the development of this important tissue 
bank, such thoughts were not widely considered but now are considered 
essential to understanding the pathogenesis of this disorder. 

In standing up its Ocular Biorepository the Restoring Vision Moon
shot has adopted the nPOD’s three main strategic goals, paraphrased as 
follows (Pugliese et al., 2014):  

1. Obtain specimens from organ donors with and without diabetes and 
with and without DRD and establish a research resource; 

2. Distribute specimens to Restoring Vision Moonshot approved in
vestigators, anywhere in the world, for comprehensive and diversi
fied investigations of human DRD  

3. Promote collaborations by using tissue and real-time data-sharing; 
and developing and managing synergistic project interactions as well 
as focused working groups, all to facilitate a more complete under
standing of human DRD. 

The Restoring Vision Moonshot leadership believes that intellectual 
advances, similar in importance to those of the nPOD can be made 
through its development of a tissue bank dedicated to studies of diabetic 
retinal disease which serves as a core for global collaborations sharing 
data in real-time. 

3.9. Science with a mission needs a “roadmap” 

A great challenge of mission-driven science, such as that proposed by 
the Restoring Vision Moonshot, is to clearly state goals consistent with 
achieving the mission without being prescriptive from the top down in 
how the related problems will be solved, including in areas for which 
there remain significant gaps in fundamental knowledge. As with 
NASA’s approach to the moon-mission, the Restoring Vision Moonshot 
will encourage bottom-up exploration of basic science and translational 
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Len Levin, M.D., Ph.D., FRCSC, FCAHS, Distinguished James McGill Professor and 
Chair of Ophthalmology and Visual Sciences, Neurology & Neurosurgery, Montreal 
Neurological Institute, McGill University, Montreal, Quebec, Canada 

Mohamed Elmasry, M.D., Joslin Diabetes Center, Boston, MA 
Andreas Wenzel, Ph.D., Expert Medical Director, Ophthalmology, Roche Pharma 

Research & Early Development, Roche Innovation Center Basel, Switzerland 
Laura J. Taylor, O.D., MCOptom, Nuffield Laboratory of Ophthalmology, Nuffield 

Department of Clinical, Neurosciences, University of Oxford, Oxford, United 
Kingdom. 

Oxford Eye Hospital, Oxford University Hospitals NHS Foundation Trust, Oxford, 
United Kingdom. 

Quality of Life 
Lead: 
Stela Vujosevic, M.D., Ph.D., Department of Biomedical, Surgical and Dental Sciences, 

University of Milan, Italy and Eye Clinic, IRCCS MultiMedica, Milan, Italy 
Members: 
Emily Chew, M.D., Director of Division of Epidemiology and Clinical Applications, 

National Eye Institute, National Institutes of Health, Bethesda, MD 
Leanne Labriola, D.O., M.B.A., Medical Retina and Uveitis, Pittsburgh Allegheny 

Retina Consultants, Pittsburgh, PA 
Ecosse Lamoureux, Ph.D., FARVO, Duke-NUS Medical School, Singapore, Singapore 

Eye Research Institute, Singapore 
Sobha Sivaprasad, M.D., Professor FRCO phthalmology, Moorfields Eye Hospital NHS 

Foundation Trust, London, UK  

Fig. 21. An updated staging system should incorporate variables reflecting on the state of the neural as well as the vascular retina; the molecular milieu; visual 
function; and patient reported quality of life and function; and acknowledge relationship to systemic health and access to screening, general, and specialist health 
care services (J. K. Sun et al., 2021). 
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gaps aided by Moonshot accelerators. It is through collaborative 
engagement and the initiative and ingenuity of individual researchers 
and research teams that the means of mission success will emerge. To 
facilitate collaboration and establish a framework for programmatic 
activity, the Restoring Vision Moonshot will utilize a process of science 
road-mapping, reflecting approaches that have been deployed by NASA, 
in industry, and elsewhere. 

Former Motorola CEO Robert Galvin described “Science Roadmaps” 
in an editorial in Science Magazine in 1998 (Galvin, 1998), as follows: 

“A ‘roadmap’ is an extended look at the future of a chosen field of 
inquiry composed from the collective knowledge and imagination of 
the brightest drivers of change in that field. Roadmaps can comprise 
statements of theories and trends, the formulation of models, iden
tification of linkages among and within sciences, identification of 
discontinuities and knowledge voids, and interpretation of in
vestigations and experiments. Roadmaps can also include the iden
tification of instruments needed to solve problems, as well as graphs, 
charts, and showstoppers. 

The optimal process for gathering and selecting the content of 
roadmaps is to include as many practicing professionals as possible 
in workshops periodically in order to allow all suggestions to be 
considered and to objectively evaluate the consensuses that will 
more often than not emerge. Equal treatment should be given to 
minority views and individual advocacies. 

Roadmaps communicate visions, attract resources from business and 
government, stimulate investigations, and monitor progress. They 
become the inventory of possibilities for a particular field, thus 
stimulating earlier, more targeted investigations. They facilitate 
more interdisciplinary networking and teamed pursuit. Even “white 
spaces” can conjure promising investigations. NASA has used road
maps built on basic themes for years and encourages others to do the 
same”. 

The purpose of a science mapping process is not to deliver a two- 
dimensional representation of “a map” that might be made attractive 
with interesting graphics or narrative, but be obsolete the day it’s 
published. It is about harnessing the dynamic that’s created through the 
interaction of diverse expertise and voices, the exchange of ideas, the 
cacophony of conflicting opinion and points of view–all key elements of 
innovation and progress. 

Further, science mapping is about recognizing the need to develop 
new models to capture the promise of scientific advancement and 
charting a path to translating advances into often multifactorial solu
tions to complex problems. It is also about managing the added 
complexity of bringing together diverse expertise from multiple disci
plines and multiple institutions, and focusing their creativity on 
achieving shared ultimate goals. The Restoring Vision Moonshot will 
establish mission-oriented research networks to utilize the shared re
sources provided through its accelerator programs, enhance collabora
tive communications and data sharing, map research opportunities and 
needs against goals, and, as financial resources become available, sup
port ground breaking research directed to key basic and translational 
milestones associated with preservation, restoration, and protection of 
visual function in people with diabetes, including:  

1. Elucidate metabolic context, mechanisms, timing, and progression of 
retinal neuronal dysfunction in diabetes.  

2. Elucidate metabolic context, mechanisms, timing, and progression of 
retinal vascular drop-out and dysfunction in diabetes.  

3. Arrest pathologic progression and protect from further damage 
neuronal function damaged by deleterious effects of diabetes 
including retinal neuronal damage from DME.  

4. Arrest pathologic progression and protect from further damage 
vascular integrity and function damaged by deleterious effects of 

diabetes and revascularize diabetic retinas with healthy vessels, 
where therapeutically indicated. 

5. Induce self-repair of damaged retina to restore normal visual func
tion, including repair of peripheral retina damaged by disease and/or 
PRP.  

6. Partial or full replacement of retina in end-stage DRD with ex vivo 
generated neo-retina "patch" (including peripheral retina damaged 
by disease and/or by PRP)(Bharti, 2018). 

In the context of the Moonshot efforts to develop methods to preserve 
and restore visual function in people with DRD, it is important to 
acknowledge that current “gold standards” of treatment—PRP and 
intraocular anti-VEGF therapy—are not without their limitations. Pan
retinal photocoagulation reduces peripheral visual field sensitivity, vi
sual acuity, night vision and contrast sensitivity (Fong et al., 2007). 
Bavinger et al. (2016) using high resolution OCT imaging found modest 
thinning of the RGC and inner plexiform layers, and pigment epithelium 
after PRP. Anti-VEGF therapy has as much as a 40% rate of suboptimal 
responses (less than 5 letters gained) for DME {Gonzalez, 2016 #19466; 
Walsh and Gallemore (2021). Balancing the clinical imperatives of using 
available, though imperfect, therapeutic modalities with the need to 
identify approaches which might be more accessible, less costly, appli
cable at earlier stages of disease, and more efficacious in preserving and 
restoring visual function will likely direct the Restoring Vision Moon
shot to focus its first translational efforts on improving visual function 
and quality of life in people with reduced vision following treatment for 
DME and PDR, including persons whose retinas have been damaged by 
PRP and who have failed treatment with intra-ocular anti-VEGF treat
ment (Wallsh & Gallemore, 2021). 

4. Future directions and conclusions 

Prevention and treatment of diseases continually evolves with better 
understanding of the underlying pathophysiology. Notable examples 
include the recognition of peptic ulcer disease as consequence of Heli
obacter pylori infection, not stress or spicy foods; somatic mutations as a 
cause for leukemias, lymphomas and cancers of the breast, colon, and 
melanomas; identification of the role of VEGF in ocular angiogenesis; 
and, recognizing the importance of dental hygiene to prevent tooth loss 
and reduce risk of cardiovascular disease. Diabetic retinal disease is 
more complex than simply glucose-induced microvascular disease 
{Antonetti et al., 2006 #2390} given the host of systemic metabolic and 
other factors that impact the retina with its multiple cell types, along 
with the difficulty in evaluating its pathophysiology in humans. We 
propose that a combination of structural and functional assessments and 
the development of safe methods for routine human eye “biopsies” via 
the vitreous fluid will enable clinicians to better assess severity of dis
ease and risk for progression and design more personalized therapeutic 
plans, thereby better enabling patients to maintain good vision and 
vision-related quality of life. We further audaciously propose it is 
important to restore vision in persons who have late stage DRD, as is now 
possible for inherited photoreceptor degenerations. The quality of vision 
and quality of life of the patient must be considered as the primary 
determinant of success. The role of ophthalmologists will likely evolve 
from treating advanced vision-threatening PDR and DME (“retinal fail
ure”) (Gray and Gardner, 2015) with surgical approaches, to a future in 
which we can focus on early detection and intervention to arrest pro
gression of DRD for most of the millions of affected and at risk patients, 
as nephrologists now are able to do to prevent/forestall end-stage renal 
failure (Limonte et al., 2020; Pan et al., 2021). In this future world, 
ophthalmologists will also likely perform patient-specific treatments to 
repair, rejuvenate, or replace damaged retinas, for those patients with 
low vision or blindness (thereby curing DRD). This progress will result 
from recognizing the patient and science needs along with the research 
and development opportunities. 

This is also a call to action to coalesce all stakeholders – patients, 
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funders, drug and device makers, regulators and payers – globally, to 
address a major healthcare gap that we are confident is surmountable 
with a unified “vision”. The coalition is necessary not only to expand 
resources and reach, but also to galvanize a multidisciplinary approach 
that requires the seamless yet imperative collaborations between oph
thalmologists and other disciplines due to the systemic influences 
causing and exacerbating DRD. Another critical element will be the 
development and implementation of education campaigns to create 
awareness, seek out-of-the-box solutions, stay abreast of current and 
emerging standards of care, and aspire for the holy grail of eliminating 
DRD. Like U.S. President John F. Kennedy’s original Moonshot chal
lenge, the Restoring Vision Moonshot will bring together the talent and 
resources to achieve the goal of eliminating blindness and low vision 
from diabetes. 
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