Cone Disorders

Abstract

Cone disorders (CDs) are a group of inherited diseases of
the cone, or cone and rod photoreceptors,or retinal pigment
epithelium that are associated with various forms of station-
ary or progressive visual impairment.

They include achromatopsia (ACHM), cone dystrophy
(COD) cone-rod dystrophy (CRD), color vision impairment,
Stargardt disease (STGD) and other maculopathies.Non-syn-
dromic inherited CDs are pathogenetically associated with
forty-two genes.

Cone disorders present with a variety of clinical findings,
including reduced visual acuity, photophobia and abnormal
color vision.

The main diagnostic tools that can be used, except for the
usual tests of visual acuity, colour vision and visual field
testing are full-field electroretinogam(ffERG), fundus and
near-infrared autofluorescence, optical coherence tomogra-
phy(OCT) and spectral-domain optical coherence tomogra-
phy(SD-OCT).

As far as cone disorders’ treatment is concerned, gene
therapy,molecular diagnosis and cell replacement therapies
are useful tools,whereas there isn’t currently any specific
therapeutic plan preventing the evolution of cone and cone-
rod dystrophies.The visual prognosis is generally poor, even
though some treatment choices have been referred, including
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red filters and intravitreal injection of autologous bone mar-
row-derived mononuclear cells.
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CAUSES-PATHOFYSIOLOGY

Hereditary cone disorders (CDs) constitute a large clin-
ically heterogeneous group of diseases in which the cone
photoreceptors or retinal pigment epithelium (RPE) are pri-
marily affected and include achromatopsia (ACHM), cone
dystrophy (COD),cone-rod dystrophy (CRD), color vision
impairment, Stargardt disease (STGD) and other macu-
lopathies. They can follow all modes of Mendelian inheri-
tance, that means autosomal recessive(AR), autosomal
dominant (AD) and X-linked (XL) and can present as non-
syndromic and syndromic forms.

Forty-two genes have been implicated in non-syndromic
inherited CDs. Despite the high clinical and genetic hetero-
geneity of CDs the genetic defects underlying 21-93% of
certain subsets of the cases have been identified. The pro-
teins encoded by CD-associated genes are involved in a va-
riety of processes, including the cone phototransduction
cascade, photoreceptor development, ciliary transport, disk
membrane morphogenesis and synaptic transport. In gen-
eral, the phototransduction cascade (the processes involved
in the conversion of light into an electric neural signal)
(FIGURE 1), takes place in the outer segments of the rod
and cone photoreceptors, the structure of which is depicted
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FIGURE 1: Representation of molecular steps in photoactivation. Depicted is an outer membrane disk in a rod. Step 1:
Incident photon (hv) is absorbed and activates a rhodopsin by conformational change in the disk membrane to R*. Step 2:
Next, R* makes repeated contacts with transducin molecules, catalyzing its activation to G* by the release of bound GDP in
exchange for cytoplasmic GTP, which expels its  and 'y subunits. Step 3: G* binds inhibitory y subunits of the phosphodi-
esterase (PDE) activating its a and f subunits. Step 4: Activated PDE hydrolyzes cGMP. Step 5: Guanylyl cyclase (GC) syn-
thesizes cGMP, the second messenger in the phototransduction cascade. Reduced levels of cytosolic cGMP cause cyclic
nucleotide gated channels to close preventing further influx of Na+ and Ca2+.

below (FIGURE 2) and defects in various components of
it can lead to CD that means the red and green opsins, the
cone transducin a subunit, the cone phosphodiesterase a’
and vy subunits, the cone-specific cGMP-gated a and {3 sub-
units, the retinal guanylyl cyclase-1 and the voltage-gated
potassium channel subunit.
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FIGURE 2: Structure of rod and cone photoreceptors.
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It is estimated that AR/isolated CDs are found in 76.7%
of cases, AD inheritance in 21.6% of cases and Xlinked in-
heritance in the remaining 1.4%.

Regarding achromatopsia (ACHM)), it affects 1:40,000
individuals and is exclusively inherited in an AR manner. Its
genetic etiology has been almost completely unraveled. Mu-
tations in five genes (CNGB3, CNGA3, PDE6C, GNAT?2,
PDEG6H, with the largest contribution by CNGB3, followed
by CNGA3)are associated with ACHM and explain 93% of
cases in the Caucasian population. All causal genes encode
proteins essential in the cone phototransduction cas-
cade.!?343

As far as cone dystrophies is concerned they are an het-
erogeneous group of inherited disorders, resulting in dys-
function of the cone photoreceptors.® Apart from the cone,
the cone-rod dystrophies belong also to the genetically and
phenotypically very heterogeneous group of retinal degen-
erations.

According to the disease course, both kind of dystrophies
can be divided into stationary and progressive disorders or
by the genetic mode of inheritance into autosomal-recessive,
autosomal-dominant and X-linked traits. To date,
seven,mainly, genes for autosomal-recessive and nine for
autosomal-dominant inherited forms of cone and cone-



rod dystrophy, as well as two underlying genes on the X
chromosome, have been identified.”

As far as the stationary cone dystrophies is concerned,
they have received more attention, so our knowledge of their
molecular genetic, psychophysical and clinical characteris-
tics is better developed. On the other hand, various methods
of classification have been proposed for the progressive
cone dystrophies, but none of them is completely satisfac-
tory, primarily because the underlying disease mechanisms
are poorly understood.®

A few years ago, however, a linkage was demonstrated
between autosomal dominant progressive cone dystrophy
(CORDYS) and genetic markers on chromosome 17p12-p13
in a five-generation Swedish family.This survey was later
continued by another group of scientists, as the gene causing
the disease was not identified with the previous research.
Thus, a mutation (p.Q626H) in the phosphatidylinositol
transfer (PIT) membrane-associated protein (PITPNM3)
(MIM 608921) was found in two Swedish families.
PITPNM3, known as a human homologue of the Drosophila
retinal degeneration B (rdgB), lacks the N-terminal PIT do-
main needed for transport of phospholipids, renewal of pho-
toreceptors membrane and providing the electroretinogram
(ERG) response to light. In that study, the mutation causing
CORDS is located in the C-terminal region interacting with
a member of nonreceptor protein tyrosine kinases, PYK?2.
The finding on the first mutation in the human homologue
of Drosophila rdgB indicates novel pathways and a potential
important role of the PITPNM3 in mammalian phototrans-
duction.®?

Additionally,it was found that CORDS is characterized
by predominant cone dysfunction without signs of general
involvement of the retinal pigment epithelium. The rod sys-
tem also seems to be unaffected.In that way, CORDS is dif-
ferent from other autosomal dominant CORDs where rod
involvement is present to some degree in a late phase of the
disease.!”

Another gene associated with cone dystrophy is KCNV2,
which encodes a voltage-gated potassium channel subunit
in cone and rod photoreceptors and mutations cause the vi-
sual disorder ‘COD with supranormal rod responses on
ERG’.!

Regarding cone rod dystrophies (CRDs), their preva-
lence is 1/40,000 and they are inherited retinal dystrophies
that belong to the group of pigmentary retinopathies. The
four major causative genes associated with the pathogenesis
of CRDs are ABCA4 (which causes Stargardt disease and
also 30 to 60% of autosomal recessive CRDs), CRX and
GUCY2D (which are responsible for many reported cases
of autosomal dominant CRDs) and RPGR (which causes an
undetermined percentage of X-linked CRDs).'? In CRD pa-
tients with two pathogenic ABCA4 variants, the observed
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visual prognosis is significantly worse than in patients with
mutations in other genes, with a mean age of legal blindness
more than 20 years earlier.'* GUCY2D mutations have been
reported as a frequent cause for both autosomal dominant
cone and cone-rod dystrophies [CORD6 (MIM 601777)].
Lately however, a novel recessive GUCY2D mutation in a
family with autosomal recessive cone-rod dystrophy was
identified, which is the first recessive GUCY2D mutation
associated with an autosomal recessive form of CORD.
More specifically, a sole homozygosity region on chromo-
some 17p13.3 was identified and GUCY2D, which encodes
retina-specific guanylyl cyclase (retGC) and resides in this
region, was selected as a strong candidate gene, due to its
correlation with the dominant forms of cone and cone-rod
dystrophies. Previously, recessive GUCY2D mutations have
been associated with LCA (Leber’s congenital amaurosis),
which is the most severe form of inherited retinopathies and
a common cause of childhood blindness. Therefore, that
study linked for the first time a recessive GUCY2D mutation
with a new phenotype, CORD. In this gene, CORD has been
associated with only dominant mutations so far.'*!5 It is also
possible that highly deleterious genetic mutations that oth-
erwise cause Retinitis Pigmentosa or macular dystrophy may
also lead to CRDs."?

Regarding the genetic mutations related to rod-cone dy-
strophies, many genes have been implicated in the patho-
physiology of RCD, but several others remain to be
identified.

Among the most known, is the RPE65 gene, where mu-
tations on both alleles were found to be associated with
early-onset severe rod—cone dystrophy. The RPE65 gene en-
codes a protein located in the retinal pigment epithelium
called ‘retinal pigment epithelium-specific protein 65kDa’
which is involved in the conversion of all-trans retinol to 11-
cis retinal during phototransduction and is then used in vi-
sual pigment regeneration in photoreceptor cells.'®

A recent research also showed another mutation in a cil-
iary gene, which encodes the centrosomal protein kizuna
(KIZ) and is associated with autosomal-recessive rod-cone
dystrophy."”

A mutation in the tyrosine kinase receptor gene MERTK
was also connected to severe rod-cone dystrophy.'®

Regarding the color vision impairment, its most fre-
quent form is dichromacy, which is observed in ~6% of
males and 0.4% of females.

Normal human color vision is mediated by three types
of cone photoreceptors that are maximally sensitive to light
at 565 nm (the red cones, long [L] wavelength sensitive), at
535 nm (the green cones, middle [M] wavelength sensitive)
and at 440 nm (the blue cones, short [S] wavelength sensi-
tive). The rods are maximally sensitive to light at 500 nm,
mediate vision in dim light and contribute little to color
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sense. Therefore humans have generally trichromatic color
perception. Dichromats have lost one class of pigment, ei-
ther the L, M or S pigments and are named protanopes,
deuteranopes and tritanopes respectively, the latter of which
are very rare. In most cases, protanopes and deuteranopes
carry deletions of the red (OPNILW) or green (OPN1MW)
pigment genes.'??

Blue cone monochromatism (BCM) belongs also to the
color vision disorders and especially XL-BCM is very rare
with a prevalence of 1:100,000 individuals.?! The red and
green cone opsins are absent which can be explained by
deletions in the locus control region, the region regulating
transcription of the red and green opsin genes.?

Bornholm eye disease, belonged also to the category of
diseases characterized by color vision impairment, is an XL
disease where linkage analysis mapped the defect to a chro-
mosomal region encompassing the red and green opsin gene
array, suggesting overlap with congenital color blindness
(deuteranopia). Recently, families with Bornholm eye dis-
ease, that display dichromacy and myopia, were shown to
carry sequence variants in the first OPNILW gene copy,
which presumedly lowers the amount of functional pro-
tein.23’24’25

A rare condition included also to diseases with color vi-
sion impairment is oligocone trichromacy (OT),where pa-
tients have a reduced number of central cones or a reduced
number in total number of cones (oligocone). The disease
has an AR inheritance and genetically there is considerable
overlap with ACHM, as mutations in CNGA3, CNGB3 and
GNAT?2 have been associated with this form of cone disor-
der.26,27

Regarding the maculopathies, Stargardt disease
(STGD1) is the most prevalent inherited AR juvenile retinal
dystrophy, with an estimated frequency of ~1:10,000,
whereas fundus flavimaculatus is a largely overlapping phe-
notype with a later onset, slower progression and more wide-
spread distribution of flecks.

As already referred, STGDlis associated with ABCA4
gene. More specifically, a combination of a mild and a se-
vere, or two moderately severe mutations in ABCA4 gives
rise to STGD1,%? whereas the combination of two severe
mutations in ABCA4 are known to cause panretinal, severe
CRD which, at the end stage, may be difficult to discriminate
from typical retinitis pigmentosa (RP).*

There are also some other noteworthy maculopathies, in-
cluding AD central areolar choroidal dystrophy (CACD), as-
sociated with mutations in PRPH2, “pseudo- Stargardt
pattern dystrophy” ' pattern dystrophies like butterfly-
shaped pigment dystrophy (BSMD) and adult-onset foveo-
macular vitelliform dystrophy, as well as AD retinitis
pigmentosa.*?

The PRPH2 protein product RDS/peripherin is a pho-
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toreceptor-specific glycoprotein crucial in photoreceptor
outer segment discs development and maintenance 3333
Some heterozygous variants in the gene encoding RDS
(PRPH2), are associated with AD cone disorders.’* More
specifically,it has been suggested that abnormal RDS/periph-
erin protein leads to an altered cone and potentially altered
rod outer segment structure.’” This may interfere with the
photoreceptor outer segment-RPE interaction leading to ac-
cumulation of lipofuscin and byproducts in the RPE cells re-
sulting in apoptotic cell death of RPE and photoreceptor
cells. Pattern dystrophies due to PRPH2 mutations are as-
sumed to arise by disruption of the photoreceptor disc mem-
branes .3

Best vitelliform macular dystrophy, is a member of the
group of “bestrophinopathies”, caused by AD inherited mu-
tations in the BEST1 (or VMD?2) gene, which encodes the
bestrophin-1 protein, a calcium-activated chloride channel
located at the baso-lateral membrane of RPE cells, that also
influences voltage-gated calcium channels within the RPE.
Furthermore, BEST1, localized mostly to the ER (endoplas-
mic reticulum) close to the baso lateral plasma membrane,
is involved in the storage-dependent Ca-influx into RPE
cells.* Hypothetically, causes of RPE dysfunction in BVMD
are related to abnormal ionic transport leading to the accu-
mulation of subretinal fluid and vitelliform material origi-
nating from photoreceptor outer segment waste products and
lipofuscin loaded pigmented cells.*' Eventually, the overload
of the RPE leads to photoreceptor and RPE dysfunction.

PRPH2 variants have also been associated with BVMD
and like BEST1 mutations, are also associated with a high
phenotypic heterogeneity and limited genotype-phenotype
correlation.?2#!

As far as AD macular dystrophies is concerned, genes
with a minor contribution to them are CIQTNF5, EFEMP1,
FSCN2, GUCA1B, HMCNI1, IMPG1, RP1L1 and TIMP3.
Three of these present a rare but particular phenotype;
EFEMP1 mutations are a cause of AD Doyne honeycomb
retinal degeneration (Malattia Leventinese), which presents
with drusen accumulated beneath the retinal pigment epithe-
lium (RPE).* Heterozygous mutations in RP1L1 cause oc-
cult macular degeneration, which is involved in central cone
dysfunction and vision loss with a normal appearing retina.*

FSCN2 along with ELOVL4 ,another gene also involved
in AD macular degeneration,*#* are expressed in different
parts of the photoreceptor cells and are thought to have a
role in maintaining their structure as well as their physiolog-
ical function.

Due to mutations in TIMP3, Sorsby's fundus dystrophy
is developed, that is recognized by loss of central vision
from subretinal neovascularization, as well as atrophy of the
choriocapillaris, RPE and retina.*®

For seven other AD macular conditions, the underlying



genetic causes are not yet known.

In autosomal dominant macular dystrophy with cys-
toid macular edema (dominant cystoid macular dystrophy,
DCMD, also known as cystoid macular dystrophy, CYMD)
locus was identified on chromosome 7p15-p21,*” but the
gene has remained elusive.

North Carolina macular dystrophy (NCMD) is an AD
macular dystrophy, where the corresponding locus, MCDR1,
was identified on chromosome 6q16, but the gene and its
presumed function are currently unknown . #4°

Some other cases have also been reported, including Be-
nign concentric annular macular dystrophy (BCAMD),
described in a Dutch family and potentially caused by a mu-
tation in IMPG1,” an early-onset AD macular dystrophy
(MCDR3) resembling NCMD ,which has been mapped to
chromosome 5,132 as well as a defect in a Greek family with
macular dystrophy that has been positioned on chromosome
19q (MCDR5).>

Several proteins involved in CD have also been identi-
fied at the connecting cilium(CC), i.e the narrow ‘channel’
or ‘conveyer belt’ connecting the inner segment with the
outer segment of the photoreceptor cells. These proteins in-
clude AIPL1, C8orf37, RAB28, RPGR, RPGRIP1,TULP1
and UNC119. Mutations in RPGR causing COD are local-
ized in ORF15, a highly repetitive region coding for a glu-
tamic acid and glycine-rich C-terminal domain, while
mutations causing RP are found throughout the protein. It
has been hypothesized that the phenotype is determined by
the type of opsin which is mislocalized, depending on the
type of mutation.>4

Furthermore, a subset of genes associated with CD en-
code proteins that are localized in the synaptic region, in-
cluding CACNAIF, CACNA2D4, RIMS1 and UNC119.
The transmission of L-glutamate at the photoreceptor
synapses to the horizontal and bipolar cells is a calcium-de-
pendent event.Transmitter release is increased with depolar-
ization, as voltage-dependent calcium channels in a
depolarized state have an increased capability of channel
opening.*

CACNAI1F and CACNA2D4 are involved in a continu-
ous calcium-dependent transmitter release and when dis-
turbed cause CD. The reduction of functional
calcium-channel densities in synaptic terminals may lead to
inefficient photoreceptor-signal transmission and may ac-
count for the electronegative ERG.Y’

The RIMS| protein plays a role in basic synaptic vesicle

release as well as long- and short-term pre-synaptic plastic-
1 58,59, 60
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CLINICAL MANIFESTATIONS

Regarding syndromic cone disorders, there is a minority
of cases where cone-rod disorders are not limited to a de-
generation of the retina, but show systemic involvement as
well. Ocular signs and symptoms may precede or follow the
onset of systemic features and, as a result, it is recommended
to incorporate a comprehensive ophthalmologic examination
into the regular clinical work-up of patients with additional
non-ocular features.

CD can be part of a syndrome or complex disease like
Danon disease, Alstrom syndrome, or Jalili syndrome.

Danon is a rare genetic condition caused by mutations
in the X-linked lysosome-associated membrane protein gene
(LAMP2) and consists of the triad muscle weakness, car-
diomyopathy and mental impairment.The mortality rate in
males is high and the most frequent cause of death is heart
arrhythmia. Female carriers can show a milder phenotype,
often restricted to cardiomyopathy.®® Ophthalmic involve-
ment has been reported in several cases, varying from mac-
ular abnormalities to CRD.®*% In one family, with a
missense mutation in LAMP2, affected males presented with
all features of CRD. The onset in this family was relatively
late (middle-age) and visual acuity declined to legal blind-
ness within two decades thereafter.?

Another example is the very rare AR Alstrom syn-
drome, characterized by CRD, hearing loss, obesity, dia-
betes, short stature, cardiomyopathy and a progressively
failure of lungs, liver and kidney. The disease manifests in
early childhood and leads to a reduced life expectancy. Age
of onset, severity of symptoms and prognosis may vary de-
pending on genetic background. The syndrome is caused by
mutations in the ALMS1 gene, which codes for a ciliary pro-
tein present in basal bodies, centrosomes and cytosol of the
cells. Patients with Alstrom disease present with low visual
acuity, nystagmus and occasionally photophobia , atrophic
lesions of the retina and an abnormal cone-rod electroretino-
gram (ERG). Phenotypically this ciliopathy shows similari-
ties to Bardet-Biedl syndrome.**

Jalili syndrome, caused by autosomal recessive muta-
tions in CNNM4 that encodes a metal transporter, is char-
acterized by cone dystrophy associated with amelogenesis
imperfecta. Patients present with a demineralization of both
primary and secondary dentition with or without COD. A
large Arab family with Jalili syndrome showed low visual
acuity since early childhood, photophobia and nystagmus in
some cases, absent color vision and a bull's eye maculopathy
or atrophic macular degeneration. Cone responses were also
more reduced than rod responses., a condition, consistent
with a retinal diagnosis of CORD.

Anovel syndrome of North Carolina-like macular dystrophy
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was also referred, presenting with progressive sensorineural hearing
loss (MCDR4) and linked to chromosome 14q.%

As far as achromatopsia(ACHM) is concerned, patients with
ACHM present shortly after birth with significantly reduced visual
acuity, severe photophobia, a congenital pendular nystagmus and
color vision defects in the protan, deutan and tritan color axes. High
refractive errors are also common in these patients, while the macula
can have a variable appearance ranging from no abnormalities to at-
rophic lesions >

Regarding cone dystrophies, they present with highly
variable clinical findings and often limited retinal changes,
which may lead to misdiagnosis. The major clinical features
though are photophobia, reduction and sometimes loss of vi-
sual acuity, central scotoma and abnormal colour vision.5¢
Decrease in visual acuity and colour vision can be present in
adolescence or early adult life.!

Cone photoreceptor cells account for only 5% of the total
number of photoreceptors, the other 95% consisting of rods.
In humans, the retina contains 3-6 million cone photorecep-
tors concentrated in the fovea enabling detailed vision, spa-
tial resolution, reading, facial recognition and color vision.
These important cone functions explain why CDs have such
a disabling impact on the daily living tasks of those affected,
further compounded by the early onset of disease.®®

There is also a subgroup of patients with cone dystrophy, where
the peripheral cone system is more affected than the central cone sys-
tem. In that case, the clinical findings contain a mild temporal pallor
of the optic disc in some patients, possible diminished visual acuity
and abnormal color vision, a relative paracentral scotoma with rod
sensiti-vity normal though %

In many cases, the progressive nature of the clinical
course reflects the peripheral vision loss, indicating rod de-
generation. This may lead to severe nyctalopia so the con-
dition is then called cone-rod dystrophy (CORD)."

Cone dystrophy appears to have a slightly more propitious clin-
ical course than cone-rod dystrophy. However, both disorders
progress to legal blindness in the majority of patients [that means vi-
sual acuity, in other words, vision of 20/200 (6/60) or less in the better
eye with best correction possible]. Independent prognostic parame-
ters for visual loss were mutations in the ABCA4 gene and early
onset of disease.”

Furthermore, there is another clinical entity, called rod
cone dystrophies (RCDs) or retinitis pigmentosa (RP), that
reflect the opposite coherence of events compared to CRDs,
as they result from the primary loss in rod photoreceptors,
later followed by the secondary loss in cone photorecep-
tors.'? (FIGURE 3).

More specifically, CRD is characterized by primary cone
involvement, or, sometimes, by concomitant loss of both
cones and rods .that explains the prevalent symptoms of
CRDs: these are decreased visual acuity which is the earliest
symptom, color vision defects(dyschromatopsia appears fre-
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quently), photophobia ,that also occurs early, photoaversion,
that means dislike or avoidance of light and decreased sen-
sitivity in the central visual field, later followed by progres-
sive loss in peripheral vision and night blindness.

In general, the clinical course of cone-rod dystrophies is
more rapid than that of RCDs, leading,as a result, to earlier
legal blindness and disability.At the final stage, CRDs do
not differ from RCDs though. Moreover, CRDs are more
frequently non syndromic, but they may also be part of sev-
eral syndromes, such as Bardet Biedl syndrome(a ciliopathic
human genetic disorder characterized principally by retinitis
pigmentosa ,obesity, polydactyly, hypogonadism and renal
failure in some cases)and Spinocerebellar Ataxia Type 7
(SCA7)"? (FIGURE 4).

CDs form a genetically complex disease spectrum with
a large phenotypic variability.

Different mutations can result in similar phenotypes,
whereas many genetic factors may contribute to the phenotypic
variability of one causative mutation. Traditionally, Leber con-
genital amaurosis (LCA) has been considered as the congenital
form of retinal dystrophy and it is typically associated with a
very low vision at birth accompanied by roving nystagmus,
amaurotic pupils and a high hypermetropic refractive error. Vi-
sual acuity ranges from 0.10 Snellen visual acuity to no light
perception. Furthermore eye poking (oculodigital reflex) can be
observed in young children.

In most cases, no fundus abnormalities are present, but
in later stages round subretinal pigment clumps or bone-
spicule-like pigment changes can develop. The prevalence
of LCA varies from 1:30,000 to 1: 81,000.7%! In most cases
the inheritance modus is AR, but cases of AD inheritance
have also been described.

FIGURE 3: Fundus of
pigmentosa(mid stage).Bone spicule-shaped pigment de-
posits are present in the mid periphery along with retinal at-

a patient with retinitis



rophy, while the macula is preserved with a peripheral ring
of depigmentation,though. Retinal vessels are attenuated.

FIGURE 4: Fundus of a 34 year-old patient with cone rod
dystrophy due to Spinocerebellar Ataxia Type 7 (SCA7). The
macular area, as well as the mid periphery, are atrophic.

DIAGNOSIS

In general, ophthalmic examination and diagnostic test-
ing is essential in order to differentiate cone-rod from rod-
cone (like RP) disorders.

Regarding that in many cases there are no physical
changes in the retina of someone suffering from certain types
of cone disorders, such as in cone dystrophy, the ophthal-
mologist must rely on subtle symptoms and findings to know
which tests to order.

The examinations that are normally done to arrive at a
proper diagnosis are: 1) Visual Acuity Testing (visual acuity
is another term for visual clarity). Most people are familiar
with this test, in which they read letters from a chart while
seated at a certain distance. A person with normal visual acu-
ity is said to have 20/20 vision. A person with 20/40 vision
can see at a distance of 20 feet what a person with “normal”
vision can see at 40 feet.2) Color Testing,which measures a
person’s ability to see color. A series of images composed
of many small circles is presented to the patient. Someone
with normal color vision can recognize numbers within the
images (FIGURE 5). Other color vision tests may ask a pa-
tient to look at several small colored beads and place them
in order. 3) Visual Field Testing .This test measures a per-
son’s field of vision. A light is brought in from the side on a
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screen and slowly moved to the center of vision. Patients
press a button as soon as they see the light. For individuals
with cone dystrophy, we do not expect the peripheral field
of vision to be affected, although some may have a blind
spot in the center of their vision. An example is depicted in
the pictures below.In the left diagram, the black circle in the
center represents the blind spot.”

Able-bodied

LR
L)

FIGURE 5: An example of color vision testing( Ishihara test
image), as seen by subjects with normal color vision and by
those with a variety of color deficiencies(Protanopia is a se-
vere type of color vision deficiency caused by the complete
absence of red retinal photoreceptors, deuteranopia is a
color vision deficiency in which the green retinal photore-
ceptors are absent,tritanopia is a very rare color vision dis-
turbance characterized by the presentation of only two cone
pigments and a total absence of blue retinal receptors).

Among the diagnostic tests, color vision testing of all
three color axes such as Hardy Rand and Rittler tests, full-
field ERG and Goldmann perimetry, have been proven to
be the most useful.”

In the case of cone dystrophy, despite its difficulty due
to unspecific subjective symptoms and absence of charac-
teristic ophthalmoscopic findings, the diagnosis is deter-
mined by a full-field electroretinogram (ffERG), which
gives reduced/absent cone responses with initial normal rod,
while multifocal electroretinogram(mfERG) (a technique
used to measure the function of localized portions of the
retina) gives reduced/non detectable macular responses®®
(FIGURE 6).
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FIGURE 6: An Electroretinogram test(ERG).

Moreover, fundus and near-infrared autofluorescence
(a non-invasive imaging technology that gives information
for the distribution of melanin within the retinal pigment ep-
ithelial cell/choroid complex),as well as optical coherence
tomography(OCT) are able to detect retinal structural abnor-
malities even when ophthalmoscopy’s findings are normal.'
More specifically, fundus autofluorescense (FAF) is normal
to absent in the macula and Goldmann perimetry shows re-
duced central sensitivity to(relative) central scotoma in the
case of cone dystrophy.®®

Another diagnostic tool, with widespread adoption, is
high-resolution spectral-domain optical coherence to-
mography(SD-OCT), which enables investigators to detect
structural abnormalities in the retinal layers and to correlate
them with functional status in many retinal diseases.It de-
picts four hyper-reflective bands in the outer retina, includ-
ing external limiting membrane (ELM), the ellipsoid portion
of the inner segments (ISe) (beneath the first band), a struc-
ture known as the outer segment(OS) contact cylinder,
which is an ensheathment of the cone outer segments by an
apical process of the retinal pigment epithelium(RPE) and
the RPE.

In other words, with SD-OCT the morphology of the
cone photoreceptor cells can be visualized. A single-section
scan to obtain a longitudinal section across the center of the
macula and a volume scan should be performed to ensure
capturing the center of the fovea. For future gene therapy
purposes, SD-OCT can also be considered as a useful diag-
nostic tool for visualizing the severity of cone photoreceptor
loss.%

The major findings of SD-OCT, regarding the morpho-
logic changes in the outer retinal layers in cone dystrophy
patients, can be divided into 4 categories: Category 0 is
characterized by normal findings, that means no structural
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abnormalities. Category 1 showed irregular foveal loss of
the ISe band and obscurity of the border between the ISe
band and the external limiting membrane (ELM), due to the
accumulation of reflective material between the 2 layers.
Category 2 showed retinal thinning around the fovea and
segmental (or irregular) foveal loss of the ISe band with an
intact ELM and category 3 showed ISe band thickening
around the fovea and irregular perifoveal loss of the ISe
band. Moreover, in category 1 to 3, the OS contact cylinder
layer was not discernible and the RPE layer was thickened.
Therefore, it is suggested that the pathology of the retina in
cone dystrophy occurs mainly between the photoreceptor
outer segment and RPE layer.”

As far as the late onset cone dystrophy is concerned,
its symptoms and signs may be unclear, therefore, establish-
ing the proper diagnosis may be difficult in these cases. Pa-
tients may be misdiagnosed as having other diseases,
especially when the macula’s changes are absent or subtle.
The electrophysiological testing is essential in these cases
and ERG is the most useful clinical test in early and differ-
ential diagnosis of retinal dystrophies. More specifically,
full-field electroretinogram (ffERG) reveals
severe cone function impairment, with normal rod responses
or slightly depressed in advanced stages in some cases.”

It is also argued that even corneal evaluation including
topography is important in cone dystrophy, as a case of acute
hydrops and perforation, leading to the diagnosis of kerato-
conus was described in a patient with cone dystrophy. The
association between keratoconus and cone dystrophy is ex-
tremely rare, though.”®

Regarding cone-rod dystrophies, that are characterized
by retinal pigment deposits, mfERG gives reduced/non de-
tectable macular responses and in ffERG cone responses are
absent or more severely reduced than rod ones. FAF is nor-
mal to absent in the macula, Goldmann perimetry shows re-
duced central sensitivity to (relative) central scotoma, with
variable peripheral involvement and SD-OCT is character-
ized by normal-absence of central cone photoreceptor layer
(PRL) and central retinal thinning.%

In comparison with cone rod dystrophies, in cone dys-
trophies, rods remain normal and there is exclusive cone in-
volvement in ERG. However, in some cone dystrophies,
there may be some rod involvement, especially in late stage.
In contrast to CRDs, rods remain partly spared at these late
stages, while they are non recordable in late stage CRD. An-
other sign is the absence of macular lesions for many years,
even though the visual acuity is diminished.?

As far as achromatopsia is concerned,full-field elec-
troretinography (ffERG) demonstrates absent or residual
cone responses with normal rod responses,>® multifocal elec-
troretinogram (mfERG ) depicts reduced/non detectable
macular responses, fundus autofluorescense (FAF) is normal



to absent in the macula, while Goldmann perimetry is char-
acterized by reduced central sensitivity to (relative) central
scotoma. On SD-OCT, the first signs of pathology, according
to some studies, are loss of inner- and outer cone segments
with disruption of the ciliary layer, which may be followed
by the appearance of an optical empty cavity with cell loss
in the cone photoreceptor layer. The end stage is generally
characterized by a complete loss of photoreceptors and at-
rophy of the RPE in the fovea.””"

Regarding oligocone trichromacy (OT), the ffERG
demonstrates normal to slightly reduced cone responses with
normal rod, the mfERG gives reduced/non detectable mac-
ular responses, the Goldmann perimetry shows reduced cen-
tral sensitivity, whereas the SD-OCT findings include
thinner central retina with no absence of cone photoreceptor
layer (PRL).

In the case of blue cone monochromatism (BCM),
mfERG gives reduced/non detectable macular responses, the
ffERG reduced/absent cone responses with a preservation
of the blue cones, FAF is normal to absent in the macula,
Goldmann perimetry shows reduced central sensitivity to
(relative) central scotoma, while in SD-OCT, there is an ab-
sence of central cone PRL.

As far as Stargardt disease (STGD) is concerned,
mfERG gives reduced responses and ffERG reduced cone
responses, in FAF 70% dark choroid is dep icted, Goldmann
perimetry shows reduced central sensitivity and SD-OCT
demonstrates thinning or absence of central cone PRL.%®

THERAPY

Currently, several strategies are being applied with the
use of animal models,in order to (partially) restore gene
function in CDs,s0 a specific vector is always necessary to
deliver the target gene into the cell, as naked DNA is not
able to enter the cell efficiently.

Adeno-associated viruses (AAVs) have been success-
fully used as vectors for gene therapy, as they enable the
incorporation of a healthy copy of the gene that is defective
in the patient. An advantage of this technology is its low tox-
icity due to the absence of the original viral coding se-
quences as shown in its application in muscle, brain, liver,
lung, RPE and the neural retina.”

For those genes in which AAV-mediated therapy is not
feasible due to their size, other strategies need to be devel-
oped. An alternative approach using the nanoparticle, also
known as ‘non-virus’ mediated therapy has been applied.
Nanoparticles have a high transfection efficiency in post-mi-
totic cells, are biodegradable and cause minimal toxicity
even after repeated doses to the eye, lung and brain.* This
kind of gene delivery has the potential to target many dis-
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eases caused by mutations in large genes.

Alternatively, lentiviral vectors can be used 3! This strat-
egy is currently used for the development of ABCA4 gene
therapy.

In general, one of the challenges for gene therapy is the
limited time window to achieve a successful treatment out-
come. Some CDs exhibit a fast progression of disease,so the
window of treatment’sopportunity is smaller compared to
slow or nonprogressive phenotypes. In persons with very
early onset CD, gene augmentation therapy should ideally
start as early as possible.

As far as cone dystrophy is concerned, it doesn’t exist
any specific therapeutic plan.

However, a case with small diameter soft toric lenses
used in a 13-year-old girl who suffered from progressive
cone dystrophy with associated nystagmus, achromatopsia
and a high hyperopic-astigmatic prescription was described.
The patient was fitted initially with partial correction contact
lenses followed by lenses to the full correction some months
later and the standard of vision finally achieved was
favourable to that of spectacles.®

Moreover, a few years ago, a patient with this disease,
empirically discovered that his vision improved when a red
filter was placed in front of his eyes.

Furthermore, taking into consideration that cone dystro-
phy belongs to the general group of retinal degenerations, it
is believed that certain supplements, such as beta-
carotenoids, lutein and zeaxanthin, as well as omega-3 fatty
acids (docosahexaenoic acid and eicosapentaenoic acid) in
conjunction with low glycemic index foods, can delay the
progression of age related macular degeneration (AMD) and
as a result provide similar benefits to cone dystrophy suffer-
ers .84,85

Regarding cone-rod dystrophy, according to a prospec-
tive, nonrandomized study, intravitreal injection of autolo-
gous bone marrow-derived mononuclear cells in eyes
with this kind of dystrophy, was associated with no de-
tectable structural or functional toxicity over a period of 10
months. However, further studies are required in order to
scrutinize the role, if any, of autologous bone marrow-de-
rived mononuclear cell therapy in the management of retinal
dystrophies.®

Despite all these references, there isn’t currently any spe-
cific therapy that prevents the evolution of cone and cone
rod dystrophies or restores the vision and the visual progno-
sis is poor. Generally, management intends to slow down the
degenerative process, treat the complications and help pa-
tients to encounter the social and psychological impact of
blindness.?

The future perspectives for cone disorders generally, in-
clude identification of CD-associated genes, molecular di-
agnostics and alternative cone rescue strategies.
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Regarding the first one, WES technology (a combina-
tion of biological and mechanical process of converting or-
ganic waste into high quality, useable and marketable
organic products, in the shortest possible time, clean and
odorless), combined with homozygosity mapping or linkage
analysis has proved to be successful in the discovery of
novel retinal disease genes.®”-#% In a recent Saudi Arabian
study of predominantly AR inherited retinal dystrophies, al-
most 80% of DNA samples analyzed using homozygosity
mapping and/or WES were solved by the identification of
mutations in either known or novel genes.”

In the next few years, WES and whole genome se-
quencing (WGS) will also facilitate the identification of
novel gene defects in individuals for which WES could not
identify the pathologic defect.”!

As far as molecular diagnostics is concerned, a few years
ago it was not possible to stabilize or improve impaired vi-
sion in persons with CD,but with the emerging options for
treatment of CD, early molecular diagnostics has become
highly relevant. In addition, early molecular diagnosis may
be important in cases in which genetic defects are associated
with extra-ocular features, some of which may develop later
in life and be amenable to pre-symptomatic management,
for example, in nephronophthisis, in which the kidney is in-
volved.

For some CD's (ABCA4 in STGD1, CNGB3 and
CNGA3 in ACHM, and KCNV?2 in CD with supranormal
rod response), Sanger sequencing (a method of DNA se-
quencing based on the selective incorporation of chain-ter-
minating dideoxynucleotides by DNA polymerase during in
vitro DNA replication)of one or a few genes, will identify
the causal variants in a significant proportion of cases.

A great promise in treating early onset degenerative dis-
eases, like CD, are also cell replacement therapies using reti-
nal progenitor cells derived from embryonic stem cells
(ESCs) or induced pluripotent stem cells iPSCs that means
stem cells that have the potential to differentiate into any of
the three germ layers: endoderm (interior stomach lining,
gastrointestinal tract, the lungs), mesoderm (muscle, bone,
blood, urogenital), or ectoderm (epidermal tissues and nerv-
ous system). These cells could be very valuable in cell-based
therapies. It is crucial to transplant a sufficient number of
cells that can populate a significant fraction of the diseased
retina. The transplanted cells differentiated into adult pho-
toreceptor cells, were positioned at the correct location and
formed connections with bipolar cells °29*9*% demonstrating
the possibility of this approach to rescue retinal function in
future clinical trials.

To sum up, the early aim of CD research has been the
identification of the genetic basis of CD. Advances in this
field compounded by technologies such as WES and WGS,
have created a new era for molecular diagnostics in CD. The
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ultimate goal remains the development of therapies that res-
cue cone photoreceptors,that is not only important to treat
cone dysfunctions, but will also be crucial to maintain vision
in rod-dominated diseases.
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