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Gene therapy in bestrophinopathies: Insights from preclinical 
studies in preparation for clinical trials
Alessia Amato, Nida Wongchaisuwat, Andrew Lamborn, Ryan Schmidt, Lesley Everett, Paul Yang, Mark E. Pennesi

Abstract:
The BEST1 gene encodes bestrophin‑1, a homopentameric ion channel expressed in the retinal pigment 
epithelium (RPE), where it localizes to the basolateral plasma membrane. Pathogenic variants in this gene 
can cause different autosomal dominant and recessive inherited retinal diseases (IRDs), collectively named 
“bestrophinopathies.” These disorders share a number of clinical and molecular features that make them an 
appealing target for gene therapy. Clinically, bestrophinopathies are often slowly progressive with a wide window 
of opportunity, and the presence of subretinal material (vitelliform deposits and/or fluid) as a hallmark of these 
conditions provides an easily quantifiable endpoint in view of future clinical trials. From a molecular standpoint, 
most BEST1 pathogenic variants have been shown to cause either loss of function (LOF) of the protein or a 
dominant‑negative (DN) effect, with a smaller subset causing a toxic gain of function (GOF). Both LOF and 
DN mutations may be amenable to gene augmentation alone. On the other hand, individuals harboring GOF 
variants would require a combination of gene silencing and gene augmentation, which has been shown to be 
effective in RPE cells derived from patients with Best disease. In this article, we review the current knowledge 
of BEST1‑related IRDs and we discuss how their molecular and clinical features are being used to design novel 
and promising therapeutic strategies.
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IntRoductIon

Pathogen ic  va r i an t s  i n  BEST1  a r e 
associa ted  wi th  a  broad group of 

dominantly and recessively inherited retinal 
diseases (IRDs), collectively referred to as the 
“bestrophinopathies,” which account for 3.5% 
of all IRDs.[1] Even though most IRDs currently 
lack a regulatory body‑approved treatment, many 
novel therapeutic strategies have been explored 
in preclinical and clinical settings. Moreover, 
the marketing of Luxturna® (voretigene 
neparvovec‑rzyl), the first approved retinal 
gene‑therapy product, contributed to increase 
interest in this field.

Most recent clinical trials have targeted 
autosomal recessive (AR) and X‑linked IRDs, 
caused by loss‑of‑function (LOF) mechanisms 
and amenable to gene augmentation. While some 

autosomal dominant (AD) disorders result from 
haploinsufficiency or dominant‑negative (DN) 
mutations,  others result  from gain of 
function (GOF), which require more complex 
editing strategies.[2] In this context, BEST1 
stands out as an optimal candidate for gene 
therapy for a number of reasons. First, AR 
bestrophinopathy (ARB) has a natural canine 
model that recapitulates the phenotype of 
its human disease counterpart.[3‑5] Second, 
dominantly inherited Best vitelliform macular 
dystrophy (BVMD), unlike many other AD 
IRDs, has the potential for gene replacement, due 
to the DN effect underlying many of its causative 
mutations.[6] Moreover, recent evidence suggests 
that a combination of gene augmentation and 
gene editing could provide a universal treatment 
strategy for all bestrophinopathies, regardless of 
the inheritance pattern.[7]

Herein, we review the structural and functional 
characteristics of the BEST1 gene, as well as the 
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phenotypic spectrum of bestrophinopathies, and discuss how 
these molecular and clinical features are being used to design 
novel promising therapies.

the Best1 gene

BEST1 is located on chromosome 11q13 and encodes 
bestrophin‑1, a 68 kDa protein with 585 amino acids, the 
first 350 of which are highly conserved among species.[8] In 
the human eye, this gene is only expressed in retinal pigment 
epithelium (RPE), where it localizes to the basolateral 
plasma membrane[9,10] and on the endoplasmic reticulum 
membrane.[11,12] Bestrophin‑1 functions as both a pentameric 
calcium‑activated chloride channel[13‑15] and a regulator of 
intracellular Ca2+ signaling.[16‑18] The crystal structure of two 
bestrophin‑1 homologs (Klebsiella pneumoniae and chicken) 
has recently been solved and provides critical insights into 
the pathophysiology of this protein.[19,20] Both structures are 
homopentameric (i.e., formed by five identical protomers) 
with a central funnel‑shaped pore. This ion permeation 
pathway has two restriction sites that confer a “flower‑vase 
shape” [Figure 1].[21] The first narrowing forms the neck region 
and is due to hydrophobic amino acids Ile 76, Phe 80, and 
Phe 84, which are highly conserved in human bestrophin‑1. 
After this restriction, the pore opens into a larger inner cavity 
that represents its positively charged cytosolic portion which 
attracts intracellular anions. Lying below the inner cavity is 
a second restriction, which in human bestrophin‑1 is due to 
the residue Ile 205. Each protomer has a calcium‑binding site, 
called the Ca2+ clasp,[19] located within its intracellular portion 
in close proximity to the neck region. These five sites (formed 
by amino acids Pro 297, Glu 300, and Asp 301‑304) assemble 
to form a belt‑like structure around the central section of 
the channel and control the closing and opening of the neck 
through calcium‑induced conformational changes of the 
protein. The Ca2+ clasps are therefore critical regions and 
mutations affecting their corresponding amino acid residues 

can decrease or alter the function of the channel. Indeed, while 
loss of function mutations act by destabilizing the protein 
and can occur throughout the gene, many dominantly acting 
variants have more specific effects and have been found to 
cluster in or around the first restriction and the Ca2+ clasp.[22]

the clInIcal spectRum of bestRophInopathIes

Pathogenic variants in the BEST1 gene have been associated 
with at least five different phenotypic presentations: BVMD, 
adult‑onset foveomacular vitelliform dystrophy (AOFVD), 
AD vitreoretinochoroidopathy (ADVIRC), retinitis 
pigmentosa (RP), and ARB, the latter being the only 
recessively inherited bestrophinopathy. Since the RPE is the 
source of the standing potential of the eye, a reduced light 
peak (LP) on the electrooculogram (EOG), which indirectly 
measures the amplitude of this potential, is a hallmark 
of all bestrophinopathies.[23] However, several cases of 
BEST1‑associated IRDs presenting with a normal EOG have 
been described and an Arden ratio >1.65 was measured in 
8% of cases in a case series of 113 patients with AD or AR 
bestrophinopathies.[24] Importantly, most bestrophinopathies 
exhibit a slow rate of decline and central photoreceptors (PRs) 
usually remain viable for decades despite the presence of 
subretinal vitelliform material and/or fluid.[21] This feature 
provides a long therapeutic window for novel treatment 
options, and makes BEST1 a compelling target for gene‑ and 
cell‑based therapies.

Best vitelliform macular dystrophy
BVMD, also known as Best disease, inherited in an AD 
fashion, is the most common bestrophinopathy. BVMD is 
characterized by highly variable expressivity, both among 
and within families,[25,26] with many asymptomatic patients 
lacking fundus lesions on examination but often showing subtle 
changes on optical coherence tomography (OCT) or fundus 
autofluorescence (FAF), as described below. Five stages have 
been described based on ophthalmoscopy, OCT, and FAF, 
although these stages do not always occur in all patients or 
might be missed by episodic examinations.[27,28]

In stage 1 (previtelliform), the fundus is unremarkable, but 
imaging modalities are able to detect early signs of disease. 
OCT can show a thicker and more reflective appearance of 
the interdigitation zone (the layer between the RPE and the 
outer segments [OSs]).[28,29] Short‑wavelength FAF is normal, 
while near‑infrared FAF is abnormal with loss of central 
hyperautofluorescence.[30] In stage 2 (vitelliform), a yellow, 
well‑demarcated vitelliform lesion develops in the central 
macula, appearing as a dome‑shaped subretinal hyperreflective 
structure on OCT and displaying hyperautofluorescence on 
FAF [Figure 2]. In stage 3 (pseudohypopyon), the subretinal 
material partially liquifies and can gravitate inferiorly, 
resulting in a lesion that resembles anterior chamber 
hypopyon [Figure 3]. Over time the egg yolk vitelliform 
material is resorbed, producing a “scrambled‑egg” appearance 
on ophthalmoscopy and clumping of hyperreflective material 

Figure 1: Schematic representation of the bestrophin‑1 protein, an anion 
channel that localizes to the basolateral membrane of the retinal pigment 
epithelium (RPE) cells
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mainly on the posterior retinal surface on OCT that is typical of 
stage 4 (vitelliruptive). Finally, the disease can result in macular 
atrophy or fibroatrophic lesions, which characterize stage 5, as 
shown in Figure 4. Choroidal neovascularizations (CNVs) can 
be detected in up to 65% of patients by OCT angiography.[31] 
More specifically, nonexudative CNVs have been reported 
to be present in the vast majority of eyes (up to 96%) at the 
vitelliruptive or fibroatrophic stage, and they are usually not 
treated.[31] CNVs are more rare in patients with stage 2–3 
disease (up to 13%), and they are frequently exudative, often 
requiring intravitreal injections of antivascular endothelial 
growth factor agents.[31] While typical Best disease is bilateral 
and unifocal, it can also display atypical features, with 
unilateral,[32,33] multifocal,[34] and asymmetrical presentations.

Adult‑onset foveomacular vitelliform macular dystrophy
AOFVD is characterized by subretinal vitelliform macular 
lesions and is usually diagnosed after the age of 40 years. 
These lesions can increase and decrease in size and eventually 
leave an area of central atrophy, resulting in decreased visual 
acuity (VA).[35] While a minority of patients with AOFVD are 
found to have pathogenic variants in the BEST1, PRPH 2, 
IMPG1, or IMPG2 genes, many cases are idiopathic.[35] 
Although AOFVD was initially thought to be a clinically 
distinct entity from BVMD, some authors have proposed that 
individuals with AOFVD carrying BEST1 pathogenic variants 
should be reclassified as a milder form of BVMD.[8]

Autosomal dominant vitreoretinochoroidopathy
ADVIRC is a rare condition characterized by a peripheral 
retinal circumferential hyperpigmented band, punctate 
white retinal opacities, fibrillar condensation of the vitreous, 
vascular abnormalities, and neovascularization.[36] ADVIRC 
can also cause anterior segment manifestations, including 
narrow angles and early‑onset cataracts.[8] Interestingly, 
this bestrophinopathy has been shown to result from BEST1 
pathogenic variants that cause exon skipping, thus leading 

to the production of shortened and internally deleted 
isoforms.[37] Microcornea, rod‑cone dystrophy, cataract, 
and posterior staphyloma (MRCS) is a rare BEST1‑related 
phenotype, which like ADVIRC seems to be caused by 
splicing‑altering pathogenic variants.[27] The few published 
reports described an entity with near‑identical presentation 
to that ADVIRC,[38,39] and the two conditions have been 
hypothesized to be the same disease.[8]

Retinitis pigmentosa
The association between RP and BEST1 variants was first 
reported in five unrelated families; three out of four missense 
pathogenic variants appeared to be AD, while one of them 
was AR.[40] It has subsequently been suggested that RP 
associated with BEST1 pathogenic variants actually represents 
misdiagnosed ADVIRC,[41] while a more recent report 
described the case of a patient with a heterozygous 10 kbp 
deletion in the BEST1 gene who also had several other single 
pathogenic variants in known RP genes, leading the authors 
to hypothesize a multigenic inheritance for BEST1‑associated 
RP.[42]

Autosomal recessive bestrophinopathy
ARB is the only bestrophinopathy caused by biallelic 
pathogenic variants in BEST1.[16,43] It typically presents 
with multifocal vitelliform material along the arcades 
and subretinal fluid (SRF) on OCT, but ARB has a broad 
phenotypic spectrum which includes mid‑peripheral patches 
of RPE atrophy, subretinal drusen‑like deposits, as well 
as anterior segment manifestations, such as iridocorneal 
abnormalities, reduced axial length, and a shallow 
anterior chamber with increased risk of angle‑closure 
glaucoma.[22] OCT can show intraretinal fluid, OS elongation, 

Figure 2: Multimodal imaging of the vitelliform stage of Best disease. 
(a) Pseudocolor fundus photo shows a round vitelliform lesion centered 
on the fovea. (b) Fundus autofluorescence (FAF) shows homogeneous 
hyperautofluorescence of the macular vitelliform lesion. (c) On optical 
coherence tomography (OCT), the vitelliform material appears as a dome‑
shaped subretinal hyperreflective lesion
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Figure 3: Multimodal imaging of the pseudohypopyon stage of Best 
disease. (a) Pseudocolor fundus photo showing the yellow material 
that accumulates inferiorly to form a pseudohypopyon appearance. (b) 
Fundus autofluorescence better highlights the level between the inferior 
vitelliform deposit and the resorbed portion of the lesion. (c) Optical 
coherence tomography (OCT) B‑scan passing vertically through the 
lesion (as shown by the green dotted line in panel A) shows the two 
different zones that characterize the pseudohypopyon lesion: in the upper 
part, OCT shows a hyporeflective area with clumping of hyperreflective 
material on the posterior retinal surface; in the lower part, the inferiorly 
gravitated vitelliform material appears as a subretinal hyperreflective lesion

c

ba
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SRF, subretinal deposits, subretinal fibrosis, and shallow RPE 
detachments often associated with focal choroidal excavation, 
as shown in Figure 5.[22] Choroidal thickening on enhanced 
depth imaging‑OCT is another frequently reported feature, 
often leading to misdiagnosis of chronic central serous 
chorioretinopathy.[44]

Although ARB has been thought to represent the human “null” 
phenotype for BEST1,[16,45] this theory is still controversial. 
Evidence in favor of the “null phenotype” hypothesis includes 
several ARB patients who are homozygous for truncating 
mutations,[16] as well as the naturally occurring canine BEST1 
knockout model, which shows clinical features similar to 
those seen in human ARB.[3] However, the variants that have 
been associated with ARB vary from missense to truncations 
to single base changes in introns, and this mutation spectrum 
seems to correspond to a clinical spectrum of retinal 
dysfunction. Casalino et al. observed that ARB patients 
carrying null alleles had an earlier onset of disease and a 
faster decline in VA compared to noncarriers, although these 
differences did not reach statistical significance.[22] This led 
the authors to speculate that, rather than ARB representing 
the null phenotype, affected individuals have a significant 
reduction in BEST1 activity, which can range from total 
absence in truly nullizygous patients to partial functional 
preservation in those with at least one hypomorphic, usually 
missense, variant.[22]

InheRItance patteRns and moleculaR mechanIsms 
of monogenIc dIseases

To better understand the challenges of gene‑based therapies in 

BEST1‑related retinopathies, it is fundamental to be familiar with 
the basic terminology and concepts used in Mendelian genetics.

Inheritance patterns show the transmission of phenotypes 
to offspring. When a gene is located on an autosomal 
chromosome (like BEST1), there are two possible types of 
inheritance:
• AD: The disease manifests in individuals who are 

heterozygotes for a disease‑causing variant;
• AR: Both alleles of a given gene need to have a change 

in their DNA sequence for the subject to be affected.

Inheritance patterns of monogenic diseases, however, should 
not be confused with their molecular mechanisms, that is, 
the effect of a mutation at the protein level. Disease‑causing 
variants can act via three main mechanisms, which may present 
different patterns of inheritance [Figure 6]:[46]

• LOF: These mutations are usually recessively inherited 
and act by reducing (hypomorphic) or (null or amorphic) 
the normal biological activity of a protein. LOF mutations, 
however, can also be dominantly inherited: this scenario, 
referred to as haploinsufficiency, occurs when a gene’s 
function is dosage‑sensitive and both alleles are required 
to express a sufficient amount of protein

• GOF: These mutations cause disease by increasing protein 
activity (hypermorphic) or introducing a completely 
new function (neomorphic). The vast majority of GOF 
mutations are dominant, although there are some rare 
examples of recessive GOFs, none of which pertain to 
the field of ocular genetics[46]

• DN: These dominantly inherited mutations are considered 
antimorphic, characterized by the mutant protein blocking 
the normal biological function of the wild‑type (WT) 
protein. DN effect can occur via competition‑based 
mechanisms, in which there is no direct interaction between 
the WT and mutant proteins. However, more often these 
DN mutations act by the poisoning of macromolecular 

Figure 4: Multimodal imaging of a choroidal neovascularization (CNV) 
in best disease. (a) Fundus photo shows the central vitelliform lesion 
associated with subretinal blood. (b) Optical coherence tomography (OCT) 
angiography highlights the neovascular network. (c) OCT B‑scan passing 
through the lesion (as indicated by the green dotted line in panel A) shows 
the presence of three components in the subretinal space: a dome‑shaped 
hyperreflective lesion corresponding to the CNV, an overlying ill‑defined 
hyperreflective material corresponding to blood, and a hyporeflective 
space containing fluid
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Figure 5: Multimodal imaging of autosomal recessive bestrophinopathy 
(ARB). (a) Pseudocolor fundus photo shows multifocal vitelliform lesions 
and drusen‑like deposits along the arcades. (b) Fundus autofluorescence 
better highlights the presence of patchy areas of atrophy. (c) Optical 
coherence tomography B‑scan passing vertically through the lesion (as 
indicated by the green dotted line in panel A) shows some of the typical 
features of ARB, including intraretinal fluid, focal choroidal excavation, 
and subretinal deposits

c

ba
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complexes. The latter mechanism is typical of genes 
encoding polymeric proteins, such as BEST1, which rely 
on the ability of the gene product to coassemble into a 
complex with WT subunits. The resulting hybrid WT: 
mutant complex can then be nonfunctional, mislocated, 
or subject to enhanced degradation.

Distinguishing among these molecular mechanisms is a key 
factor for the design of effective treatment strategies. Both AD 
and AR LOF mutations can be successfully rescued by gene 
replacement alone. DN mutations have the potential to be 
treated by simply increasing normal protein levels, although 
higher augmentation dosages may be necessary for variants 
with a greater dominant effect. GOF mutations result in an 
aberrant product that is damaging to the cell that expresses it, 
thus necessitating gene editing or suppression as opposed to 
supplementation alone.

Molecular mechanisms of BEST1 mutations
To date, over 250 distinct BEST1 pathogenic variants have been 
identified in bestrophinopathy patients, but their pathological 
mechanisms often remain unclear.[7] The majority of BEST1 
pathogenic variants are dominantly inherited.[8] While the 
inheritance pattern of a mutation can be an indicator of its 
molecular mechanism, these concepts should not be used 
interchangeably (e.g., LOF as a synonym for recessive and 
GOF as a synonym for dominant) for two main reasons. First, 
as described above, although uncommon in the setting of 
IRDs, there are cases in which LOF mutations are dominantly 
inherited (haploinsufficiency). Second, disease‑causing 
variants that are dominant at a clinical level (i.e., patients only 
have one mutated allele) can sometimes behave recessively 
at a molecular and cellular level that is when expressed at a 
1:1 ratio with the WT protein in vitro.[7] This scenario, known 
as allelic expression imbalance (AEI), is characterized by a 
higher transcription level of the mutant allele, and it has been 
previously observed at the BEST1 locus in human RPE,[7,47] 
with important therapeutic implications. A recent study 

quantitatively examined the functional influence of nine 
dominantly inherited patient‑derived mutations on the channel 
activity when the mutant and WT BEST1 were coexpressed at 
various ratios in HEK293 cells.[7]

Interestingly, six of these mutations were found to actually 
behave recessively in vitro at a 1:1 ratio with the WT BEST1 
and required a superior 4:1 ratio to exhibit the mutant 
phenotype. This indicates that AEI of BEST1 transcription 
contributes to determine a dominant‑negative effect in patients 
harboring these variants, and provides preclinical evidence 
that many dominantly inherited mutations can be rescued by 
gene augmentation.[6] Moreover, this allele‑specific epigenetic 
control provides an explanation for incomplete penetrance 
and variable clinical expressivity in patients bearing the same 
variant.[7]

However, the same study found that three of the clinically 
dominant pathogenic variants turned out to also behave 
dominantly at a cellular level, even at an inferior 1:4 ratio 
with the WT BEST1. This type of variant cannot be rescued 
by gene supplementation and requires other approaches. 
A combination of gene editing via CRISPR/Cas9‑mediated 
silencing of endogenous BEST1 with gene replacement 
was shown to effectively overcome the strong dominant 
effect of GOF mutations in vitro,[7] potentially providing a 
universal strategy for the treatment of all bestrophinopathies, 
regardless of their mutation type. Recessive LOF mutations 
responsible for ARB have been shown to reduce (hypomorph) 
or abolish (null) the function of the channel in vitro,[48] 
and preclinical studies demonstrated that these types of 
patient‑derived mutations are rescuable with viral gene 
supplementation,[7,49,50] providing proof of concept of the 
efficacy of this strategy in ARB.

gene theRapy In bestRophInopathIes

The human eye is an ideal site for gene therapy for a number 

Figure 6: Diagram showing the three main molecular mechanisms through which pathogenic variants can cause diseases and their possible inheritance 
patterns. WT: Wild‑type
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of reasons including the relative immune privilege conferred 
by the blood–retinal barrier, the possibility to use fellow eyes 
as controls to assess efficacy and safety in early phase studies, 
and the accessibility which allows for noninvasive studies to 
be performed before and after treatment.[2]

BEST1‑related IRDs share some features that make them a 
compelling target for gene therapy approaches.[21]

First, BEST1 is a relatively small gene which is exclusively 
expressed at the level of the RPE in the human eye, 
making it an appealing candidate for adeno‑associated 
virus (AAV)‑mediated gene therapy, since numerous serotypes 
exhibit a good tropism for these cells.[51]

Moreover, while bestrophinopathies are progressive, the rate 
of decline is typically slow and allows a wider therapeutic 
window, as central PRs remain viable for decades and many 
patients maintain an excellent VA until their fifth decade of 
life. However, this also means that a mindful assessment of 
the risk–benefit ratio is required before exposing subjects 
with preserved vision to potentially sight‑threatening surgical 
procedures.[52]

In addition, the presence of subretinal vitelliform material 
and/or fluid as a hallmark of these diseases provides easily 
quantifiable endpoints. Relying on OCT thickness to establish 
efficacy, rather than on outcome measures aimed at assessing 
cell preservation, offers the potential for utilization of smaller 
sample sizes for future clinical trials[21] and could even reduce 
the gap between early‑phase interventional studies and 
approval of a treatment by regulatory bodies.

Although there are currently no active trials for 
bestrophinopathies, many promising preclinical studies have 
provided proof of concept of the translational potential of gene 
therapy for future clinical use.

Insights from animal models
Canine multifocal retinopathy (cmr) is a spontaneous 
early‑onset disease caused by biallelic mutations in the BEST1 
dog ortholog (cBEST1), which were found to recapitulate 
the full spectrum of clinical, molecular, and histological 
features of the human counterpart.[3] The cmr disorder can 
result from any of three distinct mutations identified to date in 
cBEST1, which spontaneously occur in 11 dog breeds: R25X, 
an early stop mutation resulting in BEST1 null phenotype; 
G161D, a missense variant causing protein misfolding and 
mistrafficking; and P464fs, a frameshift mutation truncating 
the bestrophin‑1 C‑terminus.[53]

Guziewicz et al. demonstrated that the earliest abnormality 
in cmr is a retina‑wide RPE‑PR interface alteration,[50] caused 
by impaired calcium signaling. The anatomical apposition and 
sustained interaction between RPE apical microvilli (MVs) and 
PR OSs (POSs) are considered crucial for normal vision.[50] MV 
extensions expand the functional surface of a single RPE cell 
by 20‑ to 30‑fold in the central retina,[54] and by approximately 
50‑fold for the small RPE cells in the macular region.[55] 

Therefore, the underdevelopment of these apical projections 
in cBEST1‑mutant eyes results in a decreased number of 
transport and signaling molecules and, ultimately, in a reduced 
adhesiveness with POS.[56] This RPE‑PR interface disruption 
manifests on OCT as a hyporeflective layer located distal to the 
outer nuclear layer (ONL). These diffuse microdetachments, 
which have been detectable as early as 11 weeks of age, well 
before any other ophthalmoscopic lesion, were shown to 
expand with light exposure in vivo.[50] From this subclinical 
stage, cmr progresses to form a macrodetachment limited to 
the canine fovea and surrounded by microdetachments. The 
advanced stages were characterized by a partial resorption and 
dispersion of the vitelliform material within the central lesion, 
associated with significant thinning of the ONL.

Because of its similarity to human bestrophinopathy, cmr 
is particularly suited for carrying out mechanistic studies, 
as well as for the development and testing of therapeutic 
strategies, such as recombinant AAV‑based gene augmentation 
therapy. AAV‑mediated subretinal injection of canine 
ortholog (cBEST1) or human BEST1 (hBEST1) transgene in 22 
cBEST1 eyes with different genotypes has yielded promising 
results. Both cBEST1 and hBEST1 treatments determined 
an early (4–12 weeks postinjection) lesion reversal with a 
sustained long‑term effect (up to 245 weeks postinjection), 
and neither was associated with inflammatory responses.[50] 
Gene replacement therapy also corrected the light‑modulated 
microdetachments, as demonstrated by the substantial 
reduction of the distance between the inner segment (IS)/OS 
band and the RPE‑tapetum interface. These results suggest 
that this approach can restore the cytoarchitecture of the 
RPE‑PR interface at a molecular level, indicating a potential 
for treatment of both early and advanced stages of AR disease.

While cmr is well suited for the development of treatment 
strategies, the utility of other animals as disease models is 
less clear. BEST1‑/‑knockout mice do not exhibit a phenotype 
reminiscent of bestrophinopathy, and no differences in chloride 
currents were found between BEST1 knockout and WT mice.[57] 
In contrast, knock‑in mice carrying the BVMD‑causing W93C 
mutation, common in human patients, show a phenotype that 
is similar to BVMD, including a dominant inheritance and 
incomplete penetrance,[58] as well as a reduced LP on EOG[59] 
and the development of ophthalmoscopically evident serous 
retinal detachments.[8]

Insights from In vitro studies
An alternative to animal models, stem cells can be derived from 
patients’ fibroblasts to obtain the so‑called induced pluripotent 
stem cells (iPSCs), which can then be differentiated into RPE 
(iPSC‑RPEs). iPSC‑RPEs provide a useful experimental 
system to study bestrophinopathies and to assess the efficacy 
of gene therapy on specific patient‑derived mutations. Li et al. 
reported that impaired Cl − current in RPE derived from an 
ARB patient was rescuable by baculovirus (BV)‑mediated 
supplementation of the WT BEST1 gene.[49] While these results 
provided proof of concept for treating recessive variants by 
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gene replacement, most BEST1 mutations are dominantly 
inherited. As canines do not have BEST1 dominant mutation 
genotypes and BEST1 knockout mice do not show any retinal 
phenotype or Cl − current abnormality, iPSCs stand out as a 
promising model for testing the rescue of BEST1 dominant 
mutations.[6]

Determining the disease‑causing mechanism of dominant 
variants is crucial to assess the therapeutic potential of gene 
replacement, as well as to determine the need for suppression 
of the mutant allele as part of the treatment strategy. Many 
of the dominantly inherited BEST1 pathogenic variants have 
been shown to determine a complete or partial deficiency 
of channel activity,[6] mostly resulting from the interaction 
between mutant and WT protomers, consistently with a DN 
effect favored by AEI of BEST1 transcription.[7] Therefore, at 
least in principle, as long as the mutation does not result in a 
toxic GOF of the bestrophin‑1 protein, it should be possible to 
overwhelm the mutant BEST1 by delivering an excess of WT 
BEST1. Importantly, overexpression of WT hBEST1 has been 
shown to be well tolerated in a canine model.[53]

Patient‑derived RPEs of dominantly inherited BEST1 
mutations result in defective channel activity at a molecular 
level and were successfully rescued by gene augmentation via 
BV, AAV,[6] and lentivirus vectors.[60] For non‑GOF variants, 
supplementation restores the diminished Cl − currents in 
iPSC‑RPEs with the same dose and time dependency regardless 
of the mutation type (dominant vs. recessive) or deficiency 
level (null vs. partial).[6]

The only pathogenic variants that are not amenable to gene 
replacement alone are those acting through a GOF molecular 
mechanism. These are the mutations that display a DN 
behavior when co‑expressed at a 1:1 (or even lower) ratio 
with WT BEST1. There are two strategies to overcome the 
DN effect of GOF mutations: specific silencing of the mutant 
allele or nonselective silencing of both endogenous alleles 
and simultaneous supplementation of an exogenous WT gene. 
A CRISPR/Cas9‑based gene silencing vector (BVSi) was 
used in three iPSC‑RPEs of GOF mutations to suppress the 
endogenous BEST1 expression and successfully coupled with 
BV‑mediated augmentation.[7] The restoration of Cl − currents 
to WT levels for all three mutations provides evidence that the 
silencing plus augmentation strategy may be feasible for the 
treatment of all bestrophinopathies.[7]

conclusIon

The retina has been the frontier of translational gene therapy 
for over two decades. Although there is yet to be an active 
clinical trial for any of the bestrophinopathies, BEST1 is one 
of the most frequently mutated genes in the IRD population[1] 
and the associated genotype has a number of characteristics 
that make it suited for gene therapy. Bestrophinopathies 
are slowly progressive diseases with a wide window of 
opportunity for clinical trial success, including clear and 
quantifiable endpoints, broad treatment window, and relatively 

highly affected population.[21] At a molecular level, BEST1 
mutations have been shown to mostly act through a LOF or a 
DN mechanism,[6,21] both of which can be effectively treated 
by gene augmentation.[6,7,50] In addition, the combination of 
gene silencing and gene supplementation holds promise as 
an effective strategy for treating the smaller subset of patients 
harboring GOF variants.[7]

In conclusion, over the last decade, a conspicuous body of 
literature has supported the efficacy of gene therapy approaches 
in all types of BEST1 mutations, providing hope for clinical 
translation in the near future.
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