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Abstract

Purpose: Short-term improvements in retinal anatomy are known to occur in preclinical models
of photoreceptor transplantation. However, correlative changes over the long term are poorly
understood. We aimed to develop a quantifiable imaging biomarker grading scheme, using non-
invasive multimodal confocal scanning laser ophthalmoscopy (cSLO) imaging, to enable serial

evaluation of photoreceptor transplantation over the long term.

Methods: Yédlow-green fluorescent microspheres were transplanted into the vitreous cavity
and/or subretinal space of C57/BL6J mice. Photoreceptor cell suspensions or sheets from
rhodopsi n-green fluorescent protein mice were transplanted subretinally, into either NOD.CB17-
Prkdc®9J or C3H/HeJ-Pdesb™ mice. Multimodal cSLO imaging was performed serially for up
to three months after transplantation. Imaging biomarkers were scored, and a grade was defined
for each eye by integrating the scores. Image grades were correlated with immunohistochemistry

(IHC) data.

Results:. Multimodal imaging enabled the extraction of quantitative imaging biomarkers
including graft size, GFP intensity, graft length, on-target graft placement, intra-graft lamination,
hemorrhage, retina atrophy, and peri-retinal proliferation. Migration of transplanted material
was observed. Changes in biomarker scores and grades were detected in 13/16 and 7/16 eyes,

respectively. A high correlation was found between image grades and IHC parameters.

Conclusions: Serial evaluation of multiple imaging biomarkers, when integrated into a per-eye
grading scheme, enabled comprehensive tracking of longitudinal changes in photoreceptor cell

grafts over time. The application of systematic multimodal in vivo imaging could be useful in
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increasing the efficiency of preclinical retinal cell transplantation studies in rodents and other

animal models.

Key words. degenerative retinal diseases, age-related macular degeneration, stem cell therapy,
xenotransplantation, photoreceptor cell, retinal organoid, confocal scanning laser

ophthalmoscopy


https://doi.org/10.1101/2019.12.21.884973
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2019.12.21.884973; this version posted December 23, 2019. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

available under aCC-BY-NC-ND 4.0 International license.

I ntroduction

Photoreceptor transplantation is being developed as a therapeutic modality to restore vision in
people affected by retinal degenerative diseases, including retinitis pigmentosa (RP) and age-
related macular degeneration (AMD) . Short term improvements in outer retinal anatomy after
photoreceptor cell transplantation have been observed, mainly by histological staining in
preclinical models of retinal degeneration *’. However, histology is a relatively inefficient
method to track graft and recipient anatomy longitudinally over the long term. Histological
assays are labor-intensive, require large initial cohorts of recipients, and face the challenge of
recipient attrition over time. Non-invasive imaging could facilitate the longitudinal evaluation of
retinal anatomy in relatively smaller cohorts of recipient animals over time, without the need to

sacrifice animals at every assessment time point.

Recent advances in imaging techniques have enabled detailed imaging studies in mouse models
of retinal disease and regeneration °. Confocal scanning laser ophthalmoscopy (cSLO) can be
used to capture images in multiple imaging modes, including short-wavelength fluorescence
(SWF) excitation (488 nm) to detect photoreceptor cells labeled with green fluorescent protein
(GFP) in mouse recipients *. Multicolor reflectance (MR) imaging combines blue (488 nm),
green (515 nm), and infrared (820 nm) laser reflectance. MR imaging has been applied to
evaluate retinopathies such as geographic atrophy ***2 and retinal edema **** in humans, but has
not yet been explored comprehensively as a tool in preclinical photoreceptor transplantation
research. Conventional time-domain optical coherence tomography (OCT) has been applied to
study transplantation outcomes in the short term > 8. Spectral domain OCT (SD-OCT) produces

high-resolution images, enabling the identification of distinct retinal layersin the recipient **%
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The utility of multimodal in vivo photoreceptor graft imaging for long-term observation has not
yet been fully explored. We hypothesized that a non-invasive multimodal in vivo imaging system
would provide comprehensive longitudinal information regarding graft survival and recipient
retinal status. We aimed to develop quantifiable imaging biomarkers of photoreceptor
transplantation outcomes in a mouse model based on multimodal in vivo cSLO imaging. We
further aimed to develop a comprehensive imaging-based grading system to evaluate retinal

changesin a cohort of transplant recipients over time.
Methods & Materials
Ethics approval

All animal experiments were carried out in accordance with the ARVO Statement for the Use of
Animals in Ophthamic and Vision Research. All procedures were approved by the Johns

Hopkins University Animal Care and Use Committee (approval MO16M17).
Animals

Wild-type C57/BL6J mice of either gender (aged 8-10 weeks) were used as recipients of yellow-
green microsphere (polystyrene FluoSpheres™, 505ex/515em nm, Invitrogen, USA)
transplantation. Postnatal day 3-6 (P3-6) mice expressing fused human rhodopsin-GFP (Rho-
GFP" mice, kind gift of Dr. T. Wensel, Baylor College of Medicine, TX) were used as
photoreceptor cell donors. Adult (6-8 weeks of age) immune-deficient NOD.CB17-Prkdc™/J
(NOD/SCID) mice and retinal-degenerate C3H/HeJ-Pdesb™ (rd1) mice of either gender were

used as recipients of Rho-GFP" photoreceptor cell grafts. All recipients were obtained from
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100  Jackson Laboratory (USA). All mice were housed in cages under a 12:12-hour light-dark cycle

101  with water and food provided ad libitum.
102 Donor cell and sheet collection

103  Donor photoreceptor cells or sheets were obtained from Rho-GFP™ mice (P3-6) as reported
104  previously *. Briefly, the cornea was cut along the limbus and the lens and vitreous body were
105 removed. The neural retina was gently isolated and washed in sterile phosphate-buffered saline
106 (PBS, Gibco, USA). To obtain donor cell suspensions, neural retinas were digested at 37°C for 9
107  minutes in papain solution and single cells were obtained following manufacturer instructions
108 (Papain Dissociation System, Worthington Biochemical, USA). Living cells were counted using
109 a hemocytometer after trypan blue staining and resuspended in PBS at a density of 1x10°
110  cells/ul. To obtain donor retinal sheets, primary neural retinas were cut into 1 x 1 mm?or 1 x 2
111  mm? sheets using 27-gauge (G) horizontal curved scissors (VitreQ, USA) under a dissection

112 microscope. All grafts were transplanted within 3 hours of isolation.
113 Transplantation

114  Yédlow-green microspheres were transplanted into single or multiple sites including the vitreous
115  cavity (VC), subretinal space (SRS), and intra-retinal (InR) in wild-type C57/BL6J mice (n=3 per
116  group). Surgical procedures were performed as previously reported %, Briefly, recipient mice
117  were anesthetized with intraperitoneal injection of ketamine (100 mg/kg body weight) and
118 xylazine hydrochloride (20 mg/kg body weight). Pupils were dilated with 1% (wt/val)
119 tropicamide (Bausch & Lomb, USA) to facilitate transpupillary visualization under an operating
120  microscope (Leica, USA). For SRS transplantation, 2ul of microsphere suspension (in PBS) was

121  tangentially injected into the SRS through the sclera using a 34G microneedle and syringe
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122  (Hamilton, USA) under direct vison. After the entire bevel was inserted into the SRS, a
123 consistently sized retinal bleb was observed post injection. For VC transplantation, 3 pl of
124 microsphere suspended in PBS was injected into the VC approximately 1 mm posterior to the
125  corneal limbus using the 34G microneedle and Hamilton syringe. For multi-site transplantation,
126  microspheres were transplanted into the VC, SRS, and InR locations using the same 34G
127  microneedle. Rho-GFP" cell suspension was transplanted into the SRS of either NOD/SCID mice
128 (n=5) or rdl mice (n=9) following the protocol mentioned above. For retinal sheet
129 trangplantation, each sheet was placed into the bevel of a 26G microneedle with the
130 photoreceptor side facing down and gently aspirated into the attached syringe, then injected into
131 the SRS of NOD/SCID mice (n=5) following the protocol as described. In each case, successful

132  injection was verified by direct visualization through the dilated pupil of the recipient.

133  Multimodal cSL O imaging

134  Recipients with severe cataract (> 5% dilated pupillary cover) were excluded. Multimodal cSLO
135 imaging was performed on wild-type recipients at intervals up to 3 months (n=9), on NOD/SCID
136  recipients up to 1 week (n=2), up to 1 month (n=2) or 2~3 months (n=6), and on rd1 recipients
137 up to 2 months (n=9) pogt-transplantation. Recipients were anesthetized by intraperitoneal
138 injection of ketamine (100 mg/kg body weight) and xylazine hydrochloride (20mg/kg body
139  weight). Pupils were dilated with 1% (wt/vol) tropicamide eye drops. A mouse contact lens
140 (PLANO, UK) was placed on the cornea to prevent corneal dehydration. Standard 55°
141 multimodal imaging was performed using the cSLO system (Heidelberg Engineering, USA).
142  SWF imaging (488/500nm excitation/emission with automatic real-time (ART) averaging of 52
143  frames) was used to visualize fluorescence from yellow-green microspheres or GFP' cells. MR

144  images focusing on the mid-VC, retina blood vessel layer (RBVL), and SRS planes were
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145 obtained at the approximate same area as the SWF signal. A color-balanced MR image was
146  acquired in each case by three lasers, namely, blue reflectance (BR) (A = 488 nm), green
147  reflectance (GR) (A = 515 nm), and infrared (IR) (A = 820 nm) reflectance (>20 frames of ART
148 averaging). SD-OCT line scans through the same area were recorded at a mean of 9 frames per

149  B-scanusing ART mode. Non-injected eyes served as blank controls for all imaging modalities.
150 Quantification of multimodal cSL O imaging biomarkers

151  Multimodal cSLO imaging biomarkers were quantified using ImageJ %. The fluorescent signal
152 size and intensity of each graft were quantified. (1) The SWF image was converted to greyscale
153 (8 bit) and the scale bar was deleted to avoid its interference with overall intensity estimation; (2)
154  The detection threshold was set to detect the entire graft and the percentage of selected pixels
155 was recorded; (3) The fluorescent signal size and intensity of each graft were calculated as
156 follows: To determine size, the numerical ratio of the graft area to total imaged fundus area was
157 calculated. To adjust for variations in image exposure, the ratio of graft intensity to background
158 intensity was calculated. For graft length quantification, the horizontal SD-OCT line scan
159  through the maximum graft dimension was selected manually. The maximum graft length was
160 measured using the caliper tool (dimension A). The recipient retinal thickness was measured as
161 the distance from the RNFL to the retinal pigment epithelium (RPE) band (dimension B).
162 Dimensions A and B were converted from inches to um. Relative graft length was calculated
163 from the ratio of graft length (um) to recipient retinal thickness (um) to standardize the scoring
164 by controlling for the variability in retinal thickness at each site. The sizes of opacities presumed
165 to be retina hemorrhages were quantified by determining the ratio of hemorrhage area to total
166 imaged fundus area on the MR image. The hemorrhage area was delineated by freehand

167 selection. The total imaged fundus area was selected by threshold adjustment. To quantify the
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168  degree of recipient retinal atrophy, the thickness of the thinnest retina above the graft and a non-
169 grafted control region were measured. The ratio of above-graft retina thickness to control retina
170 was calculated as a measure of retinal atrophy. Graft placement, lamination, and pre-retinal

171  proliferation biomarkers were manually determined based on SD-OCT image data.

172  Histology

173  After sacrifice, perfusion fixation was performed with 4% paraformaldehyde (PFA) (Electron
174  Microscopy Sciences, USA) in PBS. Eyes were removed and placed in 4% PFA/PBS for one
175  hour and dehydrated in a sucrose gradient (10%, 20%, 30%), then blocked in optimal cutting
176  temperature compound (Sakura Finetek, USA). Cryosections (10 um) were cut by microtome
177 (CM 1850, Leica, USA) and affixed to Superfrost Plus microscope dlides (Fisher Scientific,
178 USA) for staining. Sections of transplanted rd1 mice eyes (n=6) were rinsed with PBS (5 min x
179  2), then permeabilized and blocked using a mixture of 0.1% Triton-X100 and 5% goat serum in
180 PBS for 1 hour at room temperature (RT). Sections were rinsed with PBS (5 min x 3) and
181 incubated with primary antibody overnight at 4°C. Primary antibodies used were goat anti-GFP
182  (FITC) (1:200), rabbit anti-REC (1:1000), and rabbit anti-Pde6p (1:400), al from Abcam (USA).
183  After rinsing in PBS (5 min x 3), sections with rabbit primary antibody were incubated with
184  1:500 goat-anti-rabbit Cy3-tagged secondary antibody (Abcam, USA) for one hour at RT, rinsed
185 in PBS (5 min x 3) and counterstained nuclear with 4',6-diamidino-2-phenylindole (DAPI,
186 Sigma, USA), rinsed in PBS (5 min x 2) and mounted using ProLong Diamond mounting media
187 (Life Technology, USA). Seven equally distributed sections per eye were imaged under a
188 confocal laser scanning microscope (LSM 510, Zeiss, USA). Positively stained cells were

189  manually counted using Imagel.
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190 Satistical analyss

191 Grading and IHC staining data were analyzed using the nonparametric Kendall’s tau-b
192  corréation (two-tailed). Statistical analysis was carried out using SPSS software (version 25.0;
193 SPSS, Inc., Chicago, IL, USA). P<0.05 taken as significant. Correlation coefficient (tp) > 0.7
194 was considered as high correlation. Correlation graphs were drawn with GraphPad Prism

195 software (version 7, CA, USA).

196 Results

197 Location detection using dynamic imaging with depth of focus modulation

198 Anatomical targets for cell delivery in animal models include the subretinal space (SRS) and the
199 vitreous cavity (VC). In vivo, the SRS and VC are separated in depth. We aimed to evaluate the
200 utility of in vivo multimodal cSLO imaging in differentially detecting the depth location of
201 transplanted cells at these sites — and therefore, if multimodal cSLO imaging could be used to
202  detect off-target delivery and/or cell migration, from the SRS to the VC or vice-versa, over time.
203 We dso aimed to understand whether depth detection accuracy of individual cells would be
204  affected if the cells were present at different depth locations simultaneously. For example, cells
205  could befound at different depth locations after complicated or traumatic delivery, wherein cells
206  could be deposited in the VC (off-target) in addition to on-target SRS delivery. We established a
207 noncellular model for initial imaging studies by using fluorescent yellow-green microspheres,
208 instead of living fluorescence-labeled cells, as the delivery substrate. This model enabled us to
209 address the technical questions above while avoiding challenges related to donor cell supply,
210 immune cell regection, and donor cell death. Fluorescent yellow-green microspheres were

211 ddivered into either the SRS, or the VC, in separate wild-type eyes as depth location controls. In

10
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212  test eyes, fluorescent yellow-green microspheres were delivered at multiple depth locations in
213 the same eye (e.g. SRS, VC, and InR simultaneously), by gradually expelling the microspheres

214  whilethe delivery needle was being translated axialy.

215 Imaging with SWF, MR, and OCT modes was conducted one week after transplantation, giving
216  sufficient timefor the retinal bleb from SRS delivery to resolve, and the SRS cells to settle into a
217  planar distribution. Dynamic manual focal plane modulation was performed to capture images at
218 different focal depthsin the eye, by adjustment of the Z-position using the Z micromanipulator.
219 Images were acquired at the focal plane of the retinal blood vessel layer (Zrsvi) and at the focal
220 plane of the subretinal space (Zsrs). Confirmation of the focal plane was obtained by noting that

221  theretina blood vessels werein sharp focus at Zrgy, but were indistinct at Zsgs.

222  With SWF imaging, intraocular microspheres were detectable as bright objects scattered across
223 the fied of view. Depth-specific information of the transplanted microspheres could not be
224 reliably obtained on static or dynamic (with focal plane modulation) imaging in the SRS control,

225 VC control, or test case (Fig.1 Al, B1, C1).

226  With MR imaging, depth location of transplanted microspheres could easily be detected using
227  dynamic imaging in the controls, where all microspheres were at one of two possible depthsin
228 each eye (SRSor VC). Inthe SRS location control, SRS microspheres were out of focus at Zrgvi.
229 (Fig.1 A2a) and were in better focus at Zsrs (Fig.1 A2b). In the VC location control, VC
230 microspheres were in better focus when the focal plane set at Zrgy. (Fig.1 B2a) rather than at

231 Zss(Fig.1B2b).

232  In test eyes with intentional multi-site delivery, the depth-specific information of some, but not

233  all, microspheres could be obtained using dynamic focal plane modulation. Microspheres that

11
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234  were in sharp focus a Zgrgy. plane were taken to be at the VC location (Fig.1 C2a), whereas
235 those that were in sharp focus at Zsgrs were taken to be at the SRS location (Fig.1 C2b). Several
236  microspheres (single or clumped) did not change in sharpness appreciably from focal plane
237  modulation and appeared similarly indistinct at Zggyi. and Zsgrs. These were presumed to be
238 located at an intermediate depth location between the SRS and the VC, i.e, at the InR location

239 (Fig.1C).

240  SD-OCT imaging provided additional information regarding the microsphere depth location. SD-
241  OCT imaging was a more direct assay of graft signal depth. However, only small areas could be
242  sampled at one time and the data were generated as line scans. This made it challenging to
243  integrate graft depth location information efficiently across the entire volumetric topography of
244 the posterior eye, in comparison to MR imaging. Both SD-OCT and MR modes faced the
245  limitation that axially superimposed microspheres were obscured, or in shadow, in the viewing
246  plane. Nevertheless, SRS (Fig.1 A3) and VC (Fig.1 B3) microspheres were still separately
247  digtinguishable. InR microspheres were not clearly distinguishable from SRS and VC
248  microspheres on SWF or MR imaging. The location of InR microspheres was identified more

249  clearly using SD-OCT imaging (Fig.1 C3).

250 Longitudinal multimodal cSL O detection of microsphere migration

251 Multimodal cSLO imaging detected the migration of both SRS and VC microspheres over three
252  months of observation. SWF imaging showed that several clusters appeared to have dispersed
253  over thistime period, while other clusters appeared to have coalesced (Fig. 2 Ala-Alb and Bla—
254  B1b). Whether these microspheres that changed location or distribution were in the SRS or VC

255  wasnot clear from SWF data.

12


https://doi.org/10.1101/2019.12.21.884973
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2019.12.21.884973; this version posted December 23, 2019. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

256 The migration of SRS microspheres over three months of observation, even across relatively
257 small distances, could be discerned using MR imaging with reference to the pattern of retinal
258 blood vessels (Fig. 2 A2a—A2b). The majority of VC microspheres that migrated appeared to do
259 soinaninferior direction, likely under the influence of gravity (Fig. 2 B2a—B2b). SD-OCT also
260 showed SRS and VC microsphere migration over this time period, although exact co-registration

261  of imaging across time points was challenging (Fig. 2 A3a-A3b and B3a—B3b).

262  Longitudinal multimodal cSL O tracking of Rho-GFP" photor eceptor cells

263  Based on the positive results in the non-cellular model above, we proceeded to investigate the
264  utility of multimodal cSLO imaging in tracking longitudinally transplanted Rho-GFP*
265  photoreceptor cells. Multimodal ¢SLO imaging of recipient eyes was performed serialy for up to
266  three months after transplantation. Rho-GFP" grafts (including cell suspension and sheet grafts)
267  were detected in 13/19 eyes during short-term (14 weeks), and in 8/15 eyes during long-term
268 (2~3 months), observation. Representative cSLO images from a rd1 recipient, transplanted with
269  Rho-GFP" photoreceptor cell suspensions, are shown in Fig.3. By SWF imaging, the majority of
270 transplanted cells appeared to be organized in clumps, while several others were more dispersed,
271  which indicated scattered cells (Fig.3 Al). MR imaging (focused at Zsgs) was less effective at
272  detecting cdls in the same transplanted area (Fig.3 A2). The BR, GR, and IR channel signal
273  patterns partially overlapped with each other (Fig.3 A2). Areas that were detectable on each MR
274 imaging channel assumed a pattern that did not match the SWF pattern (Fig.3 A2). This
275 potentially indicated differing anatomical correlates for each imaging modality signal. SD-OCT
276  scans through the area of bright SWF signal presented reflective SRS cells. Interestingly, MR
277 imaging (composite image) showed a dark-red circle adjacent to the graft (Fig.3 A2, white

278  arrow), that correlated with retinal thinning that was detected on SD-OCT imaging (Fig.3 A4).

13
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279  Significant changes in multimodal imaging signals were observed in the same retina at two
280 months. The GFP signal significantly decreased in size, and intensity, on SWF image (as shown
281 in Fig.3 B1). The MR-detectable area changed in comparison to the one-month MR image.
282  Interestingly, SD-OCT imaging showed a dlight reduction of SRS graft length, despite the
283  dignificant reduction of GFP+ area and intendity (Fig. 3 B3 vs. A3). SD-OCT imaging also

284  detected progression of retinal thinning (Fig.3 B4 vs. A4).

285  Scoring of multimodal cSL O imaging biomarkers

286 A scoring scheme (Table 1) was developed to enable the description of changes quantitatively
287 ove time. The scoring scheme included the following indices: fluorescence signal size and
288 intensity (SWF data); graft length, graft placement, and lamination (SD-OCT data); and
289 complications, including hemorrhage, recipient retinal atrophy, and peri-retinal proliferation

290 (MR and SD-OCT data).

291  Fuorescence signal size was scored as 3 if the ratio of graft size to fundus area was > 20%, as 2
292 if theratio was > 5% and < 20%, as 1 if the ratio was < 5% and > 0%, and as O if the ratio was
293 equal to 0. Fuorescence intensity was scored from O to 3, with reference to the relative signal
294  intensity of the graft versus background, as defined in Table 1. Fig. 4A shows representative
295  images of transplanted Rho-GFP" photoreceptor cells scored from O to 3 for signal size (a higher
296 score indicated larger grafts), and signal intensity (a higher score indicated brighter GFP

297  fluorescence).

2908  Graft length score was assigned based on the maximum length of the graft on SD-OCT line
299 scans. A score was assigned according to the ratio of graft length to the recipient retinal

300 thickness reference within each image. A ratio of >10 was scored as 3, <5 was scored as 1, and a
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301 ratio between those values was scored as 2. Score 0 was assigned when no graft was found on
302 SD-OCT images (Table 1). For example, the length of grafted photoreceptor cells in one
303 transplanted eye was 2124.9 um and the thickness of control recipient retina (in a proximal area
304  without a graft) was 124.0 um. The ratio of graft length to control recipient retinal thickness was
305 17.1. Therefore, it was assigned a graft length score of 3 (Fig. 4A). A higher graft length score

306 indicated alonger maximum graft dimension in the horizontal axis.

307 The graft placement score was binary, based on SD-OCT imaging data. In the cell
308 transplantation experiments, the intended graft location was the SRS. Therefore, a score of 1 was
309 assigned if the graft was located entirely in the SRS, and 0 was assigned if any part of the graft

310 waslocated outside the SRS, or if no graft was detected.

311 On the presumption that detectable intra-graft lamination was a favorable finding, which
312 indicated the presence of layered cell arrangement in the graft, a lamination score of 1 was
313 assigned to grafts in which the SD-OCT images showed a clear intra-graft lamination pattern

314 (Fig.4A).

315 Complications— namely, hemorrhage, retinal atrophy, and peri-retinal proliferation —that could
316 adversdy affect transplantation outcomes were scored based on their extent and severity. We
317 used ahigher score to indicate a less extensive, or less severe, complication as listed in Table 1.

318 Representative images are shown in Fig. 4B.

319 Assessment of longitudinal changesin imaging scor es

320 We aimed to determine if the scoring scheme could detect changes in graft and recipient status

321 over timein photoreceptor cell transplants (n=16 eyes with available longitudinal data). A score
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322 changein at least one biomarker was detected in 14 of 16 eyes, over the period of observation
323  after transplantation (Table 2). The size score decreased in 8/16 eyes (score change of —1 in four
324 eyesand —2 in four eyes) and did not change in 8/16 eyes. The intensity score decreased in six
325 eyes, remained stable in eight eyes and increased in two eyes. The graft length score changed in
326  5/16 eyes (score change of +1 in one eye, —2 in two eyes, —1 and -3 in one eye for each). The
327  graft placement score remained stable (score = 1) in 15/16 eyes. Placement score dropped from 1
328 to O0in one eye, in which no graft was visible during follow up imaging. The graft lamination
329 score remained stable in 2/3 eyes transplanted with retinal sheets (score remained as 1 in two
330 eyes and decreased from 1 to O in one eye). The complication score was stable in 9/16 eyes
331 (score remained as 3 in two eyes, as 2 in four eyes, and as 1 in three eyes). Changes in
332 complication score were detected in 7/16 eyes (score change of —2 in one eye, —1 in two eyes,

333 and +1infour eyes).

334 Integration of biomarker scoresinto a grading system

335 We combined the different biomarker scores into a single grade for each image, so that we could
336 integrate multiple biomarker data points for each eye. We assigned a grade (I-1V, reflecting the
337 best to the worst outcomes, Table 3) for each eye, based on the sum of individual imaging
338 biomarker scores for that eye. For this purpose, the complication score for each eye was defined
339 as the lowest score (corresponding to the most severe or extensive complication) of the three
340 possible complication scores of hemorrhage, atrophy, and peri-retinal proliferation. We adopted
341 this approach to numerically disadvantage the grafts with more severe, or more extensive,

342  complications.
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343  Grade | represented highly favorable transplantation outcomes, including a large graft (size score

344 =3, length score = 3), high GFP expression (intensity score = 3), SRS location (placement score
345 =1), presence of donor sheet lamination (score = 1), and no complications (score = 3). Grade Il

346 represented favorable transplantation outcomes with a score = 2 for any one of size, length,
347 intensity, or complication, and placement score = 1, regardless of lamination score. Grade |11
348  represented relatively unfavorable transplantation outcomes with a score = 1 for any one of size,
349 length, intensity, or complication, and placement score = 1, regardless of lamination score. Grade
350 1V represented unfavorable transplantation outcomes with a score = O for any one of size, length,

351 intensity, placement, or complication, regardless of lamination score.

352  Application of the grading system to quantify longitudinal changesin vivo

353  To test the application of this system in vivo, we evaluated transplanted Rho-GFP" photoreceptor
354  cell suspensions and sheets over time. Follow-up data were available for 16 recipient eyes, that
355 received either type of graft for up to three months post transplantation (one eye up to one
356  month, nine eyes up to two months, and six eyes up to three months). Overall, a change in grade
357 was found in 7/16 eyes. From week one to month one, 2/3 eyes remained at grade I, 1/3 eye
358 dropped from grade I11 to grade IV. From month one to month two, 7/11 eyes remained at either
359 grade lll (2 eyes) or grade IV (5 eyes). A reduction in grade occurred in 4/11 eyes during this
360 period, of which one eye dropped from grade | to |1, two eyes dropped from grade Il to Il1, and
361 oneeyedropped from grade Il to IV. Among the six eyes that were tracked for three months, the
362 grade was stable at Il, I11, and 1V, from 1 month to 3 months in three eyes, respectively. Two
363 eyes dropped in grade: one from Il to IV and the other from IIl to IV. No eyes showed an

364 increasein grade over time (Table 4).
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365 An example of tracking Rho-GFP" photoreceptor cell suspension graft in an rd1 recipient is
366 shown in Fig. 5A. SWF imaging showed a visible reduction of SWF signal, from month one to
367 month two post-transplantation. Graft size and intensity were 32.7% and 5.4 respectively, at one
368 month. Accordingly, each of these biomarkers received a score of 3. However, at two months,
369 we observed reduced size (2.7%) and intensity (2.1), thus reducing the scores to 1 and 2
370  respectively. Graft length was scored as 3 at one month (graft length ratio 2832.1/135.8 = 20.9)
371 and remained at score 3 at two months, despite the reduced density and intensity scores. Graft
372  placement was scored as 1 at both time points, because the transplanted cells remained in the
373 SRS. Complications were scored as 3, since none were detected at both time points. Taken
374  together, the graft was assigned Grade | (highly favorable) at month one, but dropped to grade 111

375 (reatively unfavorable) at month two (Fig. 5A).

376  Anexample of Rho-GFP' retinal sheet transplantation in a NOD/SCID recipient is shown in Fig.
377  5B. At one month, GFP density (5.63%) was scored as 2, and intensity (5.27) was scored as 3.
378  Graft length was scored as 3 (graft length ratio 3144.0/256.8 = 12.2). The graft remained located
379 inthe SRS (score 1) and showed an internal lamination pattern (score 1). For complications, a
380 sizeable hemorrhage (22.4% area) was detected on MR imaging, and was thus scored as 1. Two
381 additional complications (retinal atrophy and peri-retinal proliferation) both scored 3, because
382  they were not detected. Therefore, the score of 1 from the hemorrhage, being the lowest score of
383 the three potential complications, was selected as the final complication score. Three months
384 later, no graft-related signal was detected on SWF image. Hence, graft size and intensity were
385  hoth scored as 0. But the graft was still detectable on SD-OCT image, and the graft length score
386 reduced to 2 (graft length ratio 2193.7/249.8 = 8.8). The graft was located in SRS, and so the

387  placement was scored as 1. Graft lamination was scored as 0, because no intra-graft lamination
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388 was found on SD-OCT images. The complication score remained as 1, due to the persistent
389 hemorrhage that had enlarged dlightly (26.5% ared). The grade of this graft changed from grade

390 I (relatively unfavorable) to grade IV (unfavorable), over three months of tracking.

391 Correlation of image grade with histological data

392 Totest the extent to which the image-based grading system correlated with histological data, and
393 its potential for use as a partial surrogate endpoint for histological analysis, we correlated the
394  image grades and immunohistological findings in six rd1 mice eyes transplanted with Rho-GFP"

395  photoreceptor cell suspensions.

396 The mouse presented in Fig. 5A was assigned grade |l (relatively unfavorable outcome) at
397  month two and was immediately sacrificed for IHC analysis. Numerous cells were located in the
398 SRS, but few expressed Rho-GFP (Fig. 6A). These findings were consistent with the low GFP
399 size(score = 1) and intensity (score = 2) scores, and the high graft length score (score = 3) (Fig.
400 5A). The low expression of photoreceptor markers, including Rho-GFP, recoverin (REC), and
401  Pde6p, indicated relatively poor graft survival and maturation. Thus, the low grade of this mouse
402  (gradelll) correlated with the poor histological outcome. A similar correlation was found in five
403  other tested eyes: more numerous GFP", REC", and Pde6B™ cells were found in specimens that
404  were graded more favorably. Statistical analysis showed a high correlation between image grade

405 and histology (t, >0.85, P<0.05, Fig. 6B).

406 Discussion

407 The data show that multimodal imaging yielded a range of imaging biomarkers that were

408 amenable to systematic quantitation. SWF detected graft size and GFP intensity, SD-OCT
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409 showed graft length, placement, and lamination, and MR reflectance and SD-OCT together
410 showed complications including hemorrhage, atrophy, and peri-retinal proliferation. The imaging
411  biomarkers could be scored and integrated into a per-eye grade, as a quantifiable and trackable
412  measurement of transplantation outcomes over time. Confidence in the use of this system of

413  tracking graft status was supported by its high correlation with histology.

414  Various cdlular grafts (e.g. photoreceptor precursors, RPE cells, bone marrow cells, umbilical
415  tissue cells, and others) have been studied in small and large animal transplantation models >,
416  en route to human application®**. A typical goal in preclinical retinal cell therapy research is to
417  assess the long-term structural outcomes (e.g. survival, maturation, and migration) of the
418 transplanted cells in the context of functional outcome (e.g. visual function assays). Among the
419 challengesis the fact that suboptimal grafts —i.e., those adversely affected by hemorrhage, off-
420 target placement, reflux, retinal detachment, or retinal trauma — are only discovered by
421  histological analysis at the end of the study period. This conventional process consumes time,

422  manpower, and financial resources. Complicated grafts, while providing information on how and

423  why transplants fail, do not typically contribute positively towards functional correlation.

424  Therefore, an in vivo imaging-based graft evaluation strategy could be useful to grade and
425  dratify graft status, prior to targeted or stratified histological and functional analysis. Arguably,
426  the most important structural aspect of a graft that should be ascertained prior to selection for
427  functional correlation is whether on-target delivery was achieved completely. Thisinformation is
428 not typically available in the living animal, prior to downstream termina analyses, without
429 imaging. There can be a high rate of off-target delivery in small animals, because of the
430 challenge of precise maneuvers in small eyes, and also because nonvisual-guided ddlivery is

431  commonly practiced. We found multimodal cSLO imaging to be very effective at determining
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432  graft placement in the SRS and VC, using a combination of information from SWF, MR, and
433  SD-OCT. Interestingly, we detected the migration of transplanted material in the VC and SRSin
434  several mice. Thiswas likely due to animal movement, and the influence of gravity, where cells
435 inthe SRS, and more so in the fluid-filled VC, could shift over time while remaining in the same

436  compartment.

437  cSLO fluorescence imaging has been used to detect red dye-labeled photoreceptor cellsin the rat
438 eye in short-term transplantation studies **. However, fluorescence dye is not a reliable
439 indicator of graft survival because it is non-specific to living cells and could also leak into
440  recipient cells *. We used human rhodopsin-fused GFP as the traceable donor-specific marker in
441  this study. Using this system, graft survival and photoreceptor maturation could be indicated by
442 GFP expression, because the GFP signals are restricted to relatively mature living Rho”
443  photoreceptor cells. In contrast to several prior studies, in which OCT imaging was used to

444 ascertain graft survival 2378

, we used SWF imaging to track transplanted cells. We found that
445  SWF imaging effectively presented the planar distribution of GFP+ grafts across the visible
446  topographic extent of the recipient fundus, making it more efficient than OCT line scanning for

447  graft detection .

448 It should be noted that MR imaging is based on reflectance, and not fluorescence. We found MR
449  imaging to be relatively inefficient in detecting GFP+ cells compared to SWF imaging. Other
450 possible explanations for this could lie in differences in the characteristics of microspheres and
451  photoreceptors. Microspheres are larger imaging targets than photoreceptor cells (15 um vs 1.2—
452 1.4 um, respectively). Fluorescence intensity in microspheres appears to be higher than that of
453 GFP in photoreceptors, and also more uniform due to the lack of intercellular variation in

454  expression level dueto cell degeneration or other factors.
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455 For a more complete interpretation of graft survival, we found it important to integrate
456  information from SWF and SD-OCT modalities. Loss of SWF signal could be interpreted as
457  graft degeneration. However, we often found SD-OCT data that were consistent with the
458  continued presence of transplanted SRS material in those eyes. In most cases, histology showed
459  that thismaterial contained transplanted photoreceptor cells with downregulated GFP expression,
460 likely accounting for their poor visibility on SWF imaging. Hence it is critical to consider the
461 SWF graft size and intensity scores in the context of the SD-OCT graft length score, as

462  photoreceptor grafts could manifest differentially in each modality.

463  Functional outcomes can also be influenced by complications that could degrade the graft. SWF,
464 MR, and SD-OCT data were useful in detecting complications, such as hemorrhage, recipient

4041 or the

465  atrophy, and peri-retina proliferation. Changes in the number of RPE fluorophores
466  presence of absorbing/emitting material anterior to the RPE, will both produce fundus auto-
467  fluorescence (FAF) signal changes on SWF images. Loss of signal could be caused by RPE
468  atrophy “** retina edema *, and hemorrhage *°, whereas increased signa could be associated
469  with subretinal fluid “° and drusen *"*. Reduced FAF in areas of RPE atrophy has been reported
470  in rd1 mice . We found that visualization of the reduced FAF signal associated with atrophy
471  was often obscured by the very bright GFP signal in transplanted eyes (Fig. 3A), so OCT

472  imaging may be a more consistent method to detect RPE atrophy in such cases.
473  Conclusons

474  Multimodal cSLO imaging biomarker analysis enabled quantifiable, and longitudinal,
475  assessment of features of retinal regeneration by photoreceptor cell transplantation. Imaging

476  biomarkers reflected graft survival and distribution, and recipient retinal complications. Multiple

22


https://doi.org/10.1101/2019.12.21.884973
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2019.12.21.884973; this version posted December 23, 2019. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

477 imaging biomarkers could be integrated into a per-eye grading scheme that enabled
478 comprehensive tracking of changes in graft and/or recipient status in single eyes over time.
479  Multimodal in vivo imaging of individual recipients in cohorts of mice may facilitate functional
480 correlations, by enabling stratification of eyes according to accuracy of on-target placement,
481  graft survival, graft size, and graft damage from complications. The application of systematic
482  multimodal in vivo imaging could be useful in increasing the efficiency of preclinical retinal cell
483  transplantation studies in rodents and other animal models, by reducing the reliance on end-point

484  histology.
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616 Figurelegends

617 Figure 1. Location detection using dynamic imaging with depth of focus modulation in
618 wild-type miceat 1-week post-transplantation. (A) Imaging of SRS-transplanted microspheres
619 using SWF (Al), MR (A2a-2b), IR and SD-OCT (A3). (B) Imaging of VC-transplanted
620 microspheres using SWF (B1), MR (B2a-2b), IR and SD-OCT (B3). (C) SWF (C1), MR (C2a-
621 2b), IR and SD-OCT (C3) imaging of a test eye transplanted microspheres at multiple depth
622 locations, including SRS, VC, and InR. All MR imaging were modulated dynamically at the
623 focal plane of the retinal blood vessel layer (ZrgyL) Or at the focal plane of the subretinal space
624  (Zsrs). Yellow dashed circle and yellow arrow: microspheres located in SRS; Blue dashed circle
625 and blue arrow: microspheres located in VC; Green arrow: microspheres located in InR.
626 Abbreviations: SRS sub-retinal space; VC: vitreous cavity; InR: intra-retina; RBVL: retina
627 blood vessel layer; SWF: short-wavelength fluorescence; MR: multicolor reflectance; IR

628 infrared reflectance; SD-OCT: spectral domain optical coherence tomography.

629 Figure 2. Longitudinal multimodal cSLO tracking the migration of transplanted
630 microspheres in wild-type mice from 1 week to 3 months. (A) Multimodal cSLO imaging-
631 based tracking of subretinally-transplanted microspheres. The SWF images (Ala-1b) shows the
632 digribution changes of the microsphere clusters (red dashed circles). Migration of the
633  microspheres was present on MR images (A2a-2b) with reference to the pattern of the retinal
634 blood vessels (dashed yellow line). SD-OCT (A3a-3b) detected the migration of the
635 microspheres in SRS (yellow arrows). (B) Multimodal cSLO imaging-based tracking of
636 intravitreally-transplanted microspheres. The SWF images (Bla-1b) presented the distribution

637 change of the microsphere clusters (blue dashed circles). Migration of the microspheres was
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638 detected on MR imaging (B2a-2b) with reference to the retinal blood vessels (yellow dashed
639 line). SD-OCT (B3a-3b) showed the migration of VC microspheres from 1 week to 3 months
640 (blue arrows). Abbreviations: SRS. sub-retinal space; RBVL: retinal blood vesse layer; VC:
641 vitreous cavity; SWF: short-wavelength fluorescence; MR: multicolor reflectance; IR: infrared

642 reflectance; SD-OCT: spectral domain optical coherence tomography.

643  Figure 3. Longitudinal multimodal cSL O tracking of Rho-GFP" photoreceptor cellsin vivo.
644 (A) Representative SWF (Al), MR (A2), IR fundus and SD-OCT images (A3-4) of a rdl
645 recipient transplanted with Rho-GFP™ photoreceptor cell suspensions at 1 month post-
646 trangplantation. (B) Representative SWF (B1), MR (B2), IR fundus and SD-OCT images (B3-4)
647  showing changes of the eye at 2 months post-transplantation. Original images without labeling
648 are shown on the upper left corner of each annotated image. Yellow dashed circle: SWF-
649 highlighted area; Blue-/green-/red- dashed circle indicate highlighted areas on BR, GR, IR
650 images, respectively. Between yellow arrow: grafted cells; Between white arrow: recipient
651 retinal atrophy. Abbreviations. SWF:. short-wavelength fluorescence;, MR:  multicolor
652 reflectance; BR: blue reflectance; GR: green reflectance; IR: Infrared reflectance; SD-OCT:

653  spectral domain optical coherence tomography.

654 Figure 4. Representative images showing the scoring of multimodal cSLO imaging
655 biomarkers. (A) Representative SWF and SD-OCT images of transplanted Rho-GFP*
656  photoreceptor cells. Image biomarkers include graft size, fluorescent intensity, graft length, graft
657 placement, and intra-graft lamination. The scores were applied for each imaging biomarker as
658 appropriate. (B) Representative MR and SD-OCT images of imaging biomarker complications,

659 including hemorrhage, recipient retinal atrophy, and peri-retinal proliferation. A higher score
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660 indicated a less extensive or less severe complication. Between yellow arrows:. grafts in sub-
661 retinal space (SRS). Between red arrows. grafts in sub-choroid (SC). Between green arrows:
662 graftsin intra-retina (InR). Blue arrows: grafts in vitreous cavity (VC). Between white arrows:
663 recipient retinal atrophy. Magenta arrow: peri-retina proliferation. Yellow dashed circle:
664 laminated/non-laminated grafts. Yellow line: graft length. Red line: recipient retina thickness.

665 Red star: hemorrhage. Note: the figure shown above for size score 3 is the same as Figure 3A.

666 Figure 5. Application of the grading system to quantify longitudinal changes in vivo. (A)
667 Multimodal cSLO images of a rdl mouse transplanted with Rho-GFP* photoreceptor cell
668 suspensions. The grade of imaging biomarkers changed from grade | to grade 11l over 2-month
669 observation. (B) Multimodal ¢SLO images of a NOD/SCID mouse transplanted with Rho-GFP*
670 retinal sheets. The grade of imaging biomarkers changed from grade 1l to grade IV over 3-
671 month observation. Yellow line graft length; Red line: recipient retina thickness, Red star:

672  hemorrhage.

673 Figure 6. Corréation of imaging grade and histological data. (A) Representative
674  immunohistochemistry (IHC) staining images of the rd1 recipient in Fig. 5A. The mouse was
675 transplanted with Rho-GFP' photoreceptor cell suspension and was sacrificed 2 months post-
676 transplantation for IHC staining. Photoreceptor-specific markers (Rho-GFP, REC, and Pde6p)
677 were stained to evaluate graft survival and maturation. Magnified images are provided on the
678  upper right corner. (B) Kendall’s tau-b correlation analysis of imaging grade and histological
679 datain rd1l mice (n= 6 eyes, 7 sections/eye): Rho-GFP positive-, REC and Rho-GFP double

680 positive, and Ped6p and Rho-GFP double positive cells were counted and correlated with image
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695

grades. Yellow arrow: graft. 1, correlation coefficient. Scale bar = 20 um. Abbreviations: RGC:

retinal ganglion cell; INL: inner nuclear layer; SRS sub-retinal space.

Tables
N Imaging Score
Objective Mode biomarker 3 ) 1 0
SWE Size 20<~<100 5<~<20 0<~<5 0
Intensity 3< 1.5<5~<3 0<~<15 0
Graft Length 10< 5<~<10 0<~<5 0
SD-OCT  Placement NA NA On-target Off-target
Lamination NA NA Yes No
MR Hemorrhage 0 0<~<10 10<~<50 50<~<100
_ spoct Retinal 100 < 65<~<100 30<~<65  0s~<30
Complications atrophy
Both Perljretm:‘:\l None Vitreous Membrane Retinal
proliferation haze detachment

Table 1. Scoring of

multimodal cSLO imaging biomarkers. Imaging biomarkers were

developed from multimodal imaging modes to describe graft status and recipient complications.

For grafts, SWF imaging data indicated fluorescent size and intensity. SD-OCT imaging

presented graft length, graft placement and intra-graft lamination. For complications, MR

imaging present the hemorrhage. SD-OCT imaging detected the retinal atrophy. The peri-retinal

proliferation was manually determined based on MR and SD-OCT image (“both” above) data.

The scores of 0 to 3 were applied for each imaging biomarker as appropriate. Abbreviations. NA:

Not applicable.
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Score SWF SD-OCT MR & SD-OCT
change

(n=16) Size Intensity Length Placement Lamination | Complications
+3 0 0 0 NA NA 0

+2 0 0 0 NA NA 0

+1 0 2 1 0 0 4

0 8 8 11 15 2 9

-1 4 2 1 1 1 2

-2 4 3 2 NA NA 1

-3 0 1 1 NA NA 0

Table 2. Quantification of longitudinal changes in imaging scores of transplanted mice.
Multifocal SLO imaging were performed longitudinally in sixteen Rho-GFP* photoreceptor cell
transplanted mice. Imaging biomarkers, including graft size, fluorescence intensity, graft length,
graft placement, lamination, and complication, were scored in each mouse. Lamination scoring
was applied to retinal sheet grafts (n=3 eyes) only, considering their initially laminated
structures. The score changes of individual imaging biomarker were quantified from the
observation start time (week 1 or month 1) to the termination (up to 3 months). The number of
eyes showing each possible magnitude of score change is listed in the table. Abbreviations: NA:

Not applicable.
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710
711
712
713
SWEF SD-0OCT MR & SD-OCT
Grade : - — —
Size ‘ Intensity Length | Placement Lamination | Complication
| 3 3 3 1 1 3
3 3 3 1 1 2
3 3 3 1 0 2,3
] 3 2 3 1 0,1 2,3
2 3 2,3 1 0,1 2,3
2 2 2,3 1 0,1 2,3
3 2,3 3 1 0,1 1
3 1 3 1 0,1 1,2,3
" 2 2,3 2,3 1 0,1 1
2 2,3 1 1 0,1 1,2,3
2 1 1,2,3 1 0,1 1,2,3
1 1,2,3 1,2,3 1 0,1 1,2,3
3 1,23 3 1 0,1 0
2 1,2,3 1,2,3 1 0,1 0
1 1,2,3 1,2 1 0,1 0
v 3 1,2,3 3 0 0,1 01,23
2 1,2,3 1,2,3 0 0,1 01,23
1 1,2,3 1,2 0 0,1 01,23
0 0 0,123 0,1 0,1 01,23

714  Table 3. Integration of biomarker scoresinto a grading system. Grades | to IV were created
715 Dby integrating the scores of individual imaging biomarkers, including graft size, fluorescent
716 intengity, graft length, graft placement, lamination and complication. The lamination score was
717  only applied to retinal sheet grafts. The combinations of the individual score are listed in the

718 table.

719
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Table 4. Application of the per-eye grading system in Rho-GFP" photoreceptor cell
transplanted mice. The grade of individual imaging biomarkers was quantified in 16 eyes for up
to three months. Each grade was labeled as a specific color: Blue = Grade I; Green = Grade Il;
Orange = Grade Il1; Red = Grade V. Grade change was found in 7/16 eyes in total. Blank cells

indicate no data for that time point. Abbreviation: T= assay terminated.
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