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Cell therapy approaches hold great potential for treating reti-
nopathies, which are currently incurable. This study addresses
the problem of inadequate migration and integration of trans-
planted cells into the host retina. To this end, we have identified
the chemokines that were most upregulated during retinal
degeneration and that could chemoattract mesenchymal stem
cells (MSCs). The results were observed using a pharmacolog-
ical model of ganglion/amacrine cell degeneration and a ge-
netic model of retinitis pigmentosa, from both mice and hu-
man retinae. Remarkably, MSCs overexpressing Ccr5 and
Cxcr6, which are receptors bound by a subset of the identified
chemokines, displayed improved migration after transplanta-
tion in the degenerating retina. They also led to enhanced
rescue of cell death and to preservation of electrophysiological
function. Overall, we show that chemokines released from the
degenerating retinae can drive migration of transplanted
stem cells, and that overexpression of chemokine receptors
can improve cell therapy-based regenerative approaches.
Received 3 June 2020; accepted 23 October 2020;
https://doi.org/10.1016/j.ymthe.2020.10.026.

Correspondence: Maria Pia Cosma, Center for Genomic Regulation (CRG), Bar-
celona Institute of Science and Technology, Dr. Aiguader 88, Barcelona 08003,
Spain.
E-mail: pia.cosma@crg.es
INTRODUCTION
Retinopathies are currently incurable. They inevitably lead to visual
disabilities and, in most cases, blindness. Worryingly, the number
of people affected by retinopathies is estimated to increase dramati-
cally during the next few decades, due both to growth and aging of
the population.1

Stem cell therapy (SCT) has been proposed as a potential solution to
the incurability of degenerative retinal conditions. Therapeutically,
stem cells (SCs) transplanted into the eye can exert beneficial effects
in one of two ways. First, they can release biologically active mole-
cules. This paracrine effect has potent neuroprotective and anti-in-
flammatory properties; it strongly promotes the survival, prolifera-
tion, and self-repair of endogenous cells.2 Second, SCs can generate
new tissue-specific cells, thereby replacing lost or damaged ones. To
facilitate this process, SCs can be differentiated toward specific
desired progenitor types in vitro, prior to transplantation.3,4
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Although promising.5–14 SCTs require further development and opti-
mization. In particular, cells transplanted into the eye do not effi-
ciently migrate and integrate into the retina,3,6,15–17 especially
following intravitreal injection.18,19 In the present study, we address
the problem of inadequate migration and integration of transplanted
cells.

We used mesenchymal SCs (MSCs) derived from the bone marrow of
mice, as their paracrine activity has been extensively characterized.2,20

The plethora of cytokines and neurotrophic factors they secrete are
critical for the repair of injured tissues and deceleration of disease
progression.21–32 Additionally, MSCs display a broad differentiation
potential. Indeed, given the appropriate environmental conditions,
MSCs can be converted into a variety of neural cell types, including
photoreceptors.33–35 Furthermore, MSCs can be easily expanded
ex vivo, which provides for abundant starting material for transplan-
tation.36 Prolonged ex vivo expansion is currently not possible for
other cell sources such as hematopoietic SCs.37

To study chemokine-mediated migration of MSCs we used two
distinct degeneration models. First, we used a pharmacological
model, N-methyl-D-aspartate (NMDA)-induced excitotoxicity.
NMDA induces acute loss of ganglion and amacrine neurons.38–41

In parallel, we used the rd10mouse model of autosomal recessive reti-
nitis pigmentosa (RP). The rd10 mouse carries a missense point mu-
tation in exon 13 of the rod-specific b subunit of the guanosine 30,50-
cyclic monophosphate (cGMP)-phosphodiesterase (Pde6b) gene.42,43

Pde6b is involved in the phototransduction cascade, and its absence
induces progressive loss of both rod and cone photoreceptors. The
peak of retinal inflammation in response to cellular damage and
an Society of Gene and Cell Therapy.
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Figure 1. Ccr1, Ccr3, Ccr5, and Cxcr6 Mediate Chemoattraction of MSCs toward Media Conditioned by Degenerating Retinae

(A and B) Quantification of migratedMSCs toward the conditionedmedia from either (A) PBS- versus NMDA-injected eyecups or (B)WT versus rd10 P18 eyecups. Number of

migrated cells is expressed as fold change relative to control samples (PBS-injected or WT). Data are presented as mean ± SD (n R 3). A Mann-Whitney test was used for

statistical analysis. (C) Quantification of migrated MSCs toward the conditioned media from human retinae cultured in control medium, NMDA-containing medium, or from

RP-affected retinae. The number of migrated cells is expressed as fold change relative to control retinae. Data are presented asmean ±SD (nR 3). (D and E) AMann-Whitney

test was used for statistical analysis. CC and CXC inflammatory chemokine profiles from either (D) PBS- versus NMDA-injected retinae (24 h post-infection [hpi]) or (E) WT

(legend continued on next page)
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photoreceptor loss occurs at postnatal day 18 (P18).42,44 Additionally,
we performed experiments using human retinae isolated from
deceased donors and cultured ex vivo.We compared retinae cultured
under control conditions either to retinae exposed to NMDA or to
retinae of deceased patients affected by RP.

We identified damage-dependent chemokines that are secreted by the
degenerating retina and demonstrated that these chemokines func-
tion as chemoattractants for MSCs. We showed that expression of
Ccr5 and Cxcr6 significantly improved migration of MSCs ex vivo
and in vivo. This ameliorated neuronal death and improved the elec-
trophysiology response. In conclusion, this study shows that genetic
manipulation of MSCs can significantly advance efforts to optimize
cell therapy-based regenerative approaches.
RESULTS
Damage-Dependent Soluble Factors Chemoattract MSCs

Tissue injury induces the release of chemotactic factors.45,46 For
this reason, we hypothesized the peak of the acute injury response
to be concomitant with the maximum secretion of soluble mole-
cules able to chemoattract MSCs. In order to identify such a peak,
we analyzed expression of interleukin-1b (Il1-b) at multiple time
points following NMDA injection (Figure S1A), and at various
postnatal days in rd10 mice (Figure S1B). In accordance with pre-
viously published studies,42,44 we found that Il1-b expression
peaked 24 h after NMDA injection, and at P18 in the rd10 mouse,
eventually reaching low levels 1 month after NMDA damage, and
at 6 months of age (adult) for the rd10 mice (Figures S1A and
S1B).

We then performed transwell-based chemotactic assays using
mouse eyecups 24 h after NMDA injection and at P18 for the
rd10 mouse (Figure S1C). We found that media conditioned by de-
generating retinae stimulated migration of MSCs to a greater
extent than media from control samples (Figures 1A and 1B; Fig-
ures S1D and S1E). Given the high structural and functional sim-
ilarity that exists among injury-dependent molecules in mice and
humans,46 we also decided to perform chemotactic experiments
using conditioned media from cultured human retinae (Fig-
ure S1G). We found that MSCs migrated more efficiently both to-
ward NMDA-damaged retinae and toward retinae from patients
with RP (Figure 1C; Figure S1F). In conclusion, our results indi-
cate that upon retinal damage soluble factors are secreted and
they can chemoattract MSCs.
versus rd10 P18 retinal lysates. Pixel intensity is directly proportional to the total amount
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Chemotactic Pathways That Elicit Migration of MSCs

We next profiled the inflammatory chemokines present in murine
retinal lysates, prepared at 24 h after NMDA injection and at P18
for the rd10 mouse. We decided to focus on the two largest and
most extensively characterized families of chemokines, i.e., the CC
and the CXC.46 Compared to their control counterparts, degenerating
retinae showed heightened levels of multiple inflammatory chemo-
kines (Figures 1D and 1E). Most notably, levels of Ccl6, Ccl12, and
Cxcl16 were increased in both models. In contrast, Cxcl5 was
increased only in NMDA-damaged retinae, and Ccl5, Cxcl9, and
Cxcl10 were increased only in the rd10 retina. Results from the cyto-
kine arrays were validated by gene expression analysis, performed at
multiple time points following NMDA injections and postnatal days
in the rd10 mice (Figures S2A and S2D). We found that chemokine
expression followed a trend that was predictably similar to that of
Il1-b (Figures S2B, S2C, S2E, and S2F). We confirmed a strong, dam-
age-dependent upregulation of Ccl5, Ccl6, Ccl12, Cxcl9, Cxcl10, and
Cxcl16, 24 h after NMDA injection and at P18 for the rd10 mouse
(Figures 1F and 1G).

We also investigated gene expression changes in human retinae iso-
lated from deceased donors and cultured ex vivo (Figures S2G and
S2H). We could detect injury responses both in retinae exposed to
NMDA and in retinae from patients with RP, as indicated by the up-
regulation of Il1-b and tumor necrosis factor alpha (TNF-a) (Fig-
ure S2G). Upregulation of Il1-b and TNF-a was accompanied by
increased expression of multiple CC and CXC chemokines, including
CCL5, CCL22, CCL23 (mCcl6), CXCL3 (mCxcl1), CXCL10, CXCL11
and CXCL16 (Figure S2H).

Based on the expression data from degenerating retinae, we identified
various CC and CXC ligand-receptor axes that could potentially be
involved in the recruitment of migratory cells. These included Ccl5/
6/12-Ccr1/Ccr3/Ccr5, Cxcl9/10-Cxcr3, and Cxcl16-Cxcr6 (Fig-
ure 1H). We also further investigated the Cxcl1/2/5-Cxcr2 axis, as
it was known to recruit MSCs in other degenerative contexts.47,48

Therefore, we performed transwell assays in the presence of small-
molecule antagonists of chemokine receptors (Figures 1I and 1J; Fig-
ure S2I). In particular, we used inhibitors of the Ccr1, Ccr3, and Ccr5
receptors, a Cxcr2 inhibitor, and a Cxcr6 inhibitor. Of note, we opted
for combined inhibition of the three Ccr receptors, as they can all be
bound by Ccl5. In the context of both NMDA-induced (Figure 1I)
and RP-induced (Figure 1J) degenerations, we found that migration
of MSCs could be significantly reduced either by inhibition of the
Cxcr6 receptor, or by combined inhibition of Ccr1, Ccr3, and Ccr5.
of protein in the sample. Orange arrows point to representative chemokines whose

S or WT). Data are presented as mean ± SD from n = 2 independent experiments. (F
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However, the chemotactic response of MSCs was not affected by the
inhibition of Cxcr2. The combined inhibition of Ccr and Cxcr recep-
tors led to an even stronger reduction in MSC migration. In conclu-
sion, our results indicate that Ccr1, Ccr3, Ccr5, and Cxcr6 activation
can elicit migration of MSCs in the context of retina degeneration.

Generating andCharacterizingMSCsThat Overexpress Specific

CC and CXC Chemokine Receptors

Next, we profiled the endogenous expression levels of Ccr1, Ccr3,
Ccr5, Cxcr2, Cxcr3, and Cxcr6 in MSCs. In accordance with pub-
lished literature,48,49 we found that MSCs expressed chemokine re-
ceptors at an almost negligible level when compared to the mesen-
chymal marker Thy (Figure S3A). Thus, we generated six distinct
overexpressing (OE-)MSC lines, one for each of the aforementioned
receptors. Generating OE-MSCs was achieved via lentiviral infection
of constructs containing both the hemagglutinin (HA)-tagged recep-
tor and an EGFP reporter (EF1a_HA-receptor-SV40_EGFP; Fig-
ure S3B). The resulting OE-MSC lines were characterized using mul-
tiple approaches. First, we ensured that receptor mRNAs were
upregulated (Figure S3C). Second, we used immunofluorescence to
confirm the expression of the GFP marker and HA-tag (Figure S3D).
Third, we used fluorescence-activated cell sorting (FACS) to check for
the presence of the receptors at the cell surface (Figure 2A). Finally,
we determined that the receptors were functional. To this end, we per-
formed transwell assays to assess the migration of wild-type (WT)-
and OE-MSCs toward chemically-defined chemokine gradients (Fig-
ure 2B). We tested the following receptor-chemokine pairs: Ccr1/
Ccr3/Ccr5-Ccl5, Cxcr2-Cxcl1, Cxcr3-Cxcl10, and Cxcr16-Cxcl6. In
all cases, we found that OE-MSCs migrated significantly more than
did their WT counterparts (Figure 2B). This indicated that the exog-
enously expressed receptors can respond to chemokine gradients es-
tablished by their cognate ligands. Collectively, our results showed
that OE-MSCs expressed relatively high levels of the transduced che-
mokine receptors, and that such receptors were functional and
correctly localized at the cell surface.

OE-MSCs Display Enhanced Migration

Next, we tested migration of OE-MSCs in transwell assays using me-
dia conditioned by degenerating retinae. The results showed that
overexpression of Ccr1, Ccr5, Cxcr2, or Cxcr6 could significantly in-
crease the migration of MSCs toward the media conditioned by both
NMDA-damaged (Figure 2C) and rd10 retinae (Figure 2D).

Based on these results, we tested the migration of OE-MSC lines over-
expressing Ccr5, Cxcr2, or Cxcr6 in chemotactic assays with media
conditioned by both NMDA-damaged and RP-affected human
retinae. We opted for Ccr5 rather than Ccr1 because most MSCs
endogenously express Ccr1 (Figure 2A). MSCs from all three overex-
pressing lines migrated more extensively than did WT-MSCs in both
degenerative models (Figures 2E and 2F).

We therefore proceeded to test migration of Ccr5, Cxcr2, and Cxcr6
OE-MSCs in vivo. MSCs were transplanted intravitreally at 12 h after
NMDA injection. After 4 days from transplantation (4 days post-in-
jection [4 dpi]), animals were sacrificed, and the percentage of MSCs
in the retina was quantified by flow cytometry (Figure 2G). Our re-
sults showed that overexpression of either Ccr5 or Cxcr6, but not
Cxcr2, led to a significant increase in the percentage of GFP+ MSCs
in the retina (Figure 2H; Figures S3F and S3G).

Combined Overexpression of Ccr5 and Cxcr6 Further Enhances

Migration of MSCs

Since transplanted OE-MSCs overexpressing either Ccr5 or Cxcr6
showed significantly increased migration in vivo, we tested whether
combined overexpression of the two receptors would lead to a further
improvement in cell migration. To do so, we generated a double over-
expressing (dOE) MSC line. This was achieved via simultaneous
infection of MSCs with two lentiviral constructs, each one driving
expression of a single receptor (Figure S4A). First, we ensured that
dOE-MSCs were overexpressing both Ccr5 and Cxcr6 (Figures S4B
and S4C). Of note, mRNA levels of Ccr5 and Cxcr6 in dOE-MSCs
were found to be comparable to that of single expressing OE-MSC
lines (i.e., Ccr5-MSC and Cxcr6-MSC). Second, we confirmed by
immunofluorescence that the cells expressed the GFP and the HA
tags (Figure S4D). Third, we performed flow cytometry to ensure
that the phenotype of GFP- and dOE-MSCs had not been altered
due to lentiviral infection. We found that WT-, GFP-, and dOE-
MSCs expressed the same SC surface markers. They were positive
for the mesenchymal markers CD44, CD90, and Sca-I and negative
for CD45, CD34, and CD11b50 (Figure S4E). Additionally, since che-
mokine signaling can be involved in the regulation of cell prolifera-
tion, we confirmed that GFP- and dOE-MSCs showed comparable
expression of cyclin D1 (Figure S4F), which is a marker of proliferative
cells.51 We also analyzed the expression of multiple factors that are
known to mediate the neuroprotective paracrine effects of MSCs in
the retina,21,52,53 including brain-derived neurotrophic factor
(Bdnf), nerve growth factor (Ngf), platelet-derived growth factor
alpha (Pdgf-a), and ciliary neurotrophic factor (Ctnf). We did not
observe any statistically significant difference in the expression of
such neurotrophic factors between GFP- and dOE-MSCs (Figures
S4G and S4J). We further showed that the secretory profiles were
comparable by analyzing the media conditioned by either GFP- or
dOE-MSCs. We found that there were no significant changes in the
secretion of EGF, FGF-1, PDGF, PIGF-2, and VEGF (Figure S4K).
Lastly, we performed chemotactic assays toward a chemically defined
gradient of Ccl5 and Cxcl16 to ensure that exogenously expressed
Ccr5 and Cxcr6 were functional (Figure S4L). We then tested the
migration of dOE-MSCs toward medium conditioned by degenerat-
ing retinae. We found that MSCs expressing both chemokine recep-
tors migrated better than WT and MSCs expressing either receptor
alone (Figures 3A and 3B). Finally, we tested the in vivo migration
of dOE cells by FACS analysis after transplantation. This showed
that the number of GFP+ cells in the retinae was highest for MSCs ex-
pressing both Ccr5 and Cxcr6 (Figure 3C; Figure S4M).

To investigate the long-term migration and integration, we trans-
planted either WT- or dOE-MSCs into NMDA-damaged retinae
following intravitreal transplantation and P18 rd10 retinae following
Molecular Therapy Vol. 29 No 2 February 2021 807
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Figure 2. OE-MSCs Display an Increased Chemotactic Response Toward the Media Conditioned by Damaged Retinae and Improved Migration following

Transplantation in the Vitreous

(A) Cell-surface FACS analysis of Ccr1,Ccr5, Cxcr2, Cxcr3, andCxcr6 receptors of the correspondingOE-MSC lines, and ofWT-MSCs as a control. Results are expressed as the

percentageofpositive cells. Dataarepresentedasmean±SD fromnR3 independent experiments.A two-tailedStudent’s t testwasused for statistical analysis. (B)Quantification

ofmigratedMSCs toward a concentration of 50 ng/mL of Ccl5 (Ccr1-MSC, Ccr3-MSC, and Ccr5-MSC), Cxcl1 (Cxcr2-MSC), Cxcl10 (Cxcr3-MSC), or Cxcl16 (Cxcr6-MSC) from

transwell-based assays. The number ofmigratedcells is expressedas fold change tocontrol (WT-MSCs). Data arepresented asmean±SD fromnR3 independent experiments.

A Mann-Whitney test was used for statistical analysis. (C and D) Quantification of migrated MSCs overexpressing the chemokine receptors toward the conditioned media from

either (C) NMDA-injected or (D) rd10 retinae in transwell-based assays. The number of migrated cells (OE-MSCs) is expressed as fold change to control (WT-MSCs). Data are

presented as mean ± SD from n R 3 independent experiments. A Mann-Whitney test was used for statistical analysis. (E and F) Quantification of migrated MSCs toward the

conditionedmedia fromeither (E)NMDA-damagedor (F) RPhuman retinae in transwell-basedassays.Numberofmigratedcells is expressedas foldchange tocontrol (WT-MSCs).

Data are presented asmean± SD fromnR 3 independent experiments. AMann-Whitney test was used for statistical analysis. (G) Experimental scheme. Eyeswere damaged via

NMDA injection 12 h prior to transplantation of either WT-MSCs or OE-MSCs (Cxcr2-MSCs, Ccr5-MSCs, or Cxcr6-MSCs). FACS analysis was performed 4 days after the

transplant (4 dpi). (H) FACS-based quantification ofGFP+MSCs (WT,Cxcr2,Ccr5, orCxcr6) in transplanted retinae 4dpi. Results are expressed aspercentageof total retinal cells.

Data are presented as Min to Max boxes (with line at median) from nR 3 independent experiments. A two-tailed Student’s t test was used for statistical analysis.
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subretinal transplantation. We sacrificed the animals 3 weeks after
transplantation and counted the number of GFP+ MSCs in retinal
flat mounts (Figures 3D–3G). We found that, compared to the WT
controls, the number of dOE-MSCs was 2.7- and 2.4-fold higher in
NMDA-damaged and rd10 retinae, respectively (Figures 3E and
3G). Interestingly, we did not observe the presence of GFP+ cells in
areas that were not visibly damaged by the NMDA, as evidenced by
a high number of bIII-tubulin+ cells (Figure S5A), suggesting that
MSCs are selectively attracted to the area of damage.

To exclude the possibility that the observed GFP+ cells were retinal
cells that had phagocytosed apoptotic MSCs, we performed an
in vitro assay to investigate the dynamics of GFP degradation
following phagocytosis by retinal pigmented epithelial (RPE) cells
(Figures S5B–S5D). We found that RPE cells could phagocytose
and rapidly clear apoptotic bodies derived fromGFP-MSCs. RPE cells
transiently became GFP-positive, with a peak 1–3 h from the expo-
sure to the apoptotic bodies. Within 24 h, most RPE cells had already
degraded the internalized GFP and appeared to be GFP-negative. Af-
ter 72 h, the entire RPE cell population was negative for GFP expres-
sion (Figures S5B–S5D). These results suggested that the GFP coming
from apoptotic MSCs would be rapidly cleared by phagocytic cells of
the retina immediately after transplantation. Thus, it is very unlikely
that the GFP+ cells we observed in the tissue 3 weeks post-injection
(wpi) are phagocytic retinal cells. To further support these observa-
tions, we also transplanted GFP-MSCs and dOE-MSCs intravitreally
in NMDA-damaged transgenic mice ubiquitously expressing DsRed.
In this model, all retinal cells are positive for DsRed. Therefore, if a
DsRed+ retinal cell phagocytosed a GFP+ MSC, then the two fluores-
cent markers would co-localize. Alternatively, the co-localization of
the two markers might be the result of cell fusion. Indeed, it has
been shown that retinal cells can fuse with transplanted bone
marrow-derived SCs.10,11 We found that at 3 wpi, fewer than 30%
of the GFP+ cells were DsRed+ (Figures S5E–S5G). This might indi-
cate that transplanted MSCs had undergone apoptosis and that
apoptotic bodies had been phagocytosed by retinal cells shortly before
the mice were sacrificed. Alternatively, and more likely, cell fusion
might have occurred; indeed, we found that some GFP+-DsRed+ cells
contained two separated nuclei (Figure S5G). Importantly, either way,
more than 70% of the GFP+ cells were DsRed-negative in the long-
term (Figure S5E). In addition, there was no significant difference in
the DsRed+-GFP+/GFP+ ratio betweenGFP- and dOE-MSCs (DsRed+-
GFP+/GFP+GFP-MSC = 27.2%; DsRed+-GFP+/GFP+dOE-MSC = 29.6%).
In conclusion, even though we cannot exclude the possibility of
short-term phagocytosis events or cell fusion for a percentage of the
Figure 3. Overexpression of Ccr5 and Cxcr6 Improves Migration and In Vivo In

(A and B) Quantification of migratedMSCs (Ccr5, Cxcr6, or Ccr5-Cxcr6) toward the cond

assays. The number of migrated cells is expressed as fold change to control (WT-MS

statistical analysis. (C) FACS-based quantification of GFP+MSCs (WT, Ccr5, Cxcr6, or C

retinal cells. Data are presented as mean ± SD (n R 3). A two-tailed Student’s t test wa

dOE-MSC flat mounts, prepared from either (D) NMDA-injected or (F) rd10 retinae, and s

imaged. (E andG) Quantification of GFP+ cells counted in at least three fields per animal, i

SD. A two-tailed Student’s t test was used for statistical analysis.
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transplanted cells, our results suggest that ~70% of the GFP-expressing
cells observed in the long term are indeed derived from the trans-
planted MSCs.

Transplanted Ccr5-Cxcr6 MSCs Rescue Retinal Degeneration

MSCs can rescue tissue degeneration through their paracrine activ-
ity.2,20–22 To investigate the potential beneficial effects of dOE-MSC
transplantation, we counted the number of rows of photoreceptor
nuclei in sections from rd10 mice that had received an injection of
PBS in one eye, and transplantation of either WT- or dOE-MSCs in
the other one (Figures 4A and 4B). We found that retinal sections
from control (PBS-injected) eyes contained an average of 1.5 rows,
which is indicative of severe photoreceptor degeneration. The num-
ber of rows was slightly increased following transplantation of
MSCs. However, the outer nuclear layer (ONL) was significantly
thicker when dOE-MSCs, rather than WT cells, had been trans-
planted (Figures 4A and 4B).

We also recorded scotopic electroretinography (ERG) responses from
dark-adapted rd10 animals. Each animal had one eye treated with either
WT- or dOE-MSCs; the other eye was used as an internal (PBS-in-
jected) control. We found that the mice could be segregated into two
groups. Animals in the first group (nWT = 5, nOE = 5, nWT+OE = 10)
showed very small ERG amplitudes. In contrast, animals in the second
group (nWT = 3, nOE = 4, nWT+OE = 9) had more prominent ERG am-
plitudes. We hypothesize that these differences may be due to slower
progression of the photoreceptor degeneration in the latter group.
For both groups, we calculated the differences in A-wave and B-wave
amplitudes (DA, DB) between control (PBS-injected) and experimental
(WT/dOE-MSC-injected) eyes. We found that, compared to controls,
eyes transplanted with MSCs expressing Ccr5 and Cxcr6 displayed a
modest but significant increase in both A- and B-wave amplitudes
(Figure 4C).

Transplanted MSCs Express Retinal-Specific Markers in the

Long Term

Even though they have been predominantly studied for their para-
crine activity, MSCs possess a degree of plasticity that allows their
conversion into a variety of cell types, including neuronal cells.54,55

In order to assess whether MSCs could change their phenotype after
transplantation, we stained retinal flat mounts from NMDA-treated
animals for bIII-tubulin, a neuron-specific marker expressed by gan-
glion cells and retinal interneurons.56 We found that most of the
GFP+ MSCs were positive for bIII-tubulin and appeared integrated
in the ganglion cell layer (GCL) (Figures 4D–4F; Figure S6A). bIII-
tegration of Transplanted MSCs

itionedmedia from either (A) NMDA-injected or (B) rd10 retinae from transwell-based

Cs). Data are presented as mean ± SD (n R 3). Mann-Whitney test was used for

cr5-Cxcr6) in transplanted retinae 4 dpi. Results are expressed as percentage of total

s used for statistical analysis. (D and F) Representative fields from WT-MSC versus

tained against GFP. Scale bars, 100 mm. Either the GCL/INL (D) or the ONL (F) were

n both (E) NMDA-injected and (G) rd10 retinae (nR 3). Data are presented asmean ±
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tubulin is exclusively expressed in neurons within the CNS. Nonethe-
less, there is some evidence that it might also be expressed by other
cell types (e.g., fibroblasts, keratinocytes, and various cancer cell lines)
duringmetaphase and anaphase.57 In this direction, we stained retinal
flat mounts for bIII-tubulin and phosphorylated (phospho-)histone
H3 (Ser10), a marker of mitotic cells.58 GFP+ cells were positive for
bIII-tubulin but negative for phospho-histone H3 (Figure S6B), sug-
gesting that they could indeed acquire expression of neuronal-specific
markers in the long term. To further support this hypothesis, we also
stained retinal flat mounts and retinal sections for additional
neuronal markers. We found that at 3 wpi, some of the GFP+

MSCs expressed Neun, Smi-32, and calbindin (Figure 4G; Figures
S6C and S6D). Importantly, we found that at 3 wpi, MSCs had lost
expression of the mesenchymal marker CD90 (Thy) (Figure S6E).
Moreover, MSCs were largely negative for glial marker GFAP expres-
sion (Figure S6F), with only 18.7% of the GFP-MSCs and 21.4% of the
dOE-MSCs expressing GFAP at 3 wpi (Figure S6G).

Similarly, in the rd10 retinae, MSCs lost expression of CD90 (Thy)
(Figure S7A). Most of the transplanted GFP+ MSCs were positive
for the photoreceptor-specific markers rhodopsin (Figures 4H–4J;
Figure S7C) and recoverin (Figure S7D). Moreover, the transplanted
MSCs were apparently located within the same layer as rhodopsin+

photoreceptors (Figure S7B), although they did not fully integrate
in the ONL, likely due to their large size. Compared to controls, the
total number of GFP+/bIII-tubulin+ and of GFP+/rhodopsin+ dOE-
MSCs was significantly increased (Figures 4E and 4I). Interestingly,
however, we found that the proportion of cells that were positive
for bIII-tubulin or rhodopsin was comparable for WT- and dOE-
MSCs (Figures 4F and 4J). This indicates that while the number of
transplanted MSCs that migrate into the retina is dependent on the
expression of Ccr5 and Cxcr6, both WT- and dOE-MSCs, once inte-
grated into the retina, can express retinal-specific markers. We also
performed RT-PCR analysis of rd10 retinae at 3 wpi. We found
that transplanting dOE-MSCs could partially restore expression of
Figure 4. Functional Rescue of the Retinal Degeneration upon Transplantation
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the Pde6b gene (Figure 4K), further suggesting that partially inte-
grated MSCs in the ONL can express genes characteristic of
photoreceptors.

In conclusion, upon combined exogenous expression of Ccr5 and
Cxcr6, transplanted MSCs can more efficiently migrate toward the
host retinae. In accordance with published literature,21–32 they can
then delay the death of neighboring cells, most likely through their
potent survival-promoting paracrine activity. At the same time,
they can also acquire expression of genes characteristic of ganglion
neurons and photoreceptors, highlighting the potential role that cell
transdifferentiation could play in delaying retinal degeneration.

DISCUSSION
In this work, we profiled the CC and CXC inflammatory chemokines
upregulated in two distinct models of retinal degeneration. We then
engineered SCs that displayed improved migration toward media
conditioned by degenerating retinae from both mice and humans.
In vivo, these cells could be efficiently chemoattracted and up to a
certain extent integrated into host retinae, thanks to the engagement
of the Ccr5 and the Cxcr6 receptors by a subset of the identified CC
and CXC chemokines. Importantly, transplantation of Ccr5-Cxcr6-
MSCs resulted in a thicker ONL, which was indicative of a rescue
of the endogenous photoreceptor cells in a model of RP.

MSC transplantation appears to ameliorate the degenerative pheno-
type via two distinct mechanisms. First, there is extensive evidence
showing that transplanted MSCs mainly promote the survival of
endogenous cells through their paracrine and neuroprotective activ-
ity.7,59–63 The neurotrophic factors secreted by MSCs can reduce
inflammation, apoptosis, and fibrosis while enhancing neuronal sur-
vival and differentiation.64 There is also evidence that the neuropro-
tective and anti-inflammatory properties of MSCs are largely medi-
ated by extracellular vesicles (EVs).64,65 MSC-derived EVs have
been shown to reduce cell death and prevent apoptosis in numerous
of dOE-MSCs
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disease models, including bone and cartilage degeneration,66,67

neurological disorders,68–72 liver injury,73–75 kidney failure,76,77 mus-
cle degeneration,78,79 and cardiovascular diseases.80,81 Intravitreal
administration ofMSC-derived EVs has been shown to enhance func-
tional recovery while decreasing neuro-inflammation and apoptosis
in models of retinal ischemia,82 glaucoma,83 and autoimmune uve-
itis.84 Interestingly, the protection conferred by EVs seems to be
higher when multiple administrations are performed83 or when
EVs are injected in high doses.84 In this direction, transplant of
dOE-MSCs with an improved migratory capability could result in
an enhanced rescue of the degenerative phenotype, due to the con-
stant release of EVs close to the injury site.

Alternatively, it is noteworthy that in the medium-to-long term,
MSCs lose expression of the mesenchymal marker CD90 (Thy), while
acquiring expression of retina-specific neuronal and glial markers.
These results suggest the possibility that transplanted MSCs might
potentially convert into functional retinal cell types and replace lost
cells. Nonetheless, we have not investigated these transdifferentiation
events in detail. Further evidence and single-cell studies are required
to determine whetherMSCs can differentiate intomature retinal cells.
Electrophysiological responses measured at the level of individual
cells might give useful insights in the future. Likewise, the membrane
potentials characteristic of neurons, or their response to neurotrans-
mitters, could be investigated. Additional studies are also needed with
respect to cell integration. In fact, our results showed that intravi-
treally transplanted MSCs could reach the GCL and integrate within
the tissue. However, subretinally transplanted MSCs could not prop-
erly integrate within the photoreceptor nuclear layers, most likely due
to their large size. Cultured MSCs are more than 20 mm in diameter,
which might limit or impede their penetration through the outer
limiting membrane and inside the layer of tightly compacted photo-
receptors.85 Therapeutic approaches specifically aiming at cell
replacement in the ONL might be more successful if photoreceptor
precursor cells expressing Ccr5 and Cxcr6 were used. Strategies facil-
itating the penetration through the outer limiting membrane would
probably further enhance the results. On the basis of these consider-
ations, we hypothesize the paracrine activity of transplanted MSCs to
be mostly responsible for the ameliorated degenerative phenotype.

Strategies similar to the one we propose have already been used in
different disease contexts, including epidermolysis bullosa,47 radia-
tion-induced oral mucositis,48 and myocardium infarct.86 Importantly,
the chemotactic axis exploited in these studies varied. For instance,
Cxcr2-MSCs performed better than WT-MSCs in the context of epi-
dermolysis bullosa and radiation-induced oral mucositis.47,48 However,
in the infarcted myocardium, Cxcr2-MSCs did not migrate better than
their WT counterparts, while Ccr1-MSCs did.86 In our study, we iden-
tified and characterized the Ccr5 and the Cxcr6 receptors. We found
that only a small percentage of the total MSC population expresses
either Ccr5 (<1%) or Cxcr6 (<0.5%) on their surface. Our results are
consistent with published literature,48,49 and they highlight the limited
repertoire of chemokine receptors that MSCs endogenously express. It
is also important to consider that the MSC chemokine receptor profile
is sensitive to time in culture.87 More specifically, prolonged ex vivo cell
culturing and expansion might lead to substantial downregulation of
chemokine receptor expression.87 Genetic modification of cultured
MSCs would allow overcoming such a problem.

In the past, CC and CXC chemokines have been shown to synergize to
increase leukocyte recruitment to inflamed tissues.88 The specific
mechanisms regulating such synergy have not been clearly elucidated
yet. However, it has been suggested that synergistic effects could result
from receptor heterodimerization89 or chemokine cooperation at the
level of intracellular signal transduction.90 Either way, synergistic in-
teractions between chemokines that are concomitantly released can
contribute to the enhancement and the fine-tuning of inflammatory
responses. We took advantage of the existence of such cooperative
mechanism to boost the recruitment of exogenously transplanted
MSCs via combined expression of Ccr5 and Cxcr6.

Notably, the subsets of upregulated chemokines were strikingly
similar and largely overlapping in our two degenerative models.
Indeed, a strong increase in Ccl5, Ccl6, Ccl12, and Cxcl16 was also re-
ported in other disease models, including autoimmune uveitis and
age-related macular degeneration (AMD).91–97 This is not particu-
larly surprising, as inflammatory responses of the retina are mainly
orchestrated by Müller glial cells (MGCs), RPE cells, and activated
microglia, independent of the cell type that is initially damaged.98

For instance, Ccl5 in the P18 rd10mouse retina is produced bymicro-
glial cells and MGCs of the inner nuclear layer (INL).99 Crucially, the
existence of these highly comparable, site-specific (rather than dis-
ease-specific) patterns of chemokine upregulation would make our
strategy widely applicable, and suitable even for patients with other
types of retinopathies, such as AMD or optic neuropathies.

A recent study reported that homogenates from injured brains play a
repulsive role on MSC migration.100 In this study, we used condi-
tioned media rather than tissue homogenates for ex vivo transwell as-
says. By doing so, we have specifically investigated migration of MSCs
toward the soluble factors released by the damaged retina, which,
in vivo, are responsible for chemoattraction. When tissue homoge-
nates are used instead, intracellular factors are also released andmight
alter the overall results of the experiments. Of note, the ischemic brain
environment also appears to inhibit MSC migration into the paren-
chyma in vivo.100 When intra-arterially administered, MSCs are
kept in the perivascular niche, from where they can exert their ther-
apeutic actions, including the release of EVs and neurotrophic factors.
These are intriguing observations that appear to disagree with our re-
sults. Nonetheless, the local microenvironment of the injured retina
might differ significantly from that of the ischemic brain. Addition-
ally, we administered MSCs locally rather than systemically. In other
words, MSCs are not in direct contact with the microenvironment es-
tablished by the vessel walls, which might effectively retain them, pre-
venting their extravasation.

Survival and integration of transplanted cells can be tremendously
affected by the administration route used. Systemic administration
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by intravenous injection is commonly used for MSCs, as it is safe and
allows for the infusion of a large amount of cells. However, it generally
shows low efficiency with respect to homing to the injury site, as
MSCs get trapped in the lungs and cleared.101–104 Additionally,
even if they could escape lung entrapment, their migration into the
retina would be further prevented by the blood-retinal barrier. This
could explain why systemically transplanted MSCs can be short-
lived104 and why they generally fail to reach the retina and to exert
neuroprotective effects.9 In contrast, direct delivery into tissues can
allow MSCs to escape systemic clearance and to persist locally up
to several weeks.105 As a consequence, in the context of retinal disease,
MSCs are preferably administered via either intravitreal or subretinal
injections. In our study, locally transplanted MSCs could survive at
least 3 weeks. Of note, the suitability of each administration route
may vary depending on the type and on the extent of tissue damage.
As a general rule, intravitreal injection is preferred when ganglions
and/or INL neuronal cells are damaged, whereas subretinal adminis-
tration is the standard route in the context of photoreceptor loss.

Our strategy could have an extremely high degree of adaptability and
versatility, as it could potentially be applied to any type of trans-
planted cells. As a significant example, it could be used to improve
homing of retinal and/or photoreceptor precursors cells, which are
inherently good at differentiating into mature retinal neurons, but
display very poor migratory capabilities.106–109 The success of our
approach is dependent on the secretion of chemotactic factors into
the vitreous cavity. Importantly, this is known to happen during
retinal degeneration in human patients.110–113 Indeed, there seems
to be a correlation between the number of inflammatory cells re-
cruited in the vitreous cavity and the visual function of the patient:
the higher the former, the lower the latter.114 For instance, CXCL16
levels in the aqueous humor of wet AMD patients positively correlate
with lesion size.113 Importantly, in human RP patients, inflammation
is chronic. Even though stronger inflammatory reactions are generally
found in younger patients with active disease processes, the inflam-
matory state continues even after photoreceptor loss.114 Such persis-
tent inflammationmeans that the levels of chemokines released by the
tissue will be elevated throughout the patient’s lifespan. This is consis-
tent with our results, which showed that conditioned medium from
the retina of elderly RP patients can strongly chemoattract MSCs.
In fact, the samples we received were all from patients who passed
away at an age of at least 65, and therefore had already gone through
the acute phase of photoreceptor loss.

Despite the promising results presented in this study, our strategy
holds potential for further improvement. In particular, OE-MSC lines
were generated via lentiviral infection. In a clinical setting, this would
raise important concerns with respect to the risk of tumorigenesis. In
fact, lentiviral vectors randomly integrate into the genome and can
therefore lead to harmful mutations. A number of potentially valid al-
ternatives to lentiviral infection are available, including Sendai viruses
or adenoviral vectors. Alternatively, non-viral systems (e.g., naked
DNA or synthetic mRNAs) could be used.115 The identification of
safer and less-invasive delivery strategies, coupled to the establish-
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ment of detailed procedures for the generation of clinical-grade cells,
will undoubtedly help overcome some of the major hurdles that
currently hinder the translation of SCT approaches to the clinical
setting.

In conclusion, this study provides a viable approach to the challenge
of achieving effective delivery and engraftment at the site of injury,
and it shows that genetic manipulation of SCs prior to transplantation
can significantly aid the further development of cell therapy-based
regenerative approaches. Undoubtedly, there is still considerable
work to be carried out. Nonetheless, our findings could eventually
be integrated with complementary optimization strategies to make
SCT in the eye a feasible and realistic option for treating retinopathies,
and for achieving visual restoration.

MATERIALS AND METHODS
Cell and Tissue Culture

Primary MSCs derived from the bone-marrow of mice (C57BL/6)
were purchased from Gibco (S1502-100). They were produced from
the bone marrow isolated from C57BL/6 mice at %8 weeks of gesta-
tion through mechanical and enzymatic digestion and were main-
tained in DMEM/F-12-GlutaMAX supplemented with 10% fetal
bovine serum (FBS), penicillin (100 U/mL), and streptomycin
(100 mg/mL). For all experiments, MSCs were used between passage
10 and 16. Human RPE cells were purchased from ATCC (CRL-
2302) and maintained in DMEM/F-12-GlutaMAX supplemented
with 10% FBS, penicillin (100 U/mL), and streptomycin (100 mg/
mL). Mouse eyecups were prepared by removing the cornea, the
iris, and the vitreous and then cultured in serum-free (SF) DMEM/
F-12-GlutaMAX with penicillin (100 U/mL) and streptomycin
(100 mg/mL). Human retinae were dissected and cultured in SF Neu-
robasal-A medium supplemented with GlutaMAX (0.5%), N2 (1�),
B27 (1�), penicillin (100 U/mL), and streptomycin (100 mg/mL).

Animal Care and Treatment

Mice were maintained under a 12-h light/12-h dark cycle with access
to food and water ad libitum, in accordance with the Ethical Commit-
tee for Animal Experimentation (CEEA) of the Government of Cata-
lonia. The CEEA of the Parc de Recerca Biomèdica de Barcelona
(PRBB, Spain) reviewed and approved all animal procedures. Addi-
tionally, procedures and experiments were performed in accordance
with the ARVO (The Association for Research in Vision and
Ophthalmology) Statement for the Use of Animals in Ophthalmic
and Vision Research, and with ARRIVE (Animal Research: Reporting
of In Vivo Experiments) guidelines.116 Male and female C57BL/6
mice between 8 and 12 weeks of age were used for the experiments
involving transplantation following NMDA damage; rd10 (and corre-
sponding WT control) C57BL/6 mice were transplanted at P18 and
sacrificed at endpoints detailed in each of the experiments. We also
used the CAG-DsRed transgenic mouse line, obtained from The Jack-
son Laboratory (stock no. 006051).117 In all experiments, animals
were assigned randomly to the various treatment groups. At least
three mice per treatment group were used. General anesthesia was
induced when needed with intraperitoneal injection of ketamine
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(70 mg/kg) and medetomidine (10 mg/kg). Anesthesia was reversed
with atipamezole (2 mg/kg). At endpoints, mice were euthanized us-
ing CO2.

Retinal Damage and Cell Transplantation

Mice were anaesthetized and intravitreally injected with 2 mL of either
NMDA (20 mmol/mL; Sigma) or PBS, as a control. Briefly, a 30G nee-
dle was used to carefully make a small, punch incision at the upper
temporal ora serrata. The 33G needle of a Hamilton’s syringe was
then inserted into the incision, angled toward the optic nerve, to inject
PBS or NMDA into the vitreous. The needle was left in place for a
couple of seconds before being retracted to avoid reflux of the injected
solutions.

For cell transplantation, MSCs were detached using Accutase (Stem-
Pro Accutase cell dissociation reagent, Life Technologies), counted,
and resuspended in PBS plus chondroitinase ABC (ChABC, 0.1 U/
mL) at a concentration of 150,000 cells/mL. Adult mice that had
received NMDA damage were transplanted intravitreally with 2 mL
of MSCs (i.e., 300,000 cells) 12 h post-injection.117 P18 rd10 mice
were transplanted subretinally with 1 mL of MSCs (i.e., 150,000 cells),
as previously described.

Human Retina Culture

The research adhered to the tenets of the Declaration of Helsinki on
research involving human subjects. The experimental protocol was
approved by the Ethical Committee for Clinical Research of the Cen-
tro de Oftalmología Barraquer. Human donor eyes were obtained
from the “Banc d’Ulls per a Tractaments de Ceguesa.” Written
informed consent for the removal and use of the eyes for diagnostic
and research purposes was obtained from donors and/or relatives.
All of the samples we received were from donors aged 65–90.

The retinae were dissected using a procedure and a setup optimized in
our laboratory in collaboration with the Centro de Oftalmología Bar-
raquer. Briefly, the cornea, iris, crystalline, and vitreal excess were
removed. The retina was then separated from the RPE and from
the rest of the eye. After the removal of the periphery and of the vitreal
leftovers, the central part of the retina was cultured for 12 h and then
processed for experiments.

RNA Extraction and Quantitative Real-Time PCR

RNA was extracted and purified using an RNA isolation mini kit (-
QIAGEN), according to the manufacturer’s protocol. Total RNA
was treated with DNase I (QIAGEN) to prevent DNA contamination.
The cDNA was produced with SuperScript III reverse transcriptase
kits (Invitrogen). Quantitative real-time PCR reactions were prepared
using Platinum SYBR Green qPCix-UDG (Invitrogen) and run in a
LyghtCycler 480 (Roche) machine, according to the manufacturer’s
recommendations. Quantitative real-time PCR analysis was per-
formed in technical duplicates, for a minimum of three biological rep-
licates (with the exception of human retinae with RP, where n = 2).
Quantitative real-time PCR data were normalized to GAPDH expres-
sion. The oligonucleotides used are listed in Table S1.
For the investigation of NMDA damage, eye samples were collected
24 h (24 hpi), 48 h (48 hpi), 4 days (4 dpi), 7 days (7 dpi), or 4 weeks
(4 wpi) post-injection. Rd10 mice were sacrificed at P14, P18, P22,
and at 6 months of age (adults). To study gene expression in human
retinae, RNA was extracted following 24-h culturing in SF medium
with or without NMDA (1 mM).

Chemotactic Assays

Chemotactic assays were performed using transwell inserts (pore size,
8 mm, BD Biosciences, 353182) and 12-well culture plates. To test
migration toward defined chemokine gradients, lower chambers
were loaded with 1.2 mL of SF DMEM/F-12-GlutaMAX medium
with either mCcl5, mCxcl1, mCxcl10, mCxcl16, or a combination
of Ccl5 and mCxcl16 (all 50 ng/mL, PeproTech). For the NMDA
damage, mice were sacrificed 24 hpi; rd10 mice were sacrificed at
P18. Human retinae were dissected and cultured for an initial 12 h
in Neurobasal-A medium, as previously described. Afterward, both
mouse and human retinae were cultured for 24 h in SF DMEM/F-
12-GlutaMAX and SF Neurobasal-A (with or without 1 mM
NMDA), respectively. 1.2 mL of the resulting conditioned medium
was loaded in the lower chambers of the transwell. The upper cham-
ber was loaded with 2 � 105 MSCs in SF medium. The medium used
to resuspend MSCs was matched to the medium in the bottom cham-
ber, that is, either DMEM/F-12-GlutaMAX (to test migration toward
medium conditioned by mouse retinae) or Neurobasal-A (to test
migration toward medium conditioned by human retinae). To test
chemokine receptor inhibition, MSCs were incubated for 20 min at
4�C with small-molecule receptor antagonists (used as indicated in
Table S2), prior to being used in chemotactic assays.

Transwell plates were incubated for 1.5 h at 37�C. Afterward, cells re-
maining on the upper surface of the inserts were removed with a cot-
ton swab. Tranwells were then washed (PBS), fixed (4% paraformal-
dehyde [PFA], 10 min), and stained with 5 mg/mL 40,6-diamidino-2-
phenylindole (DAPI, Sigma). For each insert, seven fields were
imaged and analyzed. Cells were automatically counted using a
custom-made macro for ImageJ software (US National Institutes of
Health, Bethesda, MD, USA; https://rsb.info.nih.gov/ij/).

Chemokine Antibody Arrays

Proteome Profiler mouse chemokine antibody array (R&D Systems)
was used to assay retinal lysates derived from PBS/NMDA-injected
mice (24 hpi) and fromWT/rd10mice (P18). Themanufacturer’s rec-
ommendations were followed. Briefly, retinae were excised and ho-
mogenized in PBS with protease inhibitors (10 mg/mL aprotinin,
10 mg/mL leupeptin, and 10 mg/mL pepstatin). After homogenization,
Triton X-100 was added to the sample to a final concentration of 1%.
Samples were then frozen at �20�C, thawed, and centrifuged at
10,000 � g for 5 min. Arrays were probed with a total of 200 mg of
protein. Membranes were developed by standard chemiluminescence
techniques. Pixel intensity was quantified using ImageJ software. The
net level of each protein was calculated by the mean of the individual
spot intensity minus the mean of the background intensity. Relative
spot intensities are presented as mean ± SD.
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Lentiviral Constructs and MSC Infection

Mouse Ccr1, Ccr3, Ccr5, Cxcr2, Cxcr3, and Cxcr6 coding sequences
(CDSs) were amplified by reverse transcribing total mouse spleen
RNA (SuperScript III RT kit, Invitrogen) and then amplifying the
full-length CDSs by PCR (using Phusion hot start high-fidelity poly-
merase, Thermo Fisher Scientific). The oligonucleotides used are
listed in Table S3. Resultant cDNA was C-terminally tagged with
HA and inserted into a lentiviral vector with a p1494 backbone, con-
taining an EF1a promoter. An EGFP reporter was also present, with
its expression being driven by a constitutive SV40 promoter
(EF1a_HA-receptor-SV40_EGFP). To generate the Ccr5-Cxcr6, dou-
ble-expressing line of MSCs, the constitutive EGFP reporter of the
EF1a_HA-receptor-SV40_EGFP construct was replaced by a hygrom-
ycin resistance marker (EF1a_HA-Cxcr6-SV40_Hygro).

For infection, lentiviral particles were produced following the RNAi
Consortium (TRC) instructions for lentiviral particle production
and infection in 10-cm plates (https://www.broadinstitute.org/
rnai/public/). At day 0, HEK293 cells were plated at a density of
5� 104 cells/cm2 in p150 plates. At day 1, using a calcium phosphate
transfection kit (Clontech Laboratories, 631312), cells were co-
transfected with (1) 19.5 mg of pCMV-DR8.2, (2) 10.5 mg of
pCMV-vesicular stomatitis virus glycoprotein G (VSV-G), or (3)
30 mg of the EF1a_ HA-receptor-SV40_EGFP or the EF1a_ HA-
Ccr5-SV40_EGFP + EF1a_ HA-Cxcr6-SV40_Hygro construct. At
day 2, the medium of the transfected HEK293 was replaced with
fresh DMEM/F-12-GlutaMAX supplemented with 30% FBS. Mean-
while, MSCs were plated at a density of 5 � 104 cells/cm2. The len-
tiviral particle-containing medium was harvested from HEK293T
cells at 48 and 72 h post-transfection (days 3 and 4), filtered, and
directly used for cell infection.

MSCs infected with EF1a_ HA-eceptor-SV40_EGFP constructs were
FACS sorted based on fluorescence intensity. Cells transduced with
EF1a_Ccr5-SV40_EGFP + EF1a_ HA-Cxcr6-SV40_Hygro were
FACS sorted based on fluorescence intensity and subjected to hy-
gromycin selection (50 mg/mL) starting 2 days after the second round
of infection.

Immunofluorescence of Cultured Cells

MSCs were plated into Lab-Tek chambers. The following day, they
were washed (PBS), fixed (4% PFA, 10 min), and permeabilized
(0.2% Triton X-100 in PBS, 10 min). Non-specific binding of anti-
bodies was blocked by a 1-h incubation with a solution of PBS with
3% BSA, 300 mM glycine, and 0.03% Triton X-100. Incubation with
primary antibodies lasted 3 h (at room temperature). Cells were
then washed with PBS and incubated with secondary antibodies
(1.5 h, at room temperature). DAPI (5 mg/mL) was used to stain
nuclei. Images were acquired using a Leica SP8 confocal microscope.
The following antibodies were used: chicken anti-GFP (1:200;
ab13970, Abcam), mouse anti-HA (1:150; 11583816001, Roche),
anti-chicken Alexa Fluor 488, and anti-mouse Alexa Fluor 568. All
secondary antibodies were provided by Molecular Probes (Invitro-
gen) and used at 1:1,000 in PBS.
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Profiling of Secreted Factors

Proteome Profiler mouse angiogenesis array (R&D Systems) was used
to assay SF DMEM/F-12-GlutaMAX medium that had been condi-
tioned by either GFP-MSCs or dOE-MSCs, cultured for 24 h. Arrays
were probed with a total of 800 mg of protein. Membranes were devel-
oped by standard chemiluminescence techniques. Pixel intensity was
quantified using ImageJ software. The net level of each protein was
calculated by the mean of the individual spot intensity minus the
mean of the background intensity. Relative spot intensities are pre-
sented as mean ± SD.

Flow Cytometry Analysis of MSCs and Retinal Samples

For flow cytometry, cultured MSCs were detached with Accutase and
collected by centrifugation at 300 relative centrifugal force (rcf) for
5 min. They were resuspended at a concentration of 1 � 106 cells/
mL and incubated with purified rat anti-mouse CD16/CD32 (mouse
BD Fc Block; BD Pharmingen) at a concentration of 5 mg/mL (in
PBS), 20 min at 4�C, to block non-specific binding of antibodies.
Following two washes in PBS, cells were incubated with conjugated
primary antibodies (in PBS) for 30 min at 4�C, in the dark. Finally,
they were washed (PBS) and resuspended in PBS for flow cytometry.
DAPI (5 mg/mL) was added to exclude dead cells. The following an-
tibodies were used: phycoerythrin (PE) anti-mouse CCR1
(FAB5986P; R&D Systems), allophycocyanin (APC) anti-human/
mouse/rat CCR5 (FAB1802A; R&D Systems), peridinin chlorophyll
protein (PerCP) anti-mouse CXCR2/interleukin-8RB (IL-8RB)
(FAB2164C; R&D Systems), Alexa Fluor 700 anti-mouse CXCR3
(FAB1685N; R&D Systems), Alexa Fluor 700 anti-mouse CXCR6
(FAB2145N; R&D Systems), PE anti-mouse CD90.2 (12-0902; eBio-
science), PE anti-mouse CD44 (12-0441-82; eBioscience), PE anti-
mouse CD34 (551387; BD Biosciences), PE anti-mouse CD45
(553081; BD Biosciences), PE-Cy7 anti-mouse Ly-6A/E (Sca-I) (25-
5981; eBioscience), and PE-Cy7 anti-mouse CD11b (552850; BD Bio-
sciences). All antibodies were used at a concentration of 10 mL/106

cells.

For flow cytometry analysis of retinal samples, retinae were dissected
from the enucleated eyes and incubated (30 min, 37�C) in trypsin
supplemented with 0.1 mg/mL DNase I for 20–30 minutes at 37�C.
Samples were then mechanically triturated, filtered, pelleted, and
re-suspended in PBS. DAPI (5 mg/mL) was added to exclude dead
cells. Both NMDA-damaged rd10 eyes were analyzed at 4 dpi. All
data were processed and analyzed with FlowJo (v10).

Fixing, Sectioning, and Immunofluorescence

Eyes were enucleated and fixed by immersion in 4% PFA overnight at
4�C; they were embedded in paraffin the following day. 5-mm-thick
sections oriented orthogonally to the retinal layers were prepared
and processed for either immunofluorescence or hematoxylin and
eosin staining. Briefly, for the immunofluorescence, sections were de-
paraffinized by sequential treatment with xylene and EtOH gradient;
slices were then placed in a plastic rack with a permeabilization buffer
containing 0.3% Triton X-100 and 0.1 M sodium citrate in PBS (1 h at
room temperature). Antigen retrieval was then performed by boiling
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the slides for 4 min in a domestic microwave. After a wash with cold
water, non-specific binding of antibodies was blocked by a 1-h incu-
bation with a solution of PBS with 3% BSA, 300 mM glycine, and
0.03% Triton X-100. Sections were then incubated with primary an-
tibodies diluted in PBS, 1.5% BSA (twice overnight at 4�C). On the
following day, slides were washed with PBS and incubated with sec-
ondary antibodies for 2 h at room temperature.

For retinal flat mount immunostaining, whole retinae were dissected
from previously fixed eye globes, and left an additional 30 min in 4%
PFA. They were then permeabilized (0.3% Triton X-100 in PBS, 1.5 h
at room temperature). Non-specific binding of antibodies was
blocked by a 1-h incubation with a solution of PBS with 3% BSA,
300 mM glycine, and 0.03% Triton X-100. Incubation with primary
antibodies lasted 48 h at 4�C. Retinae were then washed with PBS
and incubated with secondary antibodies (24 h at 4�C). DAPI
(5 mg/mL) was also used to stain for cell nuclei.

The following primary antibodies were used: chicken anti-GFP
(1:200; ab13970, Abcam), mouse anti-bIII-tubulin (1:200; ab7751,
Abcam), mouse anti-Smi-32 (1:200; 5598440001, Merck), mouse
anti-calbindin (1:200; C7354, Sigma), mouse anti-GFAP (1:200;
MAB360, Millipore), rabbit anti-Neun (1:200; ab177487, Abcam),
mouse anti-rhodopsin (1:200; MAB5356, Millipore), rabbit anti-re-
coverin (1:200; AB5585, Merck Life Science), rabbit anti-phospho-
histone-H3 (Ser10) (1:200; 06-570, Millipore), and rat anti-CD90.2
(1:150; 14-0902-82, eBioscience). The following secondary antibodies
were used: anti-chicken Alexa Fluor 488, anti-mouse Alexa Fluor 568,
anti-mouse Alexa Fluor 647, anti-rabbit Alexa Fluor 568, and anti-rat
Alexa Fluor 568. All secondary antibodies were used at 1:1,000 in PBS.
DAPI (5 mg/mL) was used to stain for cell nuclei.

Both retinal flat mounts and sections were mounted with Vectashield
(Vector Laboratories, Burlingame, CA, USA) and imaged using either
Leica laser SP5 or SP8 confocal microscopy systems.

Images from both sections and whole retinal flat mounts were pro-
cessed with the ImageJ software. Cell counts were based on analysis
of at least three animals. For each section and flat mount, we imaged
a minimum of three fields.

Apoptotic Assay

For the apoptotic assays, GFP-MSCs were seeded at a density of 7.5�
103 cells/cm2. After 24 h of culturing, they were treated with 5 mM
doxorubicin for an additional 24 h to induce apoptosis. The apoptotic
bodies released in the medium were collected by centrifugation at 300
rcf for 7 min. They were then resuspended in fresh DMEM/F-12-Glu-
taMAX medium and seeded on top of human RPE cells, seeded at a
density of 2 � 104 cells/cm2 24 h prior to the assay. RPE cells and
GFP-MSC-derived apoptotic bodies were co-cultured for 1, 3, 6, 12,
24, 48, or 72 h. At the moment of the analysis, cells were trypsinized,
collected, and resuspended in PBS. Flow cytometry analysis was per-
formed with an LSRFortessa analyzer (BD Biosciences). All flow cy-
tometry data were processed and analyzed with FlowJo (v10).
Statistical Analysis

As specified in the figure legends, data are presented as mean ± SD.
All statistical tests and graphs were generated using the Prism 8.0 soft-
ware (GraphPad, San Diego, CA. USA). Depending on the experi-
mental setup, we used a Mann-Whitney test, two-tailed Student’s t
test, or one-way ANOVA. In all cases, a p value <0.05 was considered
significant (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; ns, not
significant). In experiments where internal reference samples were
used to normalize data across different replicates, their expression
was set to 1. To show the internal variability of these reference sam-
ples, we calculated their SD relative to their internal average value.
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