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Introduction: Previous works on experience-dependent brain plasticity have been limited to the cortical structures, overlooking
subcortical visual structures such as the lateral geniculate nucleus (LGN). Animal studies have shown substantial experience
dependent plasticity and using fMRI, human studies have demonstrated similar properties in patients with cataract surgery.
However, in neither animal nor human studies LGN has not been directly assessed, mainly due to its small size, tissue heterogeneity,
low contrast/noise ratio, and low spatial resolution.

Methods: Utilizing a new algorithm that markedly improves the LGN visibility, LGN was evaluated in a group of low vision patients
before and after retinal intervention to reinstate vision and normal sighted matched controls.

Results: Between and within groups comparisons showed that patients had significantly smaller left (p< 0.0001) and right (p <
0.00002) LGN volumes at baseline as compared to the one-year follow-up volumes. The same baseline and one year comparison in
controls was not significant. Significant positive correlations were observed between the incremental volume increase after gene
therapy of the left LGN and the incremental increase in the right (r = 0.71, p < 0.02) and left (r = 0.72, p = 0.018) visual fields.
Incremental volume increase of the right LGN also showed a similar positive slope but did not reach significance.

Discussion: These results show that despite significantly less volume at baseline, retinal gene therapy promotes robust expansion and
increase in LGN volume. Reinstating vision may have facilitated the establishment of new connections between the retina and the
LGN and/or unmasking of the dormant connections. The exact trajectory of the structural changes taking place in LGN is unclear but
our data shows that even after years of low vision, the LGN in RPE65 patients has the potential for plasticity and expansion to a nearly
normal volume one year after gene therapy administration.
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Introduction

One of the more common forms of Leber’s congenital amaurosis (LCA) is associated with the gene encoding retinal
pigment epithelium-specific protein 65 kDa (RPE65) and is called LCA type 2 (LCA2).'~ There is no cure for patients with
LCA2 disease, caused by RPE65 mutations, but due to the disease's slow degenerative process, these patients are excellent
candidates for gene therapy interventions. Due to the excellent safety and efficacy and encouraging successful data from the
gene augmentation therapy in early phase trials, a Phase 3 clinical trial was initiated at The Children’s Hospital of
Philadelphia (CHOP) and the University of Pennsylvania (Upenn) in October of 2012. The visual improvements and
detailed clinical results on the Phase 3 clinical trial were reported by Russell and colleagues® and recently by Maguire et al.*
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Retinal gene therapy using Voretigene Neparvovec-rzyl (Luxturna™) was approved by the US Food and Drug
Administration (FDA) as a treatment for the RPE65 retinal disorder on December 19, 2017.

In a complementary study, to evaluate the effectiveness of the retinal gene therapy through responses of the visual
cortex, we performed a series of longitudinal neuroimaging studies. In the earlier phase trials, we showed functional
responsiveness to visual input through unilateral ocular gene therapy” and following subretinal injection to the fellow
eyes.®’ Additionally, in a group of patients who received unilateral gene therapy, we also showed that structural changes
caused by lack of vision are reversible upon vision restoration.®

Much of the previous work on experience-dependent brain plasticity, including our own reports in RPE65 patients on
brain plasticity and vision reversal, have been exclusively limited to the brain’s cortical structures overlooking the
important subcortical visual relay center, the lateral geniculate nucleus (LGN). However, recent reports, largely in
rodents,” " have demonstrated that LGN should be considered not just as a visual relay center but a key member of the
visual system with substantial experience dependent plasticity. A recent study in monkeys provides insights into the
nature of plastic changes occurring in LGN following induced early sensory deprivations.'> LGN is a small heterogenous
structure deep within the brain located on the lateral surface of the thalamus responsible for the analysis and relay of the
visual sensory information to the visual cortex.'> There is a plethora of reports on various diseases affecting the LGN’s

structure and function such as dyslexia,'*'? 16,17 1821

patients with neuromyelitis optica spectrum disorders, glaucoma,
albinism,”” and patients with hemianopia®® to name a few. At the same time, except for cataract surgery”* >® human
studies on the effects of vision reversal or experience dependent responses of this structure are rather scarce.

In a group of late blind subjects with retinitis pigmentosa (RP) who received the Argus II Retinal Prosthesis to reverse
their blindness, Castaldi and colleagues”’ used fMRI to assess the effect of a retinal implant on the functional changes of
the visual cortex and LGN. Authors reported weak or absent fMRI activations in the V1 and LGN before the retinal
implant and with prolonged use of the Argus II device, fMRI responses to visual stimulation of the implanted eye were
enhanced, demonstrating brain plasticity of the visual system to respond to the restored visual input even after years of
deprivation.?” The more prolonged the exposure to the Argus II device (over 20 months), the stronger the response of the
visual centers to the artificial visual inputs.?” Spontaneous recovery from optic neuritis (ON) in multiple sclerosis patients
is another example to study the functional and structural aspects of vision reversal on the human visual system. Using
fMRI for the affected and unaffected eyes, Korsholm et al*® studied 19 patients with acute onset of ON, 3 and 6 months
after presentation, to assess the effects of visual recovery on the brains’ visual loci and the LGN. During the acute phase
of ON, patients showed significantly reduced fMRI activations in the LGN from the stimulation of the affected eye as
compared to the unaffected eye.”® Subsequent to recovery from ON, the differences in LGN activations between the
affected and unaffected eyes diminished and after 180 days the differences were no longer significant.”® A similar change
in the pattern of activation for the V1 and V2 of the primary visual cortex was reported as well.

Much of the above-mentioned work on assessing the effects of vision reversal and experience dependent changes on
the morphology of LGN were carried out indirectly, utilizing fMRI. This may primarily be that even using higher field 3T
MRI systems along with a high-resolution MRI (0.8 mm isotropic) imaging protocol have been insufficient for
assessment of LGN morphometry. This in part is due to the small size, tissue heterogeneity, high partial volume artifacts,
low contrast to noise ratio, and low spatial resolution to name a few. Recent work by Lipin et al*® has opened up the
possibility of markedly improving the LGN visibility on previously acquired suboptimal MR images obtained from
routine brain imaging protocols. Using this algorithm, the LGN volume can be assessed, retrospectively, with high
reliability and validity.?’ Here, the edge enhancing algorithm was used to evaluate the effects of retinal gene therapy on
structural changes of the LGN in a group of RPE65 patients before and one year after bilateral retinal intervention.
Comparison was also carried out with demographically matched sighted controls who underwent MR imaging at baseline
and the one year follow up time point. While we have previously demonstrated that gene therapy treatment in RPE65
patients can promote robust functional and structural brain plasticity of the visual pathway,™® the plasticity of LGN in
response to visual experience has never been reported in humans by direct volume assessment. In the present study, we
hypothesize that like the previously reported work on vision reversal and cortical brain plasticity, a long-term exposure to
visual experience, prompted by retinal gene therapy, also induces subcortical plasticity in LGN.
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Materials and Methods

Gene Therapy Clinical Trials

The phase 3 clinical trial (NCT00999609) took place with participants greater than 3 years old with a confirmed genetic diagnosis
of bi-allelic RPE65 mutations. A total of 31 patients between the ages of 4-44 years were recruited in the study.>* Subretinal
injection was performed first in the worse seeing eye followed by injection of the second eye, 6-18 days later.>* All patients
received the same dose of 1.5x10"! vg in a total subretinal injection volume of 0.3 mL in both eyes.”* Results from the phase 3
clinical trial showed improvement in patients’ light sensitivity, visual fields, and navigational ability under dim light.**

Study Participants
Due to the age limitation (>8 yrs) and voluntary participation, a subset of 10 patients from the original 31 participants of
the original clinical trial patients participated in the neuroimaging study.

A subset of 11/19 normal controls used to assess the efficacy and reliability of the LGN edge enhancement method
(Lipin et a*’) were demographically matched to the current study patient participants (see Table 1). However, only 8/11
matched controls returned for the one year follow up study. All matched controls were recruited with exclusion criteria of
any current or past psychiatric diagnosis, history of alcohol or drug abuse, known neurological disorders, history of head
injury, or current use of psychotropic medications. All study participants provided written informed consent (if 18 years
or older) or written assent and parental permission (if younger than 18 years). This study was Health Insurance
Portability and Accountability Act of 1996 compliant and approved by the internal review board at CHOP and UPenn
and complied with the Declaration of Helsinki. As shown in Table 1, RPE65 patients and controls did not significantly
differ in age, gender, ethnicity, and handedness (Table 1).

Neuroimaging Protocol

Magnetic Resonance Imaging (MRI) scans were conducted at CHOP on a research dedicated Siemens Verio system
(Siemens Campus Erlangen, Erlangen, Germany) equipped with a 32-channel head coil. All scans were carried out by
a single operator and monitored to be free of artifacts at the time of acquisition. Subjects’ heads were secured in the head
coil using foam padding to reduce head motion. All subjects underwent a T1 weighted 3D magnetization prepared rapid
acquisition gradient echo (MPRAGE) for LGN morphological assessment. All RPE65 patients underwent MRI one year
post retinal intervention but only 8/11 matched controls completed their one-year MRI visits.

Table | Participants’ Demographic and Statistical Comparison

RPE65 Patients (N=10) Controls (N=11) p value
Age (years) 0.79°
Mean (SD) 132 (5.7) 12.5 (5.3)
Median 12.0 11.0
Quartile |, Quartile 3 8.0, 18.0 9.0, 14.0
Range (7.0-24.0) (8.0-23.0)
Sex 1.00°
F 5 (50.0%) 6 (54.5%)
M 5 (50.0%) 5 (45.5%)
Race 0.48°
Two Race (White + a different race) 0 (0.0%) 2 (18.2%)
White 10 (100.0%) 9 (81.8%)
Ethnicity
Non-Hispanic 10 (100.0%) 11 (100.0%)
Handedness 0.72°
Ambidexter 1 (10.0%) 1 (9.1%)
Left 1 (10.0%) 0 (0.0%)
Right 8 (80.0%) 10 (90.9%)
Notes: szo-sampIe T-Test; bFisher Exact test.
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3D T1 Weighted (MPRAGE): sequence parameters included, inversion preparation pulse with a repetition time
(TR) = 2080 ms, echo time (TE) = 2.54 ms, echo spacing (ES) = 7.8, band width (BW) = 180 Hz/Px, matrix
size = 320x320, field of view (FOV) = 256x256 mm?, number of slices = 192, slice thickness = 0.8 mm (isotropic
0.8mm voxel size), inversion time (IR) = 1200 ms with Flip Angle = 8°, number of excitation (NEX) = 1, integrated
Parallel Acquisition Techniques (iPAT) factor = 2, and acquisition time (TA) = 7:04 minutes.

Image Processing

The LGN was visually identified on T1-weighted 3D-MPRAGE images in the sagittal and coronal projections using anatomical
landmarks.?®*° To reduce postprocessing time for the edge enhancement algorithm, a region of interest with 22x22x22 voxels
size that contained LGN in its entirety was extracted from the original 3D T1 weighted acquisition for all participants and all time
points. The extracted ROI was transferred to the IgorPro software (WaveMetrics, Oregon, www.wavemetrics.com) to improve

the LGN visibility using an inhouse custom made 3D-edge enhancement algorithm.?” The employed edge enhancement process
was performed on a voxel-by-voxel basis over the entire LGN-containing ROI (extracted 22x22x22 cube) which consisted of
10,648 voxels. A representation of the ROI (red box) on the T1 weighted image containing the LGN in the coronal orientation is
shown in column A of Figure 1. The zoomed extracted ROIs, shown in column B of Figure 1 clearly depict that LGN is barely
visible and difficult to delineate on the original 3D T1 weighted images. Each voxel of this LGN-containing ROI then underwent
the edge-enhancement procedure.”” An example of the edge-enhanced LGN-containing ROIs are presented in column C of
Figure 1. The comparison between columns B and C are clearly showing the increased visibility of LGN and the efficacy of the
edge enhancement algorithm. Column D represents the delineated LGN in one representative slice in the coronal orientation. The

Figure | Stages of the LGN edge enhancement process in four example participants: Two participants were from the RPE65 patient group (CHI8 and CH47) and two were
from sighted control group (SC30 and SC31). (A) Utilizing each subjects’ 3D MPRAGE T weighted images and the ITK-SNAP software the LGN is identified (red box) and
its center coordinate is recorded on both the left and right hemispheres. (B) The 3D whole brain images and the center coordinates were submitted to the c3d software
(available also through the ITK-SNAP download) and a 22x22x22 voxel ROl was extracted containing LGN in its entirety. Note that the LGN is hardly visualized for all
unenhanced images in all four example cases. (C) The edge enhanced LGN containing ROls demonstrating improved visibility of the LGN as compared to the unenhanced
images shown in column “B”. (D) Using the edge enhanced images shown in column “C” LGN can be clearly demarcated from the surrounding structures and can easily be
manually outlined resulting to a more accurate morphometry.
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reliability and validity of the proposed algorithm in determining the LGN volume while enhancing its visibility and preserving its
original shape have been reported elsewhere.”” A more comprehensive comparison of the raw and edge enhanced processed
images of LGN for all RPE65 patients and representative sighted controls are presented in Figures S1 and S2 respectively.

LGN Morphometry

The edge-enhancement algorithm?® was applied to the 3D images of a group of 10 RPE65 patients before and 1 year after
retinal gene therapy and the images from the follow up exam of the eight controls who returned for their follow up
exams. All images from patients’ baselines and their one year follow up and the follow up exams from the 8 controls
were mixed and randomly assigned a number. The LGN volumes were then measured bilaterally by two independent
raters (MA and ML) using the new randomly assigned numbers. Both raters were blind to the identity of subjects and the
timing of the MRI scans. The baseline measurements for the 11 matched controls were extracted from the previously
reported LGN volumes, used to assess the reliability of the LGN morphometry method®’. The baseline measurements for
the 11 matched controls were also measured by the two same raters (MA and ML)** who measured the LGN volume for
the current study. The LGN volumes were calculated using the volume/statistic option of the ITK-SNAP segmentation
menu (http://www.itksnap.org).>’ The average of the two raters were used as the final LGN volume

measurements. Comparison of bilateral LGNs were performed between and within patients and sighted controls across
time using a paired f-test.

Goldmann Visual Field Perimetry (GVF)

The Goldmann visual field (GVF) perimetry is a standard method used in ophthalmology and it provides a measure of the
patient’s visual function throughout their field of vision.*> GVF performed for evaluation of disease status and patient
follow up over time to determine progression of disease or efficacy of treatment status. All the RPE65 patients underwent
GVF at baseline and on their one year follow up visits. Testing was performed using a 190-degree hemispheric bowl,
30 cm in radius. A target light with specified size and luminance (I114e) was projected on the inner surface of the bowl as
a visual stimulus (Lighting Laboratory, Helsinki University of Technology). The entire field of view seen by a subject
was mapped asking the subjects to fixate the eye straight ahead. Each eye was tested separately by patching the
contralateral eye. The technician recorded the subject’s responses on a standard graphic display form representing visual
space. Cumulative VF calculations were conducted across 24 meridians in each eye separately. The outcome measure
was the sum of the degrees from central fixation to the point of the isopter intersection for each of the 24 meridians or
sum total degrees. Visual field was analyzed for the sum total number of degrees that the subject was able to perceive
across the entire visual field, measured directly from the standard graphic display form.

Statistical Analysis

Two-sample -test was used to compare the age difference between patients and controls. The Fisher’s Exact test was
used to compare the difference between patients and controls in frequency distribution for categorical measures such as
sex, race and handedness. The inter-rater agreement of left and right LGN volumes at baseline and 1 year for both raters
was assessed by calculating their mean difference, standard deviation (SD), 95% limits of agreement (calculated as mean
difference = 1.96*SD) supplemented with a Bland-Altman plot, in addition a paired ¢-test was used to test whether there
is any difference between the two raters. Comparisons of bilateral LGN volumes were performed between patients and
controls using the two-sample #-test. Comparisons of bilateral LGN volumes across time (eg, baseline and one year after
gene therapy) within patients or controls were performed using paired ¢-test. To evaluate the impact of increase in LGN
volumes on visual field function at one year after retinal gene therapy, Pearson correlation analyses were performed
between the percent increase in LGN volume and the percent increase in GVF score. The GVF score was calculated as
the total number of degrees that each patient was able to perceive across the entire visual field for the left and the right
eyes separately. For these correlation analyses, we used the percent increases instead of absolute increases for LGN and
GVF to account for their differences at baseline across subjects. All statistical analyses were performed using SAS
version 9.4 (SAS Institute Inc., Cary, NC). Two-sided p<0.05 (without correction for multiple comparisons) was
statistically significant.
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Results

Inter-Rater Agreement

After the edge enhancement process, two raters arrived on a consensus on demarcating the LGN borders visible on all
MRI slices within the extracted ROI. Each rater then independently manually delineated the LGN on both hemispheres
for all participants, using the ITK-SNAP software. The LGN volumes were calculated using the volume/statistic option
of the ITK-SNAP segmentation menu. The mean and standard deviation of the right and left LGN measurements for both
raters are presented in Table 2. We assessed the inter-rater agreement by calculating their mean difference, standard
deviation (SD), 95% limits of agreement (calculated as mean difference = 1.96*SD) supplemented with Bland-Altman
plot, we performed a paired #-test to assess whether there is any difference between two raters in the measurements of left
and right LGN at baseline and 1 yr for the RPE65 patients. The inter-rater agreement between the same raters for the left
and right LGN measurements of sighted controls were previously reported.”’

The Bland-Altman plots shown in Figure S3 demonstrate the LGN volume differences between the two raters for the left
and right LGN at baseline and 1 yr for all study participants. As shown in Figure S3—A the differences in the LGN volumes
between the two raters for the left LGN volume at baseline were well within 2 SD. The measurements for the right LGN
volumes at baseline, shown in Figure S3—B, were also within 2 SD except for one participant. As depicted in Figures S3—C
and S3-D, LGN volume measurements at 1 yr were well within 10 mm? for both the left and right hemispheres.

LGN Volume Measurements

Results for the left and right LGN volume assessments at baseline and follow up after retinal gene therapy for the RPE65
patients and the baseline and a one year follow up for sighted controls are presented in Figure 2. As depicted in Figure 2,
RPEG65 patients presented with significantly reduced LGN volumes on the left (p<0.0001) and right (p<<0.00002) at baseline
as compared to their one year follow up LGN volumes. At the same time, there were no significant differences between the
two time points in the LGN volume measurements of the left (p = 0.18) and right (p = 0.98) among sighted controls.

Correlations Between the LGN Morphometry and Goldmann Visual Field Perimetry
The results for the Pearson correlations are presented in Figure 3. Overall, there were positive correlations between the percent
incremental changes in the LGN volumes and the incremental GVF changes over time (baseline to one year post intervention).
As shown in Figures 3A and B respectively, there were significant positive correlations between the percent incremental changes
of the left LGN volume with the percent incremental changes in the left (r=0.71, p=0.02) and the right (r=0.72, p=0.018) GVF
measurements (from baseline to 1 yr post intervention). The Pearson correlations between the percent incremental changes in the
LGN volume and the percent incremental changes in the left (r = 0.52, p = 0.12) and the right (r =0.45, p =0.19) GVF over time
(baseline to 1YR), shown in Figures 3C and D showed a similar positive correlation slope but did not reach significance. Patients
with negative correlations had smaller visual fields at follow-up.

Table 2 Agreement Between Two Raters for the Measurements of the Left and Right LGN in a Group of RPE65 Patients at Baseline
and YR After Retinal Gene Therapy

N Rater | Mean Rater 2 Mean | Difference (Rater | —Rater2) | 95% Limits of | Paired t-test
(mm?) (SD) (mm?®) (SD) Mean (mm?®) (SD) Agreement p value

Baseline Left 10 154 (9.8) 154 (7.6) 0.4 (5.2) -9.8, 10.6 0.84
LGN
Right 10 152 (11.0) 151 (7.9) 0.4 (7.4) —14.1, 149 0.87
LGN

IYR Left 10 169 (5.7) 169 (5.1) —0.3 (5.0) -10.1, 9.5 0.86
LGN
Right 10 169 (4.2) 168 (5.4) 1.3 (5.6) —9.7, 123 0.48
LGN
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Figure 2 Box Whisker plots of the left and right LGNs for 10 RPE65 patients and | | sighted controls (8/1 | returned for one year follow up). Comparison of the center,
spread of group and the median for the left and right LGN volumes shows a significant increase in LGN volume for the left (p<0.0001) and right (p<0.00002) among the
RPE65 patients one year after their bilateral retinal gene therapy. Comparison of the left and right LGN volumes from baseline and one-year measurements in sighted
controls showed no significant changes in the LGN volume over time.

Discussion

The primary findings of the current study are that RPE65 patients had significantly smaller left (p < 0.001) and right
(p < 0.001) LGN volumes at baseline (before retinal intervention) as compared to sighted controls. The smaller LGN
volume at baseline for RPE65 patients, as compared to sighted controls, is indicative of the profound top-down effects
ocular diseases exert on the LGN structures. However, the routine 3D imaging used here and in normal clinical settings
provides an overall estimate of volume change and does not reveal the degree of alterations to specific magno or parvo
cell layers of the LGN. To evaluate, in vivo, whether the RPE65 mutation affects different layers of LGN preferentially
one needs to follow the quantitative TI MRI (QMRI) imaging protocol proposed by Muller-Axt et al.** In this recent
report, authors employed the gMRI method where several 3D MRI sequences with different contrasts are acquired and fit
to a model to calculate the quantitative maps for T1 and proton density (PD). Because of variation in the amount of
myelin and change in the T1 and PD values of the different LGN cells the layers were visualized distinctly. This is an
elegant method with great potential but to arrive at the maps for T1 and PD the subject needs to be imaged 30 min per
each hemisphere by a high field 7 Tesla MR system which amounts to at least 1 hour of scan time for each subject.*

In response to bilateral retinal gene therapy, one year after vision was restored in the same patients, as compared to
their own baseline measures, RPE65 patients showed significant increases for the left (p < 0.001) and right (p < 0.001)
LGN volumes. At the same time, comparison of the baseline to the one year follow up of the LGN volumes in sighted
controls showed no significant differences for the left (p = 0.18) and right (p = 0.98) LGN volumes. These results show
that despite significantly less volume detected at baseline, retinal gene therapy allows for a robust expansion and
remodeling of the brain’s LGN structures. It is important to note that RPE65 patients are diagnosed in infancy and
despite the data on the critical period that suggests poor or no recovery from visual impairment past this period, we
observed significant improvements within the key structure of the visual system.

Previous animal studies employing the eyelid suture/un-suture model to induce or reverse blindness have shown
that the structural damage to the LGN, geniculostriate connections and the primary visual cortex are largely reversible
through the remarkable process of brain plasticity.>*>® For example, Diirsteler et al** showed a partial regrowth of
geniculate cells receiving projections from the deprived eye only a few days after reversing eyelid suture in kittens. In
monkeys, recovery from reverse suturing was shown to cause fresh growth of geniculostriate connections to the

3738 quthors suggested that there is

primary visual cortex.’> Based on this study and two other concurrent works
a close relationship between the extent of change in layer IV of the primary visual cortex and cell size in the lateral
geniculate nucleus, and that much of the observed physiological changes from the deprivation experiments are closely
related to anatomical changes in the LGN and distribution of connections from the LGN to V1.*> A more recent
report>® confirmed these results in a longitudinal study that tracked visual responses and changes of dendritic spines

in the ferret visual cortex following brief periods of unilateral eye closure (UEC). Remarkably, rapid, robust changes
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Figure 3 Correlations between the LGN volumes and patients’ Goldmann visual field measurements. To demonstrate the clinical significance of the increase in LGN
volume, one year after retinal intervention, the percent incremental increase in the LGN volume (from baseline to I YR post intervention) was correlated with the clinical
visual test results of the RPE65 patients. As shown in (A and B) respectively, significant positive correlations were observed between the percent left LGN volume increase
and the incremental increase in the left and right GVF measures (from baseline to | YR follow up). As shown in (C and D), the Pearson correlations between the percent
incremental increase in the right LGN and the percent incremental increase of the left and right GVF were not significant. While the positive direction of the correlations
between both the left and right LGNs and the left and right GVFs is encouraging, the strong laterality between the two correlations for changes in the left and right LGNs
were not expected, as all the RPE65 patients received bilateral retinal interventions.

were reported within a few hours of eye opening after a week-long of UEC, and even 24 hours after eye opening
dendritic spines increased, with a return to pre-UEC levels.*’

Based on reports from the animal studies, we believe that the observed LGN volume increase could be partially due to
the remodeling and increase in the dendritic tree within the LGN, prompted by the increase in retinal visual signals and
long-term visual experience mediated by the retinal gene therapy intervention. Over time, perhaps these connections are
strengthened through daily exposure to experience-dependent stimulation of neurons in both monocular (M and P layers)
and binocular (K layer) LGN cell layers. The increase in the LGN volume at one year post intervention is also consistent
with our previous fMRI report on the long-lasting effects of retinal gene therapy in RPE65 patients.’

Additionally, Pearson correlations (Figure 3) between the incremental changes in the left and right LGN volumes,
before and one year after retinal gene therapy, and the incremental changes in the patients’ Golmann visual field
measures for the same time period showed a positive trend with the changes in the left LGN reaching statistical
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significance (see Figures 3A and B), demonstrating the effect of LGN volume increase on the patients’ clinical response.
While we observed the expected positive trend between the LGN volume and patients’ visual fields, there was also an
unexpected strong laterality in the LGN volume change correlation results, with the changes in the left LGN volume
reaching higher significance levels (Figures 3A and B) than the changes in the right LGN volume (Figures 3C and D).
We expected a more symmetrical correlation for the LGN volume changes over time for both the left and right LGNS, as
all the RPE65 participants received bilateral retinal intervention. Unfortunately, we have no explanation for this unfore-
seen result except that the lack of statistical significance for the changes in the right LGN volume could have been due to
the small number of participants.

Although our results show that LGN in both hemispheres show increased volume and structural changes over time after
gene therapy, the one year follow up LGN volumes for RPE65 patients vs sighted controls still showed a significantly smaller
LGN volume on the left (p < 0.01) in RPE65 subjects and at a trend level on the right (p < 0.06) hemisphere. Whether the
experience — dependent plasticity of the LGN — in fact continues over time and further normalizes the LGN volume in RPE65
patients is not clear and requires a much longer patient follow up. While this is speculative, it may be that treatment of the
entire retina (not just the area exposed to the 0.3 mL volume® or more than one subretinal injection of the Luxturna) would be
required for the LGN to reach the size of a normal-sighted individual at one year or the LGN volume in patients would not at
any point be comparable to the controls because part of the damage to the retina may be permanent and is irreversible even
through retinal gene therapy. Current experimental evidence does not yet allow for the identification of the exact underlying
mechanism. Future studies need to be designed to follow up patients and sighted controls beyond a one year follow up to help
better understand the long-term LGN neuronal plasticity in response to sight restoration.

Conclusions

Experience dependent brain plasticity has been traditionally associated with cortical brain structural or functional
changes and has not been related to the deep seated small gray matter nuclei such as LGN. Recent reports, largely in
rodents’ !! have demonstrated that LGN has substantial experience dependent plasticity. By recording single cell tracing
from the retinal ganglion cells to the individual cells in the mouse LGN, Rompani and collaborators’ showed modulating
binocular responses from the k-layers not previously reported. In another study Jaepel and colleagues®® showed that
following monocular deprivation (MD) the adult mouse LGN undergoes ocular dominance (OD) plasticity, a process that
was previously exclusively associated to the visual cortex. Authors showed that only one week of MD induces a shift in
OD plasticity that was caused by strengthening of the nondeprived eye and depression of the deprived eye.*° In a similar
study, Sommeijer and colleagues*' also showed OD plasticity in LGN neurons after MD during critical period in
juvenile mice. While these studies present clear evidence for the experience-dependent plasticity in LGN, a direct
extrapolation from rodent to higher mammals needs to be established."'

In summary, our results show that the key thalamic nuclei responsible for direct communication between the retina
and the visual cortex undergo structural plasticity in response to retinal gene therapy. Furthermore, the observed LGN
volume increase was positively correlated with the clinical measures of the patients’ visual fields, particularly evident
from the correlations of the left LGN with the left and right eye visual fields. The structural changes within the LGN
suggest that the role of LGN is not limited to just relay the information to the visual cortex but is also involved in
adjusting to the retinal visual signal modulations by undergoing a high degree of plasticity to adapt to the enhanced visual
information. The exact trajectory of the structural changes taking place in LGN is unclear but our data shows that even
after years of low vision, the LGN in RPE65 patients has the potential for plasticity and expansion and the increase in the
LGN size is retained for at least one year after gene therapy administration.
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