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Abstract:

Microglia, the parenchymal macrophage of the central nervous system serve crucial remodeling
functions throughout development. Microglia are transcriptionally heterogenous, suggesting that
distinct microglial states confer discrete roles. Currently, little is known about how dynamic these
states are, the cues that promote them, or how they impact microglial function. In the developing
retina, we previously found a significant proportion of microglia express CD11c (Integrin aX,
complement receptor 4, ltgax) which has also been reported in other developmental and disease
contexts. Here, we sought to understand the regulation and function of CD11c+ microglia. We found
that CD11c+ microglia track with prominent waves of neuronal apoptosis in postnatal retina. Using
genetic fate mapping, we provide evidence that microglia transition out of the CD11c¢ state to return to
homeostasis. We show that CD11c+ microglia have elevated lysosomal content and contribute to the
clearance of apoptotic neurons, and found that acquisition of CD11c expression is, in part, dependent
upon the TAM receptor Axl. Using selective ablation, we found CD11c+ microglia are not uniquely
critical for phagocytic clearance of apoptotic cells. Together, our data suggest CD11c+ microglia are a
transient state induced by developmental apoptosis rather than a specialized subset mediating

phagocytic elimination.

Introduction:

Microglia, the parenchymal macrophage of the central nervous system (CNS), serve crucial
remodeling functions throughout development, including the refinement of circuits and cell elimination
(1, 2). Single-cell analysis has revealed that microglia are transcriptionally heterogeneous during
development (3, 4). However, the cues that produce specific states, the functional role(s) associated

with these states, and how dynamic and reversible these states are not well understood.
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The developing retina is an ideal CNS system to link well-characterized developmental events with
microglial properties and function. We previously found that murine retinal microglia gene expression
is heterogeneous and dynamic throughout development (5, 6). Notably, we showed that a majority of
microglia early in postnatal retina express CD11c (Integrin aX, complement receptor 4, ltgax) and
were remarkably similar to CD11c-expressing (CD11c+) microglia of the developing and diseased
brain (6, 7). By single-cell RNA sequencing, we found heterogeneity in CD11c+ microglia, but all
CD11c+ microglia expressed genes associated with phagocytosis and lysosomal function (6). In the
developing CNS, CD11c+ microglia predominantly reside in white matter tracts (8-10) and have
dynamic regional density changes over development in brain and spinal cord (11). CD11c+ microglia
are increased in diverse disease states. CD11c is a marker of disease-associated microglia (DAM,
MgND), enriched around A plaques in Alzheimer’s disease (12, 13). The appearance of CD11c+
microglia in these diverse contexts raises questions regarding their regulation and function. To
address this, we sought to understand the developmental cues and roles of CD11c+ microglia in
developing retina.

We previously showed a link between apoptosis and CD11c-expression, as in vivo loss of
developmental apoptosis dramatically reduced the proportion of CD11c+ retinal microglia and
expression of phagocytic genes (6). Consistent with this, microglia upregulate CD11c¢ and coexpress
Osteopontin (OPN) in response to the engulfment of apoptotic neurons in cell culture (14). In addition,
CD11c+ microglia within developing white matter tracts engulf oligodendrocytes (9, 15), suggesting
that CD11c+ microglia may play a key role in phagocytosis. We found that the proportion of CD11c+
microglia over retina development is dynamic, which raises the question of whether developmental
CD11c+ microglia represent a transient state associated with cell death and phagocytic function, and
whether these cells mediate a specialized role in engulfment.

Here, we find that CD11c+ microglia density in the retina coincides with waves of neuronal apoptosis,

that CD11c+ microglia predominately associate with dying neurons and are phagocytic. Through
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genetic fate mapping, we find that CD11c+ microglia shift to CD11c- state after periods of
developmental apoptosis. Additionally, we find that loss of Axl reduced the proportion of CD11c+
cells, implicating Axl-mediated recognition of apoptotic cells in driving CD11c+ microglial state. Using
selective depletion, we find both CD11c+ and CD11c- microglia contribute to the timely clearance of
apoptotic neurons in the retina. Altogether, these data suggest that CD11c+ microglia in the

developing nervous system represent a dynamic population driven by phagocytic interactions with

apoptotic cells.

Results

CD11c-microglia coincide with developmental cell death

We previously found an increased proportion of CD11c+ microglia in postnatal retina compared to
embryonic or adult stages, partially dependent on developmental cell death (6). We therefore
hypothesized that CD11c+ microglia arise in response to interactions with apoptotic cells. To test this,
we first utilized CD11c-DTR/GFP transgenic mice, in which the /ltgax promoter (CD11c) directs
expression of a diphtheria toxin receptor-enhanced green fluorescent protein fusion protein
(DTR/GFP) (16). We confirmed via flow cytometry that GFP expression accurately correlates with
surface expression of CD11c protein in naive CD11c-DTR/GFP mouse retinas (Supplementary
Figure 1A). Next, we quantified the density of CD11c+ cells by GFP expression and found the density
of CD11c+ cells peaks between postnatal (P) 5 and P10, and drops by P30 (Figures 1A, B). Using
complement component 1q (C1q), which specifically and stably labels microglia in the developing
retina (5), we confirmed CD11c-GFP+ cells are microglia and peak at P5 consistent with our previous
single-cell sequencing data (Figure 1C, D; (6)). Morphologically, CD11c+ microglia become more
complex over the course of development, similar to non-CD11c microglia (Figure 1E; (6)). By

analyzing retinal cross-sections, we found that CD11c-GFP+ microglia distribute primarily in the
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ganglion cell layer (GCL) until P3, followed by a shift to the inner nuclear layer (INL) at P7,
spatiotemporally tracking with developmental cell death (Figures 1F, G; (17, 18)). Altogether, CD11c+

microglia track with periods of cell death across development and within specific retinal subregions.

Figure 1. CD11c+ microglia density and localization track with periods of apoptosis. (A) Left —
schematic of retinal flat mount depicting where analysis was conducted, with dorsal leaf outlined in
dashed yellow box. Right — max projected confocal images of CD11c-GFP+ cells in the dorsal leaf of
retinal flat mounts at postnatal days (P) 0, 7, and 30. Optic nerve head outlined in dashed white line.
Scale bar, 100um. (B) Densities of CD11¢c-GFP+ cells from retinal flat mount across embryonic and
postnatal ages. Data are presented as means + SEM (2-3 animals age). One-way ANOVA F(9,17)
=18.87 P<.0001. (C) Representative Max projected confocal image of C1g+ (red) and CD11c-GFP+
(green) microglia at P5. Scale bar 50um. (D) Proportion of CD11c-GFP+ retinal microglia from retinal
flat mounts at embryonic day (e) 16.6, PO, P5, P12, and P30. Data are presented as mean + SEM (2-
3 animals/age. One-way ANOVA F(4, 5) =15.76 P=.0049 and Tukey’s multiple comparisons. *P <.05,
NS =no significance. (E) Max projected confocal images of individual CD11c-GFP+ microglia in
retinal flat mounts from embryonic day 16.5 (e16.5) through postnatal day 30 (P30). Scale bar at
10um. (F) Confocal images of retinal cross sections from CD11¢c-DTR/GFP transgenic mice at PO,
P3, P7, and P30. CD11c-GFP (Magenta); Hoechst (blue). For P0/3, brackets segment retinal layers,
gray — nerve fiber layer and ganglion cell layer (NFL/GCL), purple — inner plexiform layer (IPL), and
teal — neuroblastic layer (NbL). P7/P30, gray — nerve fiber layer and ganglion cell layer (NFL/GCL),
purple — inner plexiform layer and inner nuclear layer (IPL/INL), and blue — outer plexiform layer
(OPL) for P7 and P30. Scale bar, 100um. (G) Percentage of CD11c-GFP+ microglia across all retinal

layers at PO, P3, P7, and P30 (n = 2 animals). Data are presented as means + SEM.

Microglia transition out of the CD11c state
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Since we found the proportion of CD11c-GFP+ microglia shifts throughout retina development, we
predict CD11c+ microglia are a transient state rather than a stable population. To test this, we
performed lineage-tracing to identify microglia that have expressed CD11c by utilizing CD11c-
Cre/GFP transgenic mice (19) crossed with Rosa-Ai14 tdTomato reporter mice (20) (Figure 2A). With
this strategy, cells actively expressing CD11c will express GFP while cre-mediated recombination
stably marks cells that previously expressed CD11c (Figure 2A). Therefore, cells expressing CD11c
(CD11c-active) would be GFP*tdTomato*™ or GFP*tdTomato", while cells that previously expressed
CD11c (CD11c-lineage) would be GFP-tdTomato*, and cells that never expressed CD11c (CD11c-
negative) would be GFP-tdTomato (Figure 2A). Using flow cytometry, we found that the proportion of
microglia CD11c-active matched our previous quantification of CD11c+ microglia at P5 and P30
(~50% and <20%, respectively) while surprisingly, the majority of the remaining microglia were
CD11c-lineage. This suggests that nearly all postnatal retinal microglia have either previously express
or are currently expressing CD11c (Figure 1E; Figure 2B). Interestingly, the proportion of cells
marked as CD11c-lineage increased from P5 to P30 in a manner proportional to the reduction of
CD11c-active cells (Figure 2B), further evidence that CD11c-expression is transient and CD11c+
microglia convert to non-CD11c microglia. The P5 CD11c-active microglia population appeared more
phagocytic than the CD11c-lineage microglia at P5 as they had higher CD68 area, were more likely to
have phagocytic cups, and had more cups per microglia (Figure 2C — F). Bulk RNA-sequencing on
sorted P5 retinal microglia comparing CD11c-active and CD11c-lineage microglia confirmed that
CD11c-active have higher expression of genes associated with phagocytosis and remodeling states
(Lamp1, Lyz2, CD68) while CD11c-lineage have higher expression of homeostatic genes (P2ry12,
Tgfbr1, Tmem119) (Figure 2G). Altogether, these findings suggest that CD11c+ microglia are more

phagocytic and are not a stable subset, but shift to a non-CD11c state after resolution of periods of

developmental apoptosis.
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Figure 2. CD11c+ microglia are a dynamic state. (A) Cartoon depiction of CD11c lineage tracing
strategy crossing CD11c-Cre/EGFP mice with Rosa-Ai14 tdTomato and the analysis performed at P5
and P30. (B) The proportion of microglia at P5 and P30, comparing microglia that are CD11c-active
(GFP+tdTomato+/total microglia), CD11c-lineage (GFP-tdTomato+/total microglia), and CD11-
negative (GFP-tdTomato-/total microglia) by flow cytometry. (C) Max Projected confocal image from
P5 CD11c-CreECFP/*; RosatdTomato* retinal flat mount. Insets * CD11c-Active (gold box) and “ CD11c-
Lineage (pink box) microglia. CD68 (white), CD11c-Active (GFP, green), CD11c-Lineage (tdTomato,
red). Scale bar, 50um. (D) Quantification of CD68 area in CD11c-Active and CD11c-Lineage
microglia at P5 (n=2 animals, 30 CD11c-Lineage cells and 50 CD11c-Active cells) + SEM. Mann-
Whitney test ****P <.0001. (E) The proportion of CD11c-active and CD11c-lineage microglia with
phagocytic cups at P5 (n=2 animal) + SEM. Unpaired t test ***P <.001. (F) Quantification of number
of phagocytic cups in CD11c-Active and CD11c-Lineage microglia at P5 (n=2 animal, 30 CD11c-
Lineage cells and 50 CD11c-Active cells) £+ SEM. Unpaired t-test ***P <.001. (G) Bar graphs of RNA-

seq read counts for (top) genes with increased counts in CD11c-active and (bottom) genes with

decreased counts in CD11c-lineage.

CD11c-microglia phagocytose apoptotic cells and are regulated by AxI
signaling

Since we observed CD11c-expression in microglia to be transient, coinciding with periods of
developmental apoptosis, we asked whether CD11c+ microglia interacted with dying neurons in vivo.
At P3, during peak retinal ganglion cell (RGC) developmental apoptosis, we found CD11c-GFP+
microglia interacted with and engulfed apoptotic RGCs, as co-labeled by activated caspase 3 (CC3+)
and RGC marker RNA-binding protein with multiple splicing (RBPMS), with most CD11¢c-GFP+
microglia directly interacting with RBPMS+CC3+ cells (~70%; Figures 3A, B). Immunostaining for

lysosomal marker CD68 and microglial marker C1q, we found that the higher CD11c-GFP expression
7
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correlated with elevated levels of CD68 and an enlarged amoeboid morphology, consistent with
increased lysosomal content and phagocytic/digestion activity (Figure 3C — E). This suggests that
CD11c-expression is driven by recent interactions and/or engulfment of apoptotic cell bodies.
Since exposure to apoptotic neurons increases CD11c-expression (6, 14, 21), we asked which
recognition pathways may be involved. Using flow cytometry, we analyzed genetic knockouts (KOs)
of receptors previously implicated in the recognition and phagocytosis of apoptotic neurons, namely
fractalkine receptor (CX3CR1, (22)), integrin receptor complement receptor 3 (CD11b/CR3, (23)), and
TAM receptors Mer and Axl (24, 25) (Figure 3F, Supplementary Figure 2A — F). While we previously
found that apoptotic RGC clearance was dependent on CR3 and Mertk (5), here we found that the
proportion of CD11c+ microglia was significantly reduced in both Axl KO and Mertk/Axl double KOs,
with approximately half the percentage of retinal microglia expressing CD11c compared to
CX3CR1CFP* controls. Therefore, Axl regulates the acquisition of CD11c expression by microglia
(Figure 3F). Additionally, we found an increase in CD11c-expression with loss of CR3, though this is
likely due to a compensatory effect (26-28). Previously, we found Osteopontin (Spp1) RNA
expression in microglia to be downregulated with loss of Axl (5), and CD11c-expression has been
linked to Spp1-expression in various contexts (14, 29). Therefore, we assessed changes in Spp1
protein expression following loss of Axl signaling. We found the proportion and density of microglia
expressing Spp1 is significantly reduced compared to wildtype controls (Figure 3G — I). Taken

together, our results suggest CD11c+ microglia interact with apoptotic neurons, have increased

phagocytic activity, and are partially regulated by Axl signaling.

Figure 3. CD11c+ microglia emerge from interactions with apoptotic cell bodies, mediated in
part by Axl signaling. (A) Confocal image of P3 retinal flat mount (Arrowhead and magnified boxes
illustrate interactions) in NFL/GCL. CD11c-GFP+ microglia (green); cleaved caspase 3, CC3 (pink);

and RBPMS (blue). Scale bar, 50um. (B) Percent CD11c-GFP+ microglia contacting apoptotic RGCs

8
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(RBPMS+CC3+) at P3 out of total CD11c-GFP+ microglia within GCL. (n=5 animals). (C) Confocal
images of retinal flat mounts of P3 CD11c-GFP animals in GCL showing a range of microglial GFP
expression from none to high. Scale bar, 10um. Dashed line demarcates distinction between CD11c-
GFP negative and positive. (D) Cell area immunostained for CD68 (Top) and C1q (Bottom) in CD11c-
GFP- and CD11c-GFP+ microglia (n=4 animals, 352 GFP- cells and 422 GFP+ cells). Mann-Whitney
test Top **P =.0011 and Bottom ****P <.0001. (E) Scatter plot of CD68 area/cell compared to CD11c-
GFP areal/cell at P3 in GCL. Pearson r= 0.4145 ****P < .0001. (F) Flow cytometry analysis showing
the percent CD11c" of total CD45+CD11b+ or CD45+CX3CR1-GFP+ microglia from retinas across
all genotypes. CX3CR1-GFP/+ (n=10), CX3CR1-KO (n=6), CR3 KO (n=6), MerTK KO (n=9), Axl KO
(n=8), and MerTK/AxI dKO (n=6), = 2 litters collected for each genotype, £ SEM. One-way ANOVA
F(5, 39) = 34.64 P<.0001 and Tukey’s multiple comparisons. ****P<.0001, ***P=.0003, **P=.0056,
*P=.02, NS, not significant. (G) Max projected confocal image of P5 retinal flat mount from WT and
AXL KO, Spp1+ (green) and total microglia (IBA1+; red). Scale bar, 100um. (H) Density of
Spp1+IBA1+ microglia in AXL WT and KO (n=5, n=4 animals) + SEM. Unpaired t test *P = .0139. ()
Percent Spp1+IBA1+ of total IBA1+ microglia in AXL WT and KO (n=5, n=4 animals) £+ SEM.

Unpaired t test ***P <.001

CD11c+ microglia are not specifically required for phagocytic

clearance of apoptotic neurons

Next, we sought to determine whether CD11c+ microglia were specifically dedicated to the
phagocytic clearance of dying cells. We utilized two depletion strategies to target CD11c+ and non-
CD11c subsets (Figure 4A). First, to selectively ablate CD11c-GFP+ cells, we administered diphtheria
toxin (DT) to CD11¢c-DTR/GFP pups at PO, P2, and P4, and collected retinas at P5. Primate
diphtheria toxin receptor (DTR) expressed under the CD11c promoter allow for targeted ablation of

CD11c-GFP+ cells using DT (30). We confirmed that DT administration did not affect microglia
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lacking expression of DTR as there was no change in total microglia density (C1g+/CX3CR1-GFP+)
in CX3CR1-GFP mice following the same DT administration paradigm (Supplemental Figure 3A, B).
DT administration to CD11c-DTR/GFP pups resulted in an ablation of ~75% of CD11c-GFP+
microglia, constituting a 25% reduction in the total microglia pool at P5 (Figures 4B — E). Conversely,
since we previously found that inhibition of CSF1R signaling eliminated homeostatic microglia while
enriching for CD11c+ microglia (6), for our second depletion paradigm we administered CSF1R
inhibitor pexidartinib (PLX 3397; (31)) to CX3CR1-GFP pups at P2 through P4, and collected at P5
(Figure 4A). As previously reported, we found the density of total C1g+ microglia was reduced by
approximately 50% in PLX3397 treated animals (Figures 4F, G). Confirming our previous findings that
CD11¢c-GFP+ microglia are less sensitive to CSF1R inhibition (5, 6), we found PLX3397 treatment
resulted in virtually no reduction in CD11c+ microglia density, with the proportion of CD11c-GFP+
microglia shifting from ~55% to ~85% (Supplementary Figure 3C — F). To determine whether
targeting these different microglia subsets had distinct effects on the clearance of apoptotic cells, we
analyzed the density of dying RGCs as assessed by persistence of cleaved caspase 3 labeled RGCs
(CC3+RBPMS+; Figure 4H). We found that DT-mediated depletion of CD11c-GFP+ microglia
significantly increased the density of apoptotic RGCs compared to both Vehicle and WT+DT controls
(Figure 4l). We showed the DT administration did not affect total RBPMS+ RGC number, confirming
DT did not induce RGC death (Supplemental Figure 3G, H). We found that PLX3397-mediated
microglia depletion also resulted in a significant persistence of apoptotic RGCs (Figures 4J). To
examine whether the buildup of apoptotic RGCs was proportional to microglia density regardless of
depletion strategy, we plotted CC3+RBPMS+ RGC density versus C1q+ microglia density from the
same animal. There was a strong negative correlation between total microglia density and dying RGC
density for either depletion strategy (Figure 4K). Overall, these findings suggest that CD11c-GFP+

microglia clear dying neurons, but are not selectively responsible or specialized to phagocytose

apoptotic cells.
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Figure 4. CD11c+ microglia are not solely responsible for phagocytic clearance of apoptotic
neurons. (A) Depiction of two depletion strategies, Diphtheria toxin (DT) targeted ablation of CD11c-
DTR/GFP+ microglia (Top) and PLX3397 (PLX)-mediated depletion to target more homeostatic
microglia (Bottom). (B) Confocal images of CD11¢c-DTR/GFP+ microglia (green) in retinal flat mounts
at P5 of Vehicle and DT-treated CD11¢c-DTR/GFP mice. Scale bar, 50um. (C) Density of CD11c-
DTR/GFP+ microglia in vehicle and DT-treated CD11¢c-DTR/GFP (n=6, n=7 animals) + SEM.
Unpaired t test ****P <.0001. (D) Confocal images of C1g+ microglia (white) in immunostained retinal
flat mounts at P5 of vehicle and DT-treated CD11c-DTR/GFP mice. Scale bar, 50um. (E) Densities of
C1qg+ cells in retinas of vehicle and DT-treated CD11c-DTR/GFP mice (n=6, n=7 animals) + SEM.
Mann Whitney test *P =.0140. (F) Max projected confocal images of C1qg+ microglia in retinal flat
mounts at P5 of vehicle and PLX-treated Cx3CR1/GFP+ mice. C1q (white). Scale bar, 50um. (G)
Density of C1g+ cells in retinas of naive and PLX-treated CX3CR1-GFP (n=6, n=8) + SEM. Unpaired
t test *P =.0239. (H) Max projected confocal images of apoptotic RGCs in retinal flat mounts at P5 of
all conditions/genotypes. CC3 (magenta); RBPMS (green). Scale bar, 50um. (I) Density of
CC3+RBPMS+ cells in retinas from vehicle and DT-treated CD11¢c-DTR/GFP mice and DT-treated
wildtype mice (WT) (n=8, n=10, n=10 animals respectively) + SEM. Ordinary one-way ANOVA **P
=.0018 and Tukey’s multiple comparisons test: Veh vs DT **P =.006, WT+DT vs DT **P =.0043, NS,
not significant. (J) Density of CC3+RBPMS+ cells in naive and PLX-treated CX3CR1-GFP/+ (n=8,
n=8 animals) + SEM. Unpaired t test ****P <.0001 (K) Scatter plot of dying RGC density
(CC3+RBPMS+/mm?) compared to microglial density (C1g+/mm?) of same animal (n=4 CD11c +

vehicle, n=5 CD11c + DT, n=10 PLX animals). Pearson r=-0.6350 **P =.0035.

Discussion
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Single cell sequencing has revealed that microglia exist in diverse transcriptional states depending on
local environmental cues. Less is known, however, regarding how dynamic and reversible these
states are, the cues that produce specific states, and their relationship to cellular function. Here we
address this by examining the emergence and regulation of CD11c+ microglia in developing retina.
We first establish the recognition of apoptotic neurons as an important cue. CD11c+ microglia are
linked to developmental waves of neuronal apoptosis, are more phagocytic and interact with apoptotic
neurons, and expression of CD11c is modulated by signaling through the TAM receptor Axl, which
can recognize phosphatidylserine exposure by apoptotic neurons (32). Second, using lineage tracing
we provide evidence that microglia transition out of the CD11c+ state after the periods of neuronal
apoptosis end, demonstrating that this state is reversible. Finally, we used selective ablation
strategies to test whether CD11c+ microglia play a specialized role in apoptotic cell clearance and
found that they are not selectively responsible, and that all microglia can participate in the elimination
of apoptotic neurons. Altogether, this supports the notion that CD11c microglia in the retina arise from
exposure to dying cells.

CD11c+ microglia have been reported in association with AR plaques, in developing, aged, and
diseased white matter tracts of the brain, as well as the developing retina (8, 33). They have been
implicated in development and repair of myelinated tracts (8-10), but their abundance in the
developing retina, which lacks myelination, raises broader questions, including the environmental and
molecular context for their emergence during development. In adult retina, CD11c+ microglia density
is low, but following optic nerve crush, CD11c+ myeloid cells increase in number and play a
prominent role in the clearance of retinal ganglion cell and axonal debris (34), with evidence that
some CD11c+ cells are recruited into the retina from the myelinated optic nerve (35). The

transcriptional profile of CD11c+ microglia is overlapping with the transcriptome signatures described

for proliferative associate microglia (PAM) and axon tract associated microglia (ATM) in developing

12
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brain, and related to gene signatures associated with aging and neurodegenerative disease (8, 11,

14, 36, 37), raising the possibility of related cues driving these microglial states.

CD11c+ microglia are driven by apoptosis.

We found previously ~50-60% of microglia within the developing postnatal retina express CD11c, and
that this proportion was significantly reduced in Bax KO retina (6), which lack neuronal apoptosis (38).
Here, we confirm that CD11c-GFP+ microglia density peaks postnatally in the retina and tracks with
developmental apoptosis. We found that the majority of CD11c-GFP+ microglia interact with apoptotic
cell bodies and have higher lysosomal content than their non-CD11c counterparts, consistent with
enhanced phagocytosis. CD11c+ microglia have been linked to phagocytosis in multiple contexts.
Within the developing brain, loss of “don’t-eat-me” signatures increases the number of CD11c+
microglia (39). While environmental cues driving this population in brain are unknown, consistent with
our data, CD11c+ microglia in white matter tracts of the developing brain have been shown to engulf
apoptotic oligodendrocytes and their precursors (4, 15). These data suggest microglial interactions
with apoptotic cells may promote acquisition of the CD11c+ state. Consistent with this, our lineage
analysis experiments found that CD11c-active microglia were more ameboid, had more phagocytic
cups, and concentrated to layers undergoing developmental apoptosis whereas CD11c-lineage
microglia had a branched morphology, less phagocytic cups, and distributed normally across all
retinal layers. Despite this, we found that CD11c-GFP+ microglia were not any more efficient at the
clearance of apoptotic neurons than their CD11c-negative counterparts. We found that the clearance
of apoptotic neurons was directly proportional to the total number of microglia available, suggesting

phagocytic clearance is not augmented in CD11c+ microglia.

CD11c acquisition is regulated by Axl signaling.

Our data and others show that the recognition of eat-me signatures is important for the acquisition of
CD11c+ signature (5, 6, 9, 14, 29, 40). Conversely, “don’t eat-me” signature, Sirpa and CD47, were

shown to constrain CD11c-expression through repression of eat-me signatures (39, 41). We found
13
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that early postnatal retina in Axl KO have a significant reduction in CD11c+ microglia, matching levels
of CD11c+ microglia in Bax KO (6). We also found that microglial expression of Spp1 was reduced by
Axl KO, consistent with other studies showing Spp1 expression by CD11c+ microglia (5, 14). In fact,
CD11c+ microglia were reported to be the sole producer of Spp1 in the brain (14), and axon tract
associated/CD11c+ microglia were shown to co-express Spp1 and were found to maintain structural
integrity at cortical boundaries during fetal development (42). Taken together, our data implicate Axl
in regulating the CD11c+ microglia state.

A previous study also implicated TAM receptors in the regulation of CD11c, with blockage of
apoptotic neuron uptake through the inhibition of pan-Tam receptors and aVB3 resulting in a marked
reduction of CD11c-expression by microglia (43). However, we have previously shown that Axl is not
required for the uptake and clearance of apoptotic neurons (5), suggesting that other Axl-mediated
mechanisms may be involved. Interestingly, we also observed a marked increase in the proportion of
microglia expression CD11c in CR3 KOs, suggesting a potential compensation by CD11c (CR4) for
the loss of complement recognition by CD11b (CR3). CR3 is broadly expressed by microglia and is
involved in the recognition of stressed or dying neurons in a variety of contexts, including the
elimination of stressed RGCs embryonically and dying RGCs postnatally (5, 44). The observed
increase in CD11c-expression with loss of CR3 expression may be attributed to compensatory
upregulation, as both CR3 and CR4 are capable of recognizing deposition of iC3b, albeit CR4 is less
readily positioned to bind iC3b under normal conditions (26, 27). Altogether, CD11c expression
appears directly tied to the balance of eat-me cues versus don’t eat me cues, with a reduction of eat-
me signaling through Axl translating into a reduction of CD11c+ microglia, and conversely, a
reduction of don’t eat-me signals (like Sirpa and CD47) translating into an increase in CD11c+

microglia (39, 41).

CD11c+ microglia are a transient and dynamically regulated state.
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With the proportion of CD11c + microglia in the retina declining as development progresses into
adulthood, we asked whether CD11c+ microglia reintegrated back into the “homeostatic” pool of
microglia. In brain, CD11c+ microglia are most abundant in cortical white matter tracts between
postnatal days 3 through 8, with a sharp decline into adulthood (9, 10). Additionally, in vitro
experiments show Cd11c-negative microglia, when cultured with apoptotic neurons, acquire CD11c-
expression (14). These findings and fate-mapping experiments suggest CD11c+ microglia have the
same origin as other brain microglia and do not arise from peripheral immune populations (10, 39).
Here, we found that the proportion of CD11c-GFP+ microglia density dramatically shifts over time.
Using a genetic lineage-tracing strategy, we find evidence that CD11c+ microglia reintegrate into the
homeostatic pool of microglia within the retina, since from P5 to P30 the loss of CD11c-active
microglia was proportional to the increase in CD11c-lineage microglia while the CD11c-negative
microglia remain stable. To date, there have been conflicting data on whether CD11c+ microglia
represent a stable subset that emerges in development and is maintained through adulthood (8, 9,
11), or a state achieved through recognition of molecular cue(s) (5, 6, 14). Altogether, our data

suggest CD11c expression is transiently expressed in response to exposure to apoptotic neurons,

and microglia shift back into a CD11c- state rather than being maintained as a stable subset.

Materials

Animal husbandry and procedures

Animals were treated within the University of Utah Institutional Animal Care and Use Committee
(IACUC) guidelines and approval. Mice were housed in an AAALAC accredited animal facility with
12h light/12h dark cycles and ad libitum access to food and water. Both sexes were used for all
experiments. PLX3397 (AdooQ BioScience,A15520) was dissolved in corn oil and 10% DMSO and

administered to postnatal pups by intraperitoneal injection on P2-P4 at 0.125 mg/g body weight.
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Diphtheria Toxin (List Labs, #150) was dissolved in PBS and administered to postnatal pups by

intraperitoneal injection at PO, P2, and P4 at 5ng/g of body weight.

Mouse strains

The B6.129P2 (Cg)-Cx3cr1™Lit]J mice (22) were a gift from Richard Lang with permission from
Steffen Jung. B6.FVB-1700016L21RikT9(tgax-DTREGFP)57Lan;J (JAX 004509), C57BL/6J-Tg(ltgax-cre,-
EGFP)4097Ach/J (JAX 007567), B6.Cg-Gt(Rosa)26Sorm14(CAG-tdTomato)Hze] ) (JAX 007914), and
B6.129S4-Itgam™'Myd/J (JAX 003991) were purchased from Jackson laboratories. The B6.129-

Mertk!™'¢"/J and B6.129-AxI'™1C"/J strains (25) were a gift from Dr. Greg Lemke.

Tissue processing

Mice were decapitated following isoflurane asphyxiation, and whole heads were fixed in 4% PFA for
45 minutes to an hour. Heads were washed 3 times for 15 minutes in PBS and underwent 12—-16-
hour consecutive treatments with 15% and 30% sucrose in PBS at 4°C. Heads were then embedded
in OCT compound (Tissue-Tek), stored at 80°C, and sectioned at 16um or 30um thickness. For
retinal flat mounts, eyes were removed from the head and retinas were carefully dissected from the
rest of the eye in ice cold 0.1M PBS, then washed in PBS for 10mins, and fixed in 4% PFA for 40mins
at room temperature. For flow cytometry/FACS experiments, retinas were dissected RNAse-free

conditions.

Immunohistochemistry

Frozen sections were placed in ice-cold PBS for 10min, post-fixed for 10min in 4% PFA, washed in
ice-cold PBS 3 times for 5min each, and then blocked for 1 hr at room temperature (0.2% triton-X,
10% BSA, 10% normal donkey serum in 0.01M PBS). Sections were incubated in primary antibody
overnight at 4°C (0.2% triton-X, 5% BSA in 0.01M PBS). The following day, sections were washed 3
times with PBS for 5min each and incubated in secondary antibodies (5% BSA in 0.01M PBS) with

Hoechst 33342 (1:5000, Thermo Fischer Scientific H3570) for 2 hrs at room temperature, washed,
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390 and mounted with Fluoroshield mounting medium with DAPI (Millipore Sigma, F6057). Flat mount
391  immunostaining followed the same protocol except for primary antibody incubation, with flat mounts
392 incubated in primary antibodies at 4°C for 2 days. Antibodies used include Goat polyclonal anti-GFP
393  (1:2000, Abcam ab5450, RRID: AB_304897), Rabbit monoclonal anti-C1q (1:1500, Abcam
394 an182451, RRID: AB_2732849), Rabbit polyclonal anti-IBA1 (1:1000, Wako 019-19741, RRID:
395 AB_839504), Rabbit monoclonal anti-CC3 (1:500, BD Biosciences 559565, RRID: AB_397274),
396  Guinea pig polyclonal anti-RBPMS (1:750, Millipore Sigma ABN1376, RRID: AB_2687403), Rat
397 monoclonal anti-CD68 (1:250, Bio-Rad MCA1957, RRID: AB_322219), and Goat polyclonal anti-
398  Osteopontin (1:100, Thermo Fischer PA5-34579, RRID: AB_2551931). Secondary antibodies were

399 produced in donkey against goat, mouse, rabbit, guinea pig, and rat IgG, and conjugated to

400  AlexaFluor -488, -555, or -647 (Thermo Fisher Scientific).

401 Confocal microscopy

402  Confocal images were acquired on an inverted Nikon A1R Confocal Microscope, with images

403  acquired at 20X objective and 3X digital zoom and 10% overlap multi-point stitching. Z plane stacks
404  were at 0.8um steps, with ~13um thickness to capture the NFL/GCL at 0.2mm pixel resolution. Flat
405  mount retina images represent maximal-intensity projections of inner retina, primarily targeting GCL
406 (NFL/GCL) from the central retina to the periphery, and acquisition settings were consistent across

407  ages and genotypes.

408 Fluorescence-activated cell sorting (FACS) and flow cytometry

409 2 retinas from an individual animal were pooled for each sample for Flow cytometry and FACS.

410  Freshly dissected pure retinas were dissociated in PBS, 50 mM HEPES, 0.05 mg/ml DNase | (Sigma
411 D4513), 0.025 mg/ml Liberase (Sigma 5401119001) for 35 min with intermediate trituration. Cells
412  were passed through a 70 ym nylon cell strainer, washed with staining buffer (1X PBS, 2% BSA,

413  0.1% sodium azide, 0.05% EDTA), and red blood cells were lysed (eBioscience 00-4333-57). Cell

414  counts were determined using a cell counter (Invitrogen Countess) and Fc block (BD Biosciences
17
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553142) was added at 2 mL per 108 cells. Antibodies used: BV421 Rat monoclonal anti-CD45 (BD
Bioscience 563890, RRID: AB_2651151), AF 700 Rat monoclonal anti-CD11b (BD Bioscience
557960, RRID: AB_396960), PE-Cy7 Rat monoclonal anti-Ly6C (BD Bioscience 560593, RRID:
AB_1727557), APC Hamster monoclonal anti-CD11c (BD Bioscience Pharmingen 561119, RRID:
AB_10562405), and APC Rat monoclonal CD206 (Thermo Fisher Scientific 141708, RRID:
AB_10896057) were applied for 30 min on ice. Cells were washed, pelleted, and resuspended in 500
uL staining buffer. FACS was performed using a BD FACS Aria cell sorter at the University of Utah
Flow Cytometry Core. Forward and side scatter were used to eliminate debris and both the width and
area of the forward and side scatter was used to discriminate singlets. ~1 million singlet events were
recorded for analysis, and gates for flow analysis were determined using FMO control. Analysis was

conducted using FlowJo software (Flowjo, LLC, Ashland, Oregon).

CD11c-lineage bulk-seq

Bulk RNA-sequencing was performed on FACs sorted cells from CD11c-Cre-gfp;Rosa-TDTom
animals at P5. One sample each of Cd11c lineage cells (GFP-TdTom+, 5441 cells) and Cd11c active
cells (GFP+TdTom+, 4041 cells) were sorted from 8 retinas (4 female and 4 male). Total RNA was
prepared with the RNeasy Plus Kit (Qiagen 74034) and RNA Clean and Concentrator kit (Zymo
R1013) and hybridized with NEBNext rRNA Depletion Kit v2 (NEB E7400) to substantially diminish
rRNA from the samples. Stranded RNA sequencing libraries were prepared as described using the
NEBNext Ultra Il Directional RNA Library Prep Kit for lllumina (NEB E7760L). Purified libraries were
qualified on an Agilent Technologies 4150 TapeStation using a D1000 ScreenTape assay (5067-5582
and 5067-5583). The molarity of adapter-modified molecules was defined by quantitative PCR using
the Kapa Biosystems Kapa Library Quant Kit (KK4824). Individual libraries were normalized to 5 nM
in preparation for lllumina sequence analysis. Libraries were sequenced on an lllumina NovaSeq
6000 S4 with reagent kit v1.5 to produce 150x150 bp paired-end sequences to a depth of greater

than 50 million paired reads. lllumina adapters were trimmed from reads with cutadapt v3.5, trimming
18
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after 6 matching bases and discarding trimmed reads shorter than 20 bases. Trimmed reads were
aligned with STAR v2.7.9a in two pass mode to indexed genome GRCm39, created with splice
junctions from Ensembl release 104 and a maximum overhang of 124 bases, to generate a BAM
alignment file sorted by coordinates. Uniquely aligned fragment counts were assigned to Ensembl
104 transcripts from the alignment files with featureCounts v1.6.3.edgeR v4.0.16 was used to
calculate log fold changes and log CPM from read counts with the exactTest function. Raw and

processed data files are available at the Gene Expression Omnibnus under GEO accession number

GSE269549.;

Image analysis

All counts were blinded and manually performed using Nikon Elements software (Melville, NY). For
double positive CC3+RBPMS+ or single RBPMS+ counts of retinal flat mounts, two ROls of roughly
0.4 mm? of central and periphery of dorsal retina were analyzed. Images were maximal-intensity
projected and roughly 13um thick, spanning the NFL to the GCL. For quantification of CD11c-GTFP+
microglia in retinal flat mounts, the entire retina, ranging from 1.5 to 8 mm?, was analyzed across all
retinal depths, ranging from 25 to 55um. Microglial proportion was determined as CD11c-GFP+/total
microglia (C1qg+). CD11c-GFP+ localization analysis was performed on entire cross sections of 3
retinas. For 3D reconstructions of microglia-apoptotic body interactions, IMARIS software (Bit-plane)
was used. In brief, high resolution confocal images (20X objective, 8X digital zoom) through Z
(0.16um steps) were uploaded into IMARIS to create 3D renderings. For CD68 and C1q area
analysis, P3 retinal flat mount imaging and analysis spanned ~13um spanning the NFL to GCL only
for the dorsal quadrant of the right eye of each animal analyzed. The lysosomal content (CD68 area)
was analyzed against total microglia area (union of C1q and CD68 channels), with quantification of
CD68/C1g+CD68 in CD11c-GFP+ versus CD11c-GFP- microglia. For phagocytic cup analysis, a
“‘phagocytic cup” was determined based upon a cup-shaped invagination of the plasma membrane

formed around cellular debris or dying/dead cells located at the tip of microglial processes. Microglia
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phagocytic cups were counted in P5 retinal flat mounts stained with CD68 in CD11c-Cre®FP/*;
RosatdTomate’* focusing on CD11c-active (GFP+tdTomato+) and CD11c-lineage (GFP-tdTomato+)
microglia.
Statistical methods

All image and flow data were analyzed using Prism 10 software (GraphPad, La Jolla, CA). We first
tested for normality using four tests: Anderson-Darling, D’Agostino & Pearson, Shapiro-Wilk, and
Kolmogorov-Smirnov test. Failure of any one test resulted in non-parametric tests, Mann-Whitney for
pair-wise comparisons and Kruskal-Wallis for comparisons of more than three samples. We tested for
heteroscedasticity using an F-test for pairwise comparisons and Brown-Forsythe test for comparisons
of three or more. If not significantly different, we either ran a two-tailed T test, Ordinary one-way
ANOVA with posthoc Tukey’s multiple comparison test, or Ordinary two-way ANOVA with Sidak’s
multiple comparison test. If standard deviations were significantly different between groups, we ran a
Welch’'s ANOVA with posthoc Dunnett’s T3 multiple comparison’s test. For all data that is presented
as the mean, error bars indicate the standard error of the mean, SEM. We used a 95% confidence

interval and a P value of < .05 was set for rejecting the null hypothesis.

Supporting information

Supplementary Figure S1. CD11c-GFP correlates with microglia surface expression of CD11c.
Related to Figure 1. (A) (left) Gating strategy for FACS of CD45+CD11b+ microglia and (right)
CD11c-GFP expression with CD11c-antibody (APC). (bottom) Histogram of CD11c+ and CD11c-
populations along CD11¢c-GFP+ signal. Left and bottom back colored based on gating on the right.
Supplementary Figure S2. Flow cytometry analysis of CD11cH! microglia with loss of candidate
receptors. Related to Figure 3. (A — F) Representative flow plots illustrating the proportion of

CD45+GFP+ or CD45+CX3CR1-GFP+ microglia that are CD11c". = 2 litters collected for each
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genotype, with (A) CX3CXR1-GFP/+ n=10 (B) CX3CR1 KO n=6, (C) CR3 KO n=6, (D) MerTK KO
n=9, (E) Axl KO n=8, and (F) MerTK/AxlI dKO n=6 animals.

Supplementary Figure S3. Diphtheria toxin administration does not affect microglia without
primate DTR expression, PLX administration enriches for CD11c-GFP+ microglia. Related to
Figure 4.

(A) Confocal images of microglia (C1g+) in retinal flat mounts at P5 of Vehicle and DT-treated
CX3CR1-GFP/+ mice. C1qg+ (white). Scale bar, 50pm. (B) Density of C1g+ microglia in vehicle and
DT-treated CX3CR1-GFP/+ mice at P5 (n=2 animals) £ SEM. Unpaired t test NS, not significant. (C)
Confocal retinal flat mount images from naive and PLX treated CD11c-DTR/GFP+ mice at P5.
CD11c-DTR/GFP microglia (GFP+IBA1+) and total microglia (IBA1+, red) Scale bar, 50um. (D — F)
Densities of naive and PLX treated CD11c-DTR/GFP+ mice, with (D) total microglia density (IBA1+;
n=3, n=3 animals), (E) CD11c-DTR/GFP+ microglia density (IBA1+CD11¢c-DTR/GFP+; n=3, n=3
animals), and (F) proportion of microglia (IBA1+) expressing CD11¢c-DTR/GFP (n=3, n=3 animals) +
SEM. Unpaired t test ***P = .0004, *P = .0340, NS, not significant. (G) Confocal images of RGCs
(RBPMS+) in retinal flat mounts at P5 of vehicle and DT treated CD11¢c-DTRG/GFP+. RBPMS
(white). Scale bar, 50um. (H) Densities of vehicle and DT-treated CD11c-DTR/GFP RGCs in (Left)
central region and (Right) peripheral region of dorsal leaf (vehicle n=4, DT n=8 animals) + SEM.

Unpaired t test NS, not significant, Scale bars, 50um.
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Supplementary Figure S3.
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