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Monocyte Invasion into the Retina Restricts the
Regeneration of Neurons from Miiller Glia

Nicolai Blasdel,' Sucheta Bhattacharya,” Phoebe C. Donaldson,' Thomas A. Reh,' and “Levi Todd"**
"Department of Biological Structure, University of Washington, Seattle, Washington 98195 and “Department of Ophthalmology and Visual Sciences,
SUNY Upstate Medical University, Syracuse, New York 13210

Endogenous reprogramming of glia into neurogenic progenitors holds great promise for neuron restoration therapies. Using lessons
from regenerative species, we have developed strategies to stimulate mammalian Miiller glia to regenerate neurons in vivo in the
adult retina. We have demonstrated that the transcription factor Ascll can stimulate Miiller glia neurogenesis. However, Ascll is
only able to reprogram a subset of Miiller glia into neurons. We have reported that neuroinflammation from microglia inhibits
neurogenesis from Miiller glia. Here we found that the peripheral immune response is a barrier to CNS regeneration. We show
that monocytes from the peripheral immune system infiltrate the injured retina and negatively influence neurogenesis from
Miiller glia. Using CCR2 knock-out mice of both sexes, we found that preventing monocyte infiltration improves the neurogenic
and proliferative capacity of Miiller glia stimulated by Ascll. Using scRNA-seq analysis, we identified a signaling axis wherein
Osteopontin, a cytokine highly expressed by infiltrating immune cells is sufficient to suppress mammalian neurogenesis. This
work implicates the response of the peripheral immune system as a barrier to regenerative strategies of the retina.
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Significance Statement

Regeneration of neurons in the central nervous system is extremely limited in mammals. Transgenic overexpression of the
proneural transcription factor Ascll enables mammalian retinal glia to regenerate some neurons lost to injury. We found that
during this regenerative response to injury, monocytes from the periphery invade the neural retina, and these inflammatory
cells negatively regulate the ability of Miiller glia to reprogram into neurogenic progenitors. When monocytes are inhibited
from infiltrating the retina, regeneration of neurons from Miiller glia is significantly enhanced. This work implicates periph-
eral immunomodulation as a tool to enhance endogenous neuronal replacement strategies.
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Introduction to neuronal loss by reprogramming into proliferating neurogenic
progenitors that can regenerate all retinal cell types (Lenkowski
and Raymond, 2014). MG in mice and human retina do not
spontaneously reprogram into neurogenic progenitors after neu-
ronal loss and instead activate an injury-response program typ-

Neurodegeneration of the retina causes permanent blindness
because the mammalian central nervous system (CNS) lacks
the ability to regenerate. Some non-mammalian species are
able to regenerate retina and restore lost vision (Todd and Reh, PR
2022). In fish, this remarkable feat of regeneration is accom- ically ref.er.red to as “gliosis. . . .

plished by Miiller glia (MG), the primary glial cell of the verte- The injury-response program in mammalian MG involves

brate retina (Fausett and Goldman, 2006). MG in fish respond structural remodeling and an upregulation of inflammatory fac-
tors (Bringmann et al., 2009). Importantly, mammalian MG do

not induce proneural transcription factors in response to injury
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et al,, 2020). In our previous work, we found that retinal microglia
induce an inflammatory nonregenerative state in MG and ablation
of these cells significantly improves neurogenesis (Todd et al,
2020). This work, and additional studies has implicated the neu-
roimmune response as a significant component of endogenous
regeneration strategies (Todd et al., 2016; White et al., 2017;
Hoang et al., 2020; Jorstad et al., 2020; Palazzo et al., 2022).
However, microglia are not the only immune cell type that
responds to neural injury. The broader invasion of the peripheral
immune system is being increasingly recognized to have signifi-
cant consequences on neurodegeneration (Gadani et al., 2015;
Guillonneau et al,, 2017; Yu et al., 2020). How the peripheral
immune response impacts endogenous cell replacement strate-
gies in the nervous system has not been investigated.

In our previous scRNA-seq analysis of sorted myeloid cells
after retinal injury, we noticed monocytes invade the retina after
NMDA damage (Todd et al., 2020). Monocytes are critical medi-
ators of innate immunity and can serve as precursors to macro-
phages and dendritic cells, while exerting their own functions
(Auffray et al, 2007; Geissmann et al., 2008). Monocytes are
derived from adult hematopoiesis and are absent in healthy ret-
inas but are rapidly recruited into damaged tissue (Yu et al,
2020). Monocyte infiltration has been observed in retinal degen-
eration models in rodents and in diseased human retina
(Sennlaub et al., 2013; Karlen et al., 2018). Monocyte infiltration
often exacerbates the inflammatory response and has been sug-
gested to be a primary driver of pathology in retinal degenerative
diseases (Guo et al., 2012; Guillonneau et al., 2017; Yu et al,,
2020). It is important to distinguish the contributions of these
innate immune cell types for cellular targeting in the case of dis-
ease or endogenous cell replacement therapies where the impact
of monocyte infiltration on retinal regeneration might be
significant.

In this study, we found that monocytes invade the neural retina
after injury; we tested the consequence of monocyte infiltration on
MG-mediated retinal regeneration by genetically removing the
CCR2 receptor in Ascll-overexpressing mice. We found that pre-
vention of monocyte invasion into the retina significantly improves
MG neurogenesis in two different retinal injury models. We then
performed scRNA-seq analysis of infiltrating immune cells and
damaged MG, and by analyzing intercellular communication net-
works, we identified Osteopontin (Spp1) as a potential regulatory
cytokine expressed by monocytes; we confirmed this prediction,
finding that Osteopontin is sufficient to suppress retinal regenera-
tion. Taken together, this study implicates the response of the
peripheral immune system as counterproductive to in vivo neuro-
nal regeneration in the adult retina.

Materials and Methods

Animals. All animals were treated in accordance with University of
Washington Institutional Animal Care and Use Committee (IACUC)
and SUNY Upstate-approved protocols. The Glast-CreER:LNL-tTA:
tetO-mAscll-ires-GFP and the Glast-CreER:LNL-tTA:tetO-mAscll-
CCR2®™ mice were from a mixed background of C57BL/6 and
B6SJF1. The CCR2X™ mice are from a mixed C57BL/6] and C57BL/
6N background. The tetO-mAscll-ires-GFP mice were a gift from
M. Nakafuku (University of Cincinnati), and the Glast-CreER,
LNL-tTa mice, and the CCR2®? lines were from Jackson Laboratory.
Males and females were both used in experiments. All in vivo experi-
ments were performed on adult mice that were over 40 d old.

Immunohistochemistry. After euthanasia and enucleation, anterior
portions of eyes were removed, and globes were fixed for 30 min in 4%
PFA in PBS. Fixed eyes were incubated overnight in 30% sucrose at 4°C.
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Retinas were then frozen in O.C.T. and cryosectioned at 18 um. For immu-
nostaining, sections were washed two times for 10 min in PBS and then
incubated in primary antibody in 0.5% Triton X-100 and PBS overnight.
Slides were then washed in PBS and incubated in secondary antibodies
for 1 h. Finally, slides were washed again in PBS and coverslipped with
Fluoromount-G (SouthernBiotech). See Table 1 for antibodies and their
concentrations used in this study.

EdU labeling. For EAU administration, animals were provided EdU
(Abcam) in the drinking water at a concentration of 0.5 mg/ml for 7 d
following NMDA injections. For EdU labeling, instructions were fol-
lowed according to the Click-iT EdU Assay from Invitrogen.

Terminal deoxynucleotidyl transferase-mediated biotinylated UTP
nick end labeling. To identify dying cells that contained fragmented
DNA, the TUNEL method was used on 18 um cryosections. We used
an In Situ Cell Death Kit (TMR red; Roche Applied Science) following
the manufacturer’s instructions.

Retinal dissociation and fluorescence-activated cell sorting. To obtain
single cells for RNA-sequencing, animals were killed and retinas were
dissociated into single cells following the Worthington Kit instructions.
Retinas are incubated in a mixture of papain and deoxyribonuclease
(DNase) for 10 min at 37°C, followed by trituration to break up the
remaining retinal clumps. Following this, an equal volume of ovomucoid
is added to stop the dissociation. Cells are then spun at 4°C at 300 x g for
10 min and resuspended in Neurobasal and passed through a 35 yum filter
for sorting. FACS was performed on GFP+ cells and CD45+ immune
cells using a BD FACSAria III cell sorter.

Injections. Intravitreal injections were performed with a 32 ga
Hamilton syringe on isoflurane anesthetized mice. NMDA was injected
at a concentration of 100 mM at a volume of 1 ul in PBS. TSA (Sigma-
Aldrich) was injected at a concentration of 1 pg/pl. Tamoxifen was
injected intraperitoneally at 1.5 mg per 100 pl of corn oil on adult
mice for 4 consecutive days. Recombinant OPN (R&D Systems) was
injected at 1 pg/pl alongside NMDA or TSA injections in a 1:1 ratio
for 2 pl total per injection.

Microscopy/image quantification. Images were taken on either a
ZeissLSM770, LSM880 confocal microscope, or upright NiE Nikon.
For cell counts, four images were taken per retina with a 20x objective
at the same magnification, and four images were quantified and averaged

Table 1. List of antibodies and concentration used in this study

Antibody Concentration  Vendor (atalog #
Rabbit anti-Cabp5 1:500 Gift from F. Haesleer n/a

Rabbit anti-Calretinin 1:500 Swant (R7697
Rat anti-Cd44 1:500 BD Biosciences 550538
Rat anti-Cd45, (A95-1), PE-Cy7  1:1,000 BD Biosciences 552849
Chicken anti-GFP 1:1,000 Abcam ab13970
Rabbit anti-lba1 1:1,000 Wako 11031
Mouse anti-HuC/D 1:500 Invitrogen A-21271
Goat anti-Osteopontin 1:500 R&D Systems AF808
Goat anti-0tx2 1:500 R&D Systems BAF1979
Rabbit anti-Pax6 1:500 BioLegend 901302
Rat anti-RFP 1:500 Proteintech 58

Goat anti-Sox2 1:1,000 Santa (ruz Biotechnology ~ SC-17320
Secondaries

Donkey anti-chicken 488 1:1,000 Jackson ImmunoResearch  03-545-155
Donkey anti-rabbit 488 1:1,000 Thermo Fisher Scientific ~ A212065
Donkey anti-rabbit 568 1:1,000 Thermo Fisher Scientific ~ A100042
Donkey anti-rat 594 1:1,000 Thermo Fisher Scientific ~ A21209
Donkey anti-goat 568 1:1,000 Thermo Fisher Scientific ~ A11057
Donkey anti-goat 647 1:1,000 Jackson ImmunoResearch ~ 705-605-147
Donkey anti-mouse 647 1:1,000 Jackson ImmunoResearch ~ 715-605-150
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as representative of a single eye. Counts from two individual eyes are then
summed to represent one biological replicate and significance of differ-
ence was determined using a Mann-Whitney U test.

Single-cell RNA library construction. Following FACS purification of
Cd45+/CD11b+ immune cells and GFP+ Muller glia, cells were spun
down at 300 x g at 4°C with a target concentration of 1,000 cells/pl.
Library Construction was done using 10x Genomics 3’ single-cell RNA
Chip and further processed following the protocol of Chromium
Single Cell 3’ Reagents Kit Users guide.

Libraries were sequenced using an Illumina NextSeq 500/550 versus
kit and aligned to the mm10 genome using Cell Ranger version 3.0.
Filtered output files were further analyzed in R using Seurat version
>4.6 and CellChat version 1.6.1. Low-quality cells were identified as hav-
ing low read depth and were removed from datasets. Initial processing of
data was done using built-in Seurat functions, whereby cells were nor-
malized, variable features were identified, data was scaled, the principal
components were determined, and a UMAP was created using the first
30 dimensions. Clusters were identified and labeled using the Louvain
algorithm with a resolution of 0.4 and using markers found with the
Wilcoxon rank sum test as well as identifying percent and average
expression using the tools available in the Seurat R package version 4.6.

Cell-cell communication analysis. Cells not identified as Cd45+/Aif1—
were removed from the immune cell dataset, and cells identified as
Rlbp1—/Aqp4— (not Muller glia) were removed from the 5 d postinjured
retina dataset prior to CellChat Analysis. Additional Hexb+/Aifl+
microglia were subsetted from four previously published regeneration
datasets to bolster downstream analysis (Hoang et al., 2020; Todd et
al., 2020, 2022). Comparisons between datasets was then done using
the Harmony integration of the immune and glial datasets using the
function RunHarmony(). The new integrated dataset was then processed
using the same pipeline as the initial datasets.

Cell-cell communication analysis was then performed using the
CellChatDB mouse database and following the provided tutorial
from the Nie Lab (https:/github.com/jinworks/CellChat/blob/master/
tutorial/Comparison_analysis_of_multiple_datasets.html).  Following
preprocessing of the CellChat object, the average gene expression of
each cell group was calculated using the Trimean Method in the function
computeCommunProb(). The communication probability of each path-
way was then computed by summarizing the communication probabili-
ties of all ligands-receptors interactions associated with each signaling
pathway using computeCommunProbPathway() and the network was
aggregated using aggregateNet(). To compute the network centrality
and flow betweenness of the communication network, we used the
function netAnalysis_computeCentrality(). Finally, signaling contribution
from each cell group was visualized using netAnalysis_signalingRole_
heatmap().

Results

Monocytes invade into the retina in response to excitotoxic
injury

In our previous study examining the effects of microglia on ret-
inal regeneration, we performed scRNA-seq on FAC-sorted
CD45+/Cd11b+ immune cells after NMDA injury (Todd et al,
2020). We noted that a cluster of cells in our analysis belonged
to CCR2+/Ly6C+ monocytes, revealing that monocytes from
the peripheral immune system invaded into damaged retinas.
To gain a better understanding of the infiltration dynamics of
monocytes, we used the CCR2:RFP transgenic mouse which
allows for fluorescent labeling of CCR2+ monocytes (Saederup
et al., 2010). Microglia do not express CCR2, allowing for short-
term delineation of these two distinct immune components
(Saederup et al., 2010). However, after monocytes differentiate
into macrophages, CCR2:RFP is downregulated leaving this
tool unable to discern the ontogeny at later time points (Chen
et al., 2020; Silvin et al., 2022).
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We performed intravitreal injections of NMDA to kill inner
retinal neurons via excitotoxicity and performed immunohisto-
chemistry for Ibal to image microglia/monocytes and RFP to
image invading monocytes (Fig. 1la—c). As expected, in control
PBS injected retinas, microglia displayed a homeostatic ramified
morphology and monocytes were not present in the retinal
parenchyma (Fig. 1c). The few RFP+ monocytes that could be
found were located inside of blood vessels (Fig. 1¢). In contrast,
we found that in NMDA-damaged retinas microglia shift to an
ameboid “reactive” morphology and significant monocyte inva-
sion occurred into the retina parenchyma (Fig. 1¢). We quan-
tified the dynamics of monocyte invasion; while RFP+
monocytes were not immediately present after injury (4 h), the
cells invaded in abundant numbers from 24 to 96 h and started
declining by 144 h postinjury (Fig. 1d). NMDA predominantly
kills retinal ganglion cells and amacrine cells of the inner retina
and this was the location that monocytes accumulated (Fig. 1e).

When the CCR2:RFP allele is bred to homozygosity, it leads to
a functional knock-out of CCR2 as the locus is replaced with the
RFP transgene (Saederup et al, 2010). This CCR2 knock-out
strategy has been validated to prevent monocyte invasion into
the CNS in various models, including stroke, stab wound, and
retinal light damage (Fang et al., 2018; Frik et al., 2018; Karlen
et al., 2018). In alignment with these findings, we found a lack
of monocyte invasion in NMDA-injured retinas where CCR2:
REFP allele was homozygous (Fig. 1f). We also found that CCR2
deletion did not impact the extent of TUNEL+ cells after
NMDA injury (Fig. 1g,h).

Prevention of monocyte invasion improves retinal
regeneration

The monocytic invasion into the retina after NMDA injury coin-
cides with the period when, in previous studies, we found that
transgenic overexpression of the proneural transcription factor
Ascll can reprogram the MG to a neurogenic state (Jorstad
et al,, 2017). This suggests that their presence might affect this
process. Our regeneration studies use a mouse line that allows
for inducible expression of Ascll specifically in MG while also
fate mapping the MG lineage (Jorstad et al., 2017). For brevity,
this Glast-ErCre/LnL-tTA/teto-Ascll-GFP line will be referred
to as Ascl1-MG. We established a retinal regeneration paradigm
wherein MG-specific Ascll induction via tamoxifen is followed
by NMDA injury and histone deacetylase inhibitor (TSA). This
Ascll1-NMDA-TSA (ANT) treatment stimulates MG to produce
functional retinal neurons predominantly of the bipolar lineage
(Jorstad et al., 2017, 2020).

To test whether monocyte depletion impacts MG-mediated
retinal regeneration, we crossed our Ascll-MG regeneration
mouse to the CCR2:RFP reporter/knock-out line (Fig. 2a). We
next performed our retinal regeneration paradigm in the absence
of monocytes (Fig. 2b). We found that by preventing monocyte
invasion, MG neurogenesis was significantly enhanced (Fig. 2c-f).
The percentage of MG-derived bipolar neurons (GFP/Otx2+) in
monocyte-depleted retinas was increased threefold (Fig. 2¢). We
also found that MG-derived cells in the CCR2ko retinas contained
more regenerated neurons expressing the mature bipolar maker
Cabp5 and fewer cells retaining the MG-marker Sox2 (Fig. 2f,9).
Surprisingly, we found that contrary to our previous findings
with Ascll alone, TSA was not required, nor did it promote neuro-
genesis in the context of CCR2 deletion (Fig. 2e).

The increase in neurogenesis in the CCR2ko mice could be the
result of increased MG proliferation and/or increased transdiffer-
entiation of Ascll-expressing MG directly to neurons. We have
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Figure 1.  Monocytes invade into NMDA-damaged retinas. a, Schematic depicting the transgenic mouse used to track CCR2+/RFP+ monocytes. b, Experimental paradigm to induce neuronal

death in the retina via NMDA and showing time points of tissue harvest. ¢, Representative images of retinal whole mounts in control PBS-injected retinas versus NMDA-injected retinas labeled
for IbaT+ microglia/macrophage (green) and RFP+ monocytes (red). The arrow depicts monocytes in healthy retinas are only found inside vessels. d, Quantification of the average number of
CCR2+/RFP+ cells found per retinal section imaged at 20x. e, Representative images of retinal cross sections between PBS control injected eyes versus NMDA-injected retinas labeled for
microglia and monocytes (CCR2) showing monocyte accumulation in the GCL at the site of cell death. f, Representative images showing lack of RFP+ (red) monocytes in the CCR2 RFP/RFP knock-out
retina stained with calretinin (green). g, Representative images showing TUNEL+ apoptotic cells after NMDA damage in CCR2 WT versus CCR2 knock-out retinas. h, Quantification representing TUNEL+
cells per section in CCR2 WT versus CCR2 knock-out retinas. Abbreviations are as follows: GCL, ganglion cell layer; INL, inner nuclear layer; ONL, outer nuclear layer. All scale bars are 50 pm.

previously found that a subset of MG undergo proliferation prior
to regenerating neurons (Jorstad et al., 2020; Todd et al.,, 2021,
2022). Monocyte infiltration into the brain has been reported
to reduce the proliferative ability of astrocytes following trau-
matic injury (Frik et al, 2018). Therefore, we sought to test
whether CCR2ko impacted the ability of MG to proliferate in
response to NMDA injury. We included EdU in the drinking
water at the onset of retinal injury and left mice exposed to
EdU for 10 d during the regeneration paradigm. We found that
MG proliferate more in the absence of monocytes (Fig. 2h,i)

and ~82% of these proliferating MG differentiate into neurons
(Fig. 2j). These data suggest that monocytes suppress both the
neurogenic and proliferative capacity of Ascll-MG.

Monocytes also inhibit neurogenesis in response to light
damage

Prior studies have shown that different types of neural injury
result in different neuroimmune responses (Gadani et al., 2015).
To test whether monocyte invasion inhibits regeneration after a
different injury stimulus, we subjected our Ascll-MG mouse line



Blasdel et al. ® Monocytes Suppress Miiller Glia Neurogenesis J. Neurosci., November 13, 2024 - 44(46):¢0938242024 - 5

a Knockin CCR2RFP mouse b
CreERT2 EdU
Stop. X CCR2 Locus

TMX x 4 NMDA  +/-TSA Harvest
m m Heterozygosity: Functional CCR2 + reporter Day 0-3
- Day 7 Day 9 Day 17 Day 28
Homozygosity: CCR2 knockout v ay 2y 2y Y
c d
| e FP 4

Control

o
X
N
x
®)
®)
e Otx2 Neurons f Cabp5 Bipolars g Sox2 Miiller glia
80 + 80 . 100
+ o +
L o so
o G ® a
o T % 60
ct‘ 18_ 40 &
] ke X a0
Q S a2
X 2 X 20
0 T T T 0 T - 0
Ascll  Asclt Ascl1 + CCR2ko Ascl1  Ascl1 + CCR2ko Asclt  Ascl1 + CCR2ko

h +CCR2%ko  noTSA

Control

CCR2 ko

I Proliferating Mller glia J Neurons from
] proliferating glia
*

“] 100
+
& 3
& o)
Q ¥
+ o

% 20 6 50_
< By
N =
104 E
X

] 0

Ascl1 Ascl1 + CCR2ko Asclt + CCR2ko

Figure 2.  Prevention of monocyte invasion increases neurogenesis from Miiller glia. a, Schematic of transgenic mouse to stimulate retinal regeneration by MG-specific induction of Ascl1
crossed to CCR2:RFP line to allow for monocyte inhibition simultaneously. b, Experimental paradigm to stimulate retinal regeneration by tamoxifen induction of Ascl1 and GFP in MG followed by
intravitreal injections of NMDA with or without TSA and EdU added to drinking water to trace newborn cells. ¢, Representative images of GFP+ MG-derived Otx2 (purple) with Ascl1-only versus
Ascl1 plus CCR2 knock-out versus without TSA treatment. The arrows depict examples of Otx2/GFP-+ MG-derived neurons. d, Representative image of GFP+ MG-derived cells expressing the cone-bipolar
marker Cabp5 (red) and not expressing the MG marker Sox2 (silver) in a monocyte-deficient mouse. The arrows show example of glia-derived GFP/Cabp5+ bipolar. e—g, Quantification of the percent of
MG-derived cells that differentiated into Otx2+ neurons (Ascl1 vs Asd1 CCR2ko *p < 0.0001, AsclT vs no TSA p < 0.0001; e), Cabp5 bipolars (*p =0.02; f), or remained Sox2+ (*p=0.03; g) in
Ascl1-only versus Ascl1 plus monocyte knockdown. h, Representative images of EdU (red) pulse labeling of GFP+ glia giving rise to newborn neurons (0tx2+). The arrow shows examples of
Edu+/GFP+/0tx2+- cells. i, Quantification of the percent of GFP+- glia that underwent cell cycle re-entry in control versus CCR2 knock-out retinas (*p = 0.0001). j, Percent of Edu+- cells that differentiated
into Otx2+ cells. GCL, ganglion cell layer; INL, inner nuclear layer; ONL, outer nuclear layer. Scale bar, is 50 pm. Significance of difference (*p < 0.05) for e was determined using a one-way ANOVA
followed by Tukey's multiple-comparisons test and f~i used a Mann—Whitney U test; individual dots represent biological replicates using both retinas combined.



6 - J. Neurosci., November 13, 2024 - 44(46):0938242024

to intense acute light damage, with and without monocytes
(Fig. 3a). In brief, mice underwent exposure to ~10,000 lux of white
light for 8 h, a paradigm known to kill 30% of photoreceptors as
early as 24 h and 90% of photoreceptors by 1 week (Kang et al.,
2020). Light damage has been validated to lead to invasion of
monocyte-derived cells (Joly et al., 2009; Sennlaub et al., 2013;
O’Koren et al., 2016). We tested whether prevention of monocyte
invasion increased neural regeneration after light injury (Fig. 3a).
It has been recently reported that MG can respond to photorecep-
tor damage and generate neurons similar to what occurs after ret-
inal ganglion cell death (Pavlou et al, 2024). We found that
inhibition of monocyte recruitment significantly increased the
amount of neurogenesis from MG following photoreceptor abla-
tion (Fig. 3b,c), much like what we found after the NMDA injury.
As reported previously, we found that death of photoreceptors
leads to neurogenesis of Otx2+ bipolar neurons (Fig. 3b,c) from
MG and does not stimulate a shift to the photoreceptor fate. The
majority of new neurons were found in the INL with Otx2+ mor-
phology similar to bipolars and not photoreceptors (inverted chro-
matin), the few regenerated neurons that were found in the ONL
lacked expression of photoreceptor markers (data not shown).
These data show that in two diverse injury stimuli, peripheral
monocytes inhibit neural regeneration.

scRNA-seq of monocytes and Miiller glia during retinal
regeneration

To identify putative mechanisms underlying the repression of
neurogenesis from MG that is caused by monocytes, we analyzed
their transcriptome after NMDA; we sorted all immune cells in
Ascll-expressing mice (CD45+) 5 d after NMDA injury and pro-
cessed them for scRNA-sequencing. Consistent with our data
from the monocyte reporter mice, scRNA-seq data from
NMDA-treated mice confirmed that monocytes are present in
regenerating retinas alongside microglia, T cells, and neutrophils
(Fig. 4a,b; Table 2). To focus on the potential cross talk between
microglia, monocytes, and MG, we subsetted monocytes and
microglia and combined this dataset with a previously published
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dataset of MG (Todd et al., 2020) and to increase the representa-
tion of microglia in our analysis, we bioinformatically isolated
microglia from four previously published datasets from retinas
undergoing NMDA-induced regeneration (Todd et al., 2020,
2021, 2022). These datasets were integrated with Harmony and
plotted as a UMAP (Korsunsky et al., 2019; Fig. 4c). The
UMAP plots show two distinct large clusters: MG and mono-
cytes/microglia. Both larger clusters have subclusters that can
be identified by known marker genes. The monocyte/microglial
cluster contains Hexb+ microglia and CCR2+ monocytes
(Fig. 4d). Similar to our previous report, we found that the MG
take on diverse states after retinal injury, with a Rlbpl+ homeo-
static cluster, a H2-Q4+ MHC-high cluster, and a Ifit3+ cluster
high in interferon genes (Fig. 4d; Todd et al., 2020).

To better understand how infiltrating monocytes may com-
municate with reactive MG, we performed CellChat, a tool to
infer cell signaling inputs and outputs from scRNA-seq datasets
(Jin et al.,, 2021). By cross-referencing the expression patterns of
the cells in our dataset to a curated database of ligand-receptor
interactions pulled from the KEGG Pathway database and pre-
dicting significant communications through differentially
expressed ligands and receptors, CellChat can infer intercellular
communications. CellChat models these ligand-receptor inter-
actions using the law of mass action, whereby concentrations
of a given ligand and its receptor are thought to indicate the prob-
ability of meaningful interaction. These intercellular interactions
are then grouped into 1 of the 229 functionally related signaling
pathways identified in the literature (Jin et al., 2021). This dataset
revealed signaling patterns between immune cells and MG as
significantly enriched in the scRNA-seq data (Fig. 4e).
Providing confidence in this approach, these analyses revealed
signaling pathways known to influence MG inflammatory
response to injury, including MDK, Notch, CCL, TNF, and
TGFb (Lenkowski et al., 2013; Nelson et al., 2013; Conner
et al., 2014; Todd et al, 2017, 2020; Karlen et al, 2018;
Nagashima et al., 2020; Campbell et al., 2021; Palazzo et al.,
2022; Le et al., 2023).

Monocytes suppress Miiller glia neurogenesis in a phototoxic injury paradigm. a, Experimental paradigm to induce Miiller glia neurogenesis in a light injury paradigm.

b, Representative images of Ascl1 expressing GFP-+ MG (green) and Otx2+ bipolar neurons (red) in Ascl1-only (control) and Ascl1+ CCR2 ko mice after undergoing light damage. The arrows
show example of double positive 0tx2/GFP+ cells. ¢, Quantification of the percent of neurogenesis (GFP+ MG/0tx2+ neurons) in Ascl1-only versus Ascl1 + CCR2 knock-out mice after phototoxic
injury. GCL, ganglion cell layer; INL, inner nuclear layer; ONL, outer nuclear layer. Scale bar, is 50 pm. Significance of difference (*p = 0.0173) was determined using Mann—Whitney U test;

individual dots represent biological replicates using both retinas combined.
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Osteopontin represses Miiller glia neurogenesis

We were particularly interested in Osteopontin (Spp1) signaling,
as the ligand was highly enriched in monocytes/microglia and the
receptors Cd44, Itgav, and Itgbl are expressed in damaged MG
(Fig. 4e-j). We confirmed OPN is expressed in Ibal+ retinal
immune cells after NMDA injury and that CCR2 deletion reduced
the number of OPN+ cells in damaged retinas (Fig. 4g,h). We also
confirmed protein expression of one of the OPN receptors, CD44,
in Sox9+ MG, consistent with other reports (Fig. 4j; Rich et al.,
1995; Shinoe et al., 2010) Recently, it was reported that exogenous
Osteopontin (OPN) protein can induce NfkB in mouse MG, a
signaling pathway known to counteract MG reprogramming

Table 2. Top genes used to identify clusters in Figure 4a

Cluster ID Top genes

Monocyte 1 Thbs1, Pirb, Tgfbi, Arg1, Fnl, Ccr2, Cybb, F13al, F10, Saa3

Monocyte 2 Msda6c, Lyz2, Msdadc, Timp1, (d74, $100a4, Ifi2712a

DAM microglia Sparc, (d81, C1qa, Clqc, C1gb, Hexb, Cx3crl, Gst3, (cl12, Ctsd

Microglia P2ry12, Gpr34, (2

Dendritic (d22, Ca7, 114i1, Thc1d4, Serpinbéb, Bcl2ala, Cripl, Lsp1, Cdl5,
Fsent

Neutrophil Mmp9, 5100a9, 5100a8, Asprv1, Len2, GO0s2, Stfa21, Gm5483,
Wfdc21, Retnlg

T cells/natural killer Oar6, Trbe2, (d3g, Trde, Trbel, I17a, Nkg7, (d3d, AW112010,
cells Ramp1

a &
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(Palazzo et al., 2020, 2022, 2023). Therefore, we reasoned if
monocyte-derived OPN induces a nonregenerative state in
MG, adding back OPN in monocyte knockdown retinas should
reverse the neurogenic increase seen with monocyte inhibition.

To test this, we performed in vivo reprogramming experiments
in monocyte knockdown retinas while intravitreally treating mice
with recombinant OPN (Fig. 54,b). Similar to previous experi-
ments, we noted high neurogenic rates in Ascll-MG mice com-
bined with CCR2ko, and we found that exogenous OPN
counteracted this effect (Fig. 5¢,d). OPN-treated retinas had a sign-
ificantly lower amount of MG neurogenesis, a rate similar to Ascll
only (Fig. 5d). It had previously been reported that OPN is neuro-
protective in mouse models of glaucoma, and this could potentially
underlie the reduction we see in neurogenesis (Li and Jakobs, 2022;
M. Zhao et al.,, 2023). Therefore, we tested whether OPN was neu-
roprotective after NMDA damage and found that OPN did not
influence the survival of RGCs in this context (Fig. 5e,f). Taken
together, these data suggest that OPN is one of the molecules
released by immune cells that inhibit the neurogenic reprogram-
ming of MG independent of neuroprotection.

Discussion

Strategies to stimulate endogenous regeneration of neurons from
glia in the mammalian retina have made rapid progress over the
past few years (Jorstad et al., 2017, 2020; Hamon et al., 2019;
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Figure 5. A monocyte enriched ligand OPN is sufficient to inhibit neurogenesis from Miiller glia. a, Transgenic mouse to stimulate regeneration in the absence of monocytes. b, Paradigm to test

whether recombinant OPN inhibits the increase of neurogenesis seen in Ascl1-mediated regeneration in the absence of monocytes. ¢, Representative images of GFP+ MG and their GFP+/0tx2+ neuronal
progeny with and without OPN treatment. The arrows show examples of GFP/Otx2+ cells. d, Quantification of the percent of MG-derived neurons in Ascl1-CCR2 knock-out retinas with and without
recombinant OPN. Significance of difference (*p = 0.0121) was determined using Mann—Whitney U test; individual dots represent biological replicates using both retinas combined. e, Quantification of
the number of Pax6+ and HuC/D+ surviving neurons after NMDA damage in the GCL with and without OPN treatment. f, Representative pictures of Pax6+ (red) and HuC/D+- (green) neurons 48 h after
NMDA treatment with and without recombinant OPN. GCL, ganglion cell layer; INL, inner nuclear layer; ONL, outer nuclear layer. Scale bars are 50 pm.
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Rueda et al., 2019; Hoang et al., 2020; Todd et al., 2020, 2021,
2022; Palazzo et al., 2022; Le et al., 2023). In addition to Ascll
overexpression, alternative routes to stimulate mammalian glia
to make neurons have been identified including manipulation
of the NFI factors, Hippo/Yap signaling, and Notch (Rueda
et al., 2019; Hoang et al., 2020; Le et al., 2023). The majority of
work to date has focused on the intrinsic gene regulatory net-
works controlling neurogenesis from glia. While this work is crit-
ical, it is important to consider the signals from the
microenvironment affecting the MG-derived progenitors. For
therapeutic purposes, this means the retina will typically be in
a diseased or aged state where inflammation will be prominent.

In this study, we found that monocytes, bone marrow-derived
peripheral immune cells, invade the neural retina after damage
and limit the ability of MG to undergo proliferation and neuro-
genesis. Using a transgenic approach to block CCR2-mediated
recruitment of monocytes, we demonstrate that regeneration
can be significantly enhanced with prevention of monocyte inva-
sion. These data are consistent with findings from a mouse model
of stroke where depletion of monocytes enhanced neurogenesis
from the subventricular zone (Laterza et al., 2017) and suggests
that neurogenesis in the mammalian CNS more broadly may
be limited by inflammation (Monje et al., 2003; Dulken et al.,
2019; Navarro Negredo et al.,, 2020). It should be noted that
CCR2 is not exclusively expressed by monocytes but also shows
expression on T cells of which a small amount were detected in
our scRNA-seq dataset. To definitively establish monocytes as
the sole cell type responsible for the regenerative enactment
seen by CCR2 knock-out, adoptive transfer of wild-type mono-
cytes would be required.

We previously reported that microglia negatively influenced
MG neurogenesis. This was shown in vivo by ablating microglia
pharmacologically with the CSFIR inhibitor PLX5622 (Todd
et al., 2020). Several cell types in addition to microglia including
monocytes express CSFIR and could potentially be affected by
PLX5622, and the literature does not present a consistent picture:
some groups have reported that PLX5622 reduces monocytes
directly (Lei et al., 2020), another report found that ablation of
microglia indirectly reduces monocyte numbers in the retina
because microglia recruit monocytes (Okunuki et al., 2019) and
others have found PLX5622 does not reduce monocyte numbers
(Spangenberg et al, 2019). Our previous data also found
PLX5622 improved MG neurogenesis in vitro in primary cul-
tures where only microglia and MG were present. Taken
together, our data is consistent with the possibility that microglia
act as a negative regulator of retinal neurogenesis; however,
whether the effect of PLX5622 is ultimately through monocyte
recruitment, altered monocyte behavior, or whether there is par-
allel monocyte-microglia mechanisms will take future experi-
ments and additional tool development to untangle.

How monocyte invasion impacts the phenotype of the resi-
dent microglia will be interesting to untangle in future studies.
Prevention of monocyte invasion alters the RNA-seq profiles of
microglia in models of stroke by reducing inflammatory genes
(Somebang et al., 2021). Additionally, in Alzheimer’s models
CCR2+ monocytes are necessary to polarize microglia into an
inflammatory substate that clears plaque burden (El Khoury
et al., 2007; Naert and Rivest, 2011). It is possible that prevention
of monocyte accumulation in the retina polarizes microglia to
responses that are more proregenerative.

The fact that both microglia and monocyte-mediated inflam-
mation negatively influence MG neurogenesis is in contrast to
what occurs in zebrafish and chick, where inflammation
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promotes MG reprogramming (Fischer et al, 2014; White
et al,, 2017; Conedera et al., 2019; Todd et al., 2020; Zhang et
al., 2020; El-Hodiri et al., 2023). Taken together, these studies
suggest that the neuroimmune response to injury has a critical
role in limiting mammalian retinal regeneration, and the differ-
ence in the MG response to inflammation between regenerating
and nonregenerating species may be a key factor underlying the
difference among species in regenerative potential.

One of the ways monocytes may limit neurogenesis is by
inhibiting MG proliferation. We found that MG have an
increased propensity to proliferate after NMDA injury in the
absence of monocytes. Similarly, in a mouse model of traumatic
brain injury, monocyte knockdown led to less astrocyte scarring
and more astrocyte proliferation, a phenotype associated with
better repair outcomes (Frik et al., 2018). Interestingly, we also
observed that MGs that re-enter the cell cycle are heavily biased
to differentiate into neurons. Though proliferation is not neces-
sary for reprogramming (Heinrich et al., 2010; Fishman et al,,
2015), high proliferation rates have been associated with higher
reprogramming and differentiation rates (Babos et al.,, 2019;
Wang et al., 2023). In zebrafish, retinal regeneration, cell division
of MG via downregulation of Pten and activation of the Yap
pathway, is necessary for neurogenesis (Lourenco et al., 2021;
Gupta et al,, 2023). Therefore, increasing the proliferation of
MG may be a fruitful avenue to increase neurogenic reprogram-
ming in the mammalian retina.

Previously, we found that the HDAC inhibitor TSA was
required in NMDA-damaged retinas to stimulate neurogenesis
from MG in adult, but not young mice (Ueki et al, 2015;
Jorstad et al., 2017). This effect of TSA promoting reprogram-
ming was attributed to reopening of development chromatin
sites that are naturally shut down in adult MG (Jorstad et al.,
2017; VandenBosch et al., 2020). Here, we surprisingly found
that HDAC inhibition is not required for MG reprogramming
when monocyte invasion is prevented. This suggests that in pre-
vious studies, TSA may have served as an immunomodulator
“resetting” the phenotype of inflammatory cells. Alternatively,
HDAC inhibition may shift the chromatin state in MG away
from and inflammatory state induced by immune cells, and
this is no longer necessary in the absence of monocytes.

To identify the molecular mechanisms that underlie the sup-
pression of neurogenesis mediated by monocytes, we used a com-
putational approach. Using scRNA-seq and CellChat analysis, we
identified potential interacting signaling pathways that underlie
monocyte-MG interactions (Jin et al., 2021). One of these inter-
actions involved Osteopontin/OPN (Spp1) ligand and the Itgav,
Igtb, and Cd44 receptors on MG. We show that Osteopontin
(Spp1) is highly expressed by infiltrating monocytes and specific
subtypes of inflammatory microglia similar to what has been
observed in prior studies (Benhar et al., 2023; Lan et al., 2024).
Depending on the context of ligand processing, tissue location
and disease phase Osteopontin have been implicated in both
repair and toxicity of the nervous system (Cappellano et al.,
2021). However, OPN signaling is thought to exacerbate inflam-
mation, and high levels of OPN have been associated with worse
outcomes in patients with Alzheimer’s, Parkinson’s, and multiple
sclerosis (Cappellano et al., 2013). One of the inflammatory path-
ways OPN is known to interact with and induce is NfKb (Das
et al., 2003; W. Zhao et al., 2011). Induction of NFkb inhibits
Ascll-mediated reprogramming of MG (Palazzo et al., 2022).
Interestingly, the exogenous application of OPN intravitreally
induces the NFkb reporter in MG (Palazzo et al., 2023). These
findings suggest one of the ways monocyte infiltration may
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inhibit neurogenesis is via OPN inducing Nkfb signaling in MG.
This is consistent with our finding that OPN injections restore
the inhibition of neurogenesis in the absence of monocytes.

In sum, this study demonstrates a key role for monocytes in
suppressing the Ascll-induced neural regenerative response in
MG. At least one of the factors that underlie this suppression is
Osteopontin. Together, with our prior work demonstrating a sim-
ilar repressive activity from microglia, it appears that the response
of the adult mammalian CNS to injury is not supportive of regen-
eration. The response to CNS injury is quite different in species that
do not regenerate and those that do, where the innate immune sys-
tem is required for regeneration. This suggests that modulating the
immune response in the mammalian CNS after injury might create
a more favorable environment for neural repair.
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