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SUMMARY

Glaucoma is the leading cause of irreversible blindness and is characterized by the death of retinal
ganglion cells (RGCs). Recent studies have implicated pro-inflammatory microglia, macrophages,
and Al astrocytes in the pathogenesis of heurodegenerative diseases. The role of pro-
inflammatory, neurotoxic Al astrocytes in glaucoma is just beginning to be explored. Using a
mouse model of glaucoma, we demonstrate that ocular hypertension is sufficient to trigger
production of C1q, interleukin-1la (IL-1a), and tumor necrosis factor a (TNF-a), three cytokines
necessary and sufficient to drive the formation of Al astrocytes. Upregulation of these cytokines
occurs first in CD11b* CD11c* cells followed by CD11b* CD11c™ cells. Ablation of this pathway,
by either genetic deletions of Clqga, IL-1a, and TNF-a, or treatment with glucagon-like peptide-1
receptor agonist NLY 01, reduces Al astrocyte transformation and RGC death. Together, these
results highlight a neuroinflammatory mechanism of glaucomatous neurodegeneration that can be
therapeutically targeted by NLY01 administration.
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Sterling et al. show that in response to ocular hypertension, CD11b* CD11c* cells contribute to
early retinal inflammation and astrogliosis in a mouse model of glaucoma. Ablation of this
inflammatory pathway, via genetic deletion or administration of the GLP-1R agonist NLY01,
prevents astrogliosis and retinal ganglion cell death.

INTRODUCTION

Glaucoma is characterized by the death of retinal ganglion cells (RGCs), leading to
permanent vision loss. It is the leading cause of irreversible blindness globally and is
projected to affect ~112 million people worldwide by 2040 (Tham et al., 2014). Elevated
intraocular pressure (IOP) is strongly associated with glaucoma, and reduction of 10P is the
only therapeutic mechanism available to slow disease progression. However, glaucoma can
continue to progress even in patients who achieve normal 10Ps following medical and/or
surgical treatments (Quigley, 2019). Therefore, new therapies are urgently needed to prevent
vision loss in patients with glaucoma.

Reactive astrocytes are observed in multiple neurodegenerative diseases (Liddelow et al.,
2017; Yun et al., 2018). In healthy neural tissue, astrocytes serve a wide variety of roles.
They contribute to neurotransmitter recycling, neuronal metabolism, and formation of the
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blood-brain and blood-retina barriers (Clarke and Barres, 2013; Liddelow and Barres, 2017).
In the retina, astrocytes are found exclusively in the ganglion cell layer, comingled with
RGCs (Vecino et al., 2016). In response to both local and systemic stimuli, astrocytes can
adopt reactive forms, Al pro-inflammatory or A2 neuroprotective, both of which have been
transcriptionally defined (Zamanian et al., 2012). A1 reactive astrocytes lose their
phagocytic capacity as well as their ability to promote synapse formation and function. At
the same time, Al astrocytes gain pro-inflammatory and neurotoxic functions (Liddelow et
al., 2017; Zamanian et al., 2012). In contrast, A2 astrocytes, observed in post-ischemic
tissue, upregulate neurotrophic factors, promoting a neuroprotective environment (Zamanian
et al., 2012). While Al astrocytes have been implicated in multiple neurodegenerative
diseases (Liddelow et al., 2017; Yun et al., 2018), their contribution to glaucoma is only
beginning to be explored.

In the brain and retina, neurotoxic Al astrocytes are induced by microglial release of pro-
inflammatory cytokines interleukin-1a (IL-1a), tumor necrosis factor a (TNF-a), and C1q
(Liddelow et al., 2017). Strong links exist between these three cytokines and glaucoma.
IL1A and TNF polymorphisms are associated with primary open angle glaucoma (Bozkurt
et al., 2012; Fan et al., 2010; Mookherjee et al., 2010; Wang et al., 2006). TNF-a protein
levels are elevated in the vitreous, retina, and optic nerves of glaucomatous eyes (Williams et
al., 2017). In the DBA/2J mouse model of hypertensive glaucoma, CZga mRNA levels are
associated with disease progression (Stevens et al., 2007), and C1q inhibition is sufficient to
prevent early RGC synapse loss and RGC death (Howell et al., 2011, 2014; Williams et al.,
2016). Multiple publications have also demonstrated C1q upregulation in glaucomatous
human eyes (Reinehr et al., 2016; Stasi et al., 2006). Although IL-1a, TNF-a, and C1q have
been independently implicated in glaucoma, it is not known whether they act in concert to
induce Al astrocyte reactivity in glaucomatous retinas.

Glucagon-like peptide 1 is an incretin hormone that regulates blood glucose, weight, and
satiety through its action at the glucagon-like peptide 1 receptor (GLP-1R) in both the
systemic circulation and the central nervous system (Drucker, 2018). NLYO01 is a long-acting
GLP-1R agonist with an extended half-life and favorable blood-brain barrier penetration
(Yun et al., 2018). In mouse models of Parkinson’s disease (PD), Al astrocytes contribute to
dopaminergic cell death and poor motor phenotypes. NLYO01 has been shown to reduce
microglial production of C1q, TNF-a, and IL-1a, thereby blocking Al astrocyte
transformation, reducing dopaminergic cell death, and improving motor symptoms in mouse
models of PD (Yun et al., 2018).

Using the microbead-induced ocular hypertension mouse model of glaucoma, we show that
microglia and infiltrating macrophages upregulate C1q, TNF-a,, and IL-1a. These three
cytokines are necessary for Al transformation within the retina. Cytokine upregulation and
Al transformation persist despite normalization of IOP 6 weeks post-injection. Genetic
deletion of these cytokines prevents Al astrocyte formation and RGC loss. Finally, NLY01
therapy reduced CD11b* CD11c™ and CD11b* CD11c" production of C1q, TNF-a, and
IL-1a; Al astrocyte transformation; and RGC loss in our model. Together, these data
demonstrate that GLP-1R activation is capable of reducing ocular inflammation driven by
both CD11b* CD11c™ and CD11b* CD11c* cell populations, thus preventing A1 astrocyte
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activation and rescuing RGCs from hypertensive glaucoma. NLYO01 has potential clinical use
in the treatment of glaucoma and possibly other retinal diseases characterized by reactive
astrogliosis.

Elevated IOP Induces Al Astrocyte Reactivity in the Retina

Magnetic microbeads (left eye) or balanced salt solution (BSS; right eye) were injected into
the anterior chamber (AC) of wild-type (WT) and //2a”~; Tnf'=; Clga~ triple knockout
(TKO) mice. IOP was recorded at 1, 2, 3, 5, and 7 days post-injection and weekly thereafter.
Microbead-injected eyes in both WT and TKO animals had elevated IOPs (elOPs) beginning
at 7 days post-injection compared to BSS-injected eyes (Figure 1A). IOPs peaked at 14 days
post-injection and remained elevated throughout the 35 days post-injection. There was no
difference in IOP between microbead- and BSS-injected eyes by the 42nd day post-injection
(Figure 1A). Neurosensory retinas were isolated for cell sorting 3, 14, and 42 days post-
injection (Figure S1A). Cell-type enrichment for all fractions used in the paper were
validated by gPCR (Figures S1B and S1C). Astrocytes and Mdiller cells were isolated using
ASCAZ* selection, as reported previously (Kantzer et al., 2017). By the 14th day post-
injection, ACSA2* cells exhibited increased levels of pan-reactive and Al-astrocyte-specific
markers (Figures 1B—1D), suggesting that Al astrocyte transformation occurs early in the
disease process. Al reactivity persisted in microbead-injected WT animals 42 days post-
injection, despite normalization of IOP (Figure 1D). TKO animals failed to form Al
astrocytes despite elOP (Figures 1C and 1D). This is consistent with previous findings
(Guttenplan et al., 2020; Liddelow et al., 2017). Markers of A2 reactivity were consistently
unchanged in WT microbead-injected eyes compared to WT BSS-injected eyes (Figures 1C
and 1D).

Liddelow et al. (2017) demonstrated that complement component 3 (C3) is a marker for Al
astrocytes (Liddelow et al., 2017). We measured C3 mRNA and protein levels in ACSA2*
cells isolated from both BSS- and microbead-injected WT and TKO retinas 42 days post-
injection. C3 mRNA (Figure 1E) and protein (Figure 1F) levels were elevated in WT
microbead-injected eyes compared to both BSS-injected eyes and TKO microbead-injected
eyes (Figures 1E and 1F). These data suggest that C3 production in ACSA2™ cells, which
encompass both astrocytes and Muller cells, is dependent on IL-1a,, TNF-a, and C1q and
that loss of Al reactivity reduces C3 production.

TNF-a, IL-1a, and C1q Contribute to RGC Death Secondary to elOP

To determine whether TNF-a, IL-1a, and C1q transformation of Al astrocytes plays a role
in RGC death in the microbead-induced elOP model of glaucoma, WT, //1a~; Tnf'!-
double knockout (DKO) mice, CIga”~ single knockout mice, and //1a~; Tnf'!=; C1ga™-
(TKO) mice were injected with magnetic microbeads in one eye and BSS in the fellow eye.
After 42 days, whole retina flatmounts were stained for the RGC marker Brn3a (Nadal-
Nicolas et al., 2009). Each data point (Figure 2) represents the RGC count in the microbead-
injected eye divided by the RGC count in the BSS-injected eye of the same mouse,
multiplied by 100. There was no difference in RGC loss observed in DKO mice compared to
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WT mice. There was a modest improvement in RGC survival observed in CIga”~ mice
compared to WT mice, consistent with previously published results (Howell et al., 2011,
2014; Williams et al., 2016). RGC death was reduced in TKO mice compared to all other
genotypes (Figure 2), suggesting that the loss of all three cytokines in combination provided
an additional benefit beyond the loss of either IL-1a and TNF-a or C1q alone.

Early Retinal Inflammation Is Driven by CD11b* CD11c* Cells and Persists beyond IOP Re-
normalization

To address the time course and source of IL-1a, TNF-a, and C1q production, we injected
either microbeads or BSS into the AC of WT mice. Neurosensory retinas were isolated 1, 2,
3,7, 14, 28, and 42 days post-injection and were either used to measure IL-1a, TNF-a, and
C1q protein levels by ELISA or dissociated for cell sorting. IL-1a., TNF-a., and C1q protein
levels increased in line with 10P, rising by day 7 and then plateauing at subsequent time
points (Figure 3A-3C). IL-1a, TNF-a, and C1q remained elevated 6 weeks post-injection,
despite a return of 0P to baseline levels (Figures 1A and 3A-3C). Microbead-injected eyes
that did not have a significant increase in IOP, observed in ~5% of eyes, did not have
elevated IL-1a, TNF-a, or C1g mRNA levels in CD11b* cells 42 days post-injection
(Figures S2A-S2C). Together, these data suggest that the retinal inflammatory response,
initiated by ocular hypertension, can outlast IOP elevation.

Previous studies have implicated CD11b™* cells in the production of IL-1a, TNF-a, and C1q
(Liddelow et al., 2017; Yun et al., 2018). Recent work in the DBA/2J mouse model of
glaucoma has further refined our understanding of CD11b* cell subpopulations. In the
DBA/2J mouse model, early inflammation is driven by CD11b* CD11c" cells while CD11b*
CD11c" cells adopt a largely anti-inflammatory pattern of gene expression (Tribble et al.,
2019). We isolated CD11b* CD11c* and CD11b* CD11c™ cells (Figure S3A) and measured
Tmem119 mRNA levels in both populations (Figure S3B), a marker of resident microglia
(Bennett et al., 2016). We compared the expression of //1a, Tnf, and C1gabetween CD11b*
CD11c™ and CD11b* CD11c* cells isolated from microbead-injected eyes. Both sets of
microbead-injected eyes were normalized against BSS-injected eyes. CD11b* CD11c™ cells
exhibited earlier expression of //1a, Tnf, and CIgathan CD11b* CD11c™ cells (Figures 3D-
3F). Expression of //1a, Tnf, and CIgaby CD11b* CD11c™ cells also increased but lagged
behind those of CD11b* CD11c* cells by days to weeks (Figures 3D-3F). These results
suggest that CD11b* CD11c* provided the primary source of pro-inflammatory signals in
early glaucomatous retinal inflammation following elOP. In further support of this
hypothesis, we demonstrated that Al astrocytes were present by 14 days post-injection
(Figures 1B—1D), when CD11b* CD11c™ cells did not express all three cytokines necessary
for Al transformation (Figures 3D-3F). Therefore, initial Al transformation is unlikely to
be driven by CD11b* CD11c™ cells in this model.

NLYO1, a GLP-1R Agonist, Reduces IL-1a, TNF-a, and C1q Production by CD11b* CD11c*
and CD11b* CD11c™ Cells and Decreases Al Astrocyte Activation during elOP

NLYO01, a GLP-1R agonist, has been shown to modulate microglial phenotype reducing Al
astrocyte activation in the brain in a GLP-1R-dependent manner (Yun et al., 2018). We
hypothesized that NLYO01 therapy would reduce IL-1a, TNF-a, and C1q production by both
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microglia and macrophages, thereby decreasing Al astrocyte conversion secondary to elOP.
To test the efficacy of NLYOL1 in our model, we used microbead injections to induce elOP
(Figure S4). Mice were given twice-weekly subcutaneous injections of either NLYO01 at a
dose of 5 mg/kg or normal saline solution (NSS). Neurosensory retinas were harvested 14
and 42 days post-injection to evaluate the effects of NLYO01 on both the CD11b*-CD11c*-
mediated early response and the CD11b*-CD11c¢™-mediated late response. NLYO01 had no
effect on IOP in microbead- or BSS-injected eyes (Figure S4).

By the 14th day post-injection, NLY 01 therapy reduced CD11b* CD11c™ (resident microglia
enriched) upregulation of TNF-a (Figure 4B) without altering basal expressions of IL-1a or
C1q (Figures 4A and 4C). NLYOL1 also reduced CD11b* CD11c™" expression of IL-1a,, TNF-
a, and C1q (Figures 4D—4F). In the ACSA2* (astrocyte- and Miiller-cell-enriched) fraction,
NLYO01 also reduced expression of pan-reactive transcripts, Al-specific transcripts, and C3,
consistent with decreased Al activation (Figures 4G and 4H).

By the 42nd day post-injection, NLY01 therapy reduced both CD11b* CD11c™ (resident
microglia enriched) and CD11b* CD11c™ expression of IL-1a, TNF-a, and C1q (Figures
5A-5F). NLYO01 also reduced expression of pan-reactive transcripts, Al-specific transcripts,
and C3 in the ACSA2* (astrocyte- and Miiller-cell-enriched) fraction (Figures 5G and 5H),
as it had by the 14th day post-injection (Figures 4G and 4H).

NLYO01 has been shown to reduce the nuclear translocation and phosphorylation of the pro-
inflammatory transcription factor nuclear factor kB (NF-xB) in a GLP-1R-dependent
manner in brain microglia (Yun et al., 2018). At the 42nd day post-injection, CD11b*
CD11c™ and CD11b* CD11c* cells isolated from microbead-injected, NSS-treated eyes
exhibited an increase in NF-kB protein phosphorylation (Figures S5A and S5B). NLY01
treatment decreased phosphorylated NF-xB protein levels (Figures S5A and S5B) and
increased mRNA levels of IxBa (Figures S5C and S5D), a negative regulator of NF-xB and
a known target of GLP-1R (Athauda and Foltynie, 2016). Together these data suggest that
NLY01 modulates microglial/macrophage inflammatory phenotype via GLP-1R.

NLYO1 Reduces RGC Death Secondary to elOP

To test the efficacy of NLYOL as a potential neuroprotective agent in our model, elOP was
once again induced through microbead injections of mice treated with either twice-weekly
NLYO0L1 at a dose of 5 mg/kg or NSS. After 42 days, neurosensory retinas were isolated, flat-
mounted, and labeled with RGC markers Brn3a (Figure 6A) and Rbpms (Figure 6B) for
RGC counting. Each data point (Figures 6A and 6B) represents the RGC count in the
microbead-injected eye divided by the RGC count in the BSS-injected eye of the same
mouse, multiplied by 100. NLYO1 therapy reduced RGC death secondary to elOP, as
quantified by RBPMS™ and Brn3a* immunofluorescence and cell counting (Figures 6A and
6B).

DISCUSSION

Glaucoma is a neurodegenerative disease with potentially severe visual implications.
Therapies to slow disease progression are currently limited to IOP reduction through both
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medical and surgical means. Unfortunately, successful reduction of IOP does not prevent
disease progression in a significant number of patients. New therapies targeting other risk
factors for glaucoma are needed to prevent irreversible vision loss. We examined the role of
Al reactive astrocytes in the microbead-induced ocular hypertension mouse model of
glaucoma. Following induction of ocular hypertension, IL-1a, TNF-a, and C1q production
was initially driven by CD11b* CD11c* cells. The contribution of CD11b* CD11c"™ cells to
IL-1a, TNF-a, and C1q production was not observed until weeks to months after ocular
injection. Together, these three cytokines triggered the formation of Al astrocytes as
demonstrated by upregulation of Al-specific transcripts and C3 production in an ACSA2*
retinal cell population (enriched for astrocytes and Miller cells). Treatment with the
GLP-1R agonist NLYO01 reduced microglia/macrophage production of IL-1a, TNF-a, and
Clq; decreased Al astrocyte conversion; and protected against RGC death in this mouse
model of glaucoma.

Recent work by Guttenplan et al. (2020) corroborates several critical findings in this study.
Using both optic nerve crush and microbead injections, they demonstrate that //a7/~; Tnf
~I=; Clga™'~ (TKO) mice exhibit significant reductions in RGC death at rates comparable to
our findings. Further, preserved RGCs are functionally intact under examination by /n vivo
electrophysiology (Guttenplan et al., 2020). In combination, these results highlight the
neurotoxic role of IL-1a, TNF-a, and C1q in RGC death following injury. Guttenplan and
colleagues’ finding that rescued RGCs remain functionally viable lends further credence to
inhibition of Al astrocyte transformation as a possible therapy for glaucoma.

Transcriptomic data from the DBA/2J mouse model of glaucoma suggest that early
inflammation is driven by CD11b* CD11c" cells, while CD11b* CD11c™ cells initially
adopt an anti-inflammatory pattern of gene expression (Tribble et al., 2020a; Williams et al.,
2019). Our results support this finding by demonstrating that CD11b* CD11c* cells
upregulated IL-1a, TNF-a, and C1q expression prior to contribution from CD11b* CD11c™
cells. Results suggest that CD11b* CD11c* cells are early contributors to Al astrocyte
formation following 10OP elevation (elOP). Transcriptomic data from fluorescence-activated
cell sorting (FACS)-isolated CD11b* CD11c™ retinal cells in the DBA/2J mouse model of
glaucoma demonstrate that this population is enriched for infiltrating macrophages
compared to other blood-borne immune cells and resident microglia (Tribble et al., 2020a).
It should be noted that the embryonic origin of the CD11b* CD11c* cell population has not
been conclusively demonstrated, and these cells could therefore represent resident retinal
microglia that have undergone a state change, infiltrating macrophages, or a mixture of both.
However, macrophage infiltration has been implicated in the pathogenesis of glaucoma.
Specifically, macrophages have been observed in sections of human glaucomatous retina and
optic nerve in both mild and severe cases (Margeta et al., 2018). Progression of visual field
loss in normotensive glaucoma is also associated with increased systemic levels of
macrophage chemoattractant protein-1 (MCP-1), a potent chemotactic factor for monocytes
(Lee et al., 2017). Although the presence of the blood-retina barrier confers a degree of
immune privilege to the retina, disruption of the blood-retina barrier has been observed in
diseases of ocular inflammation (Daruich et al., 2018; Kaur et al., 2008; Kokona et al., 2018;
Vecino et al., 2016). Glaucomatous retinas often exhibit focal bleeds in the nerve fiber layer
surrounding the optic nerve head. These so-called Drance hemorrhages disrupt the blood-
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retina barrier and present an opportunity for blood-borne immune cells, such as
macrophages, to enter the retina (Williams et al., 2017). Together, these data provide an
impetus for future work characterizing the origin of CD11b* CD11c™ cells in mouse models
of glaucoma as well as the role of infiltrating macrophages and the integrity of the blood-
retina barrier in glaucoma.

Following microbead injections, the time course of IL-1a, TNF-a, and C1q upregulation
corresponds to the trajectory of 0P increase, lending support to elOP as the initiator of
inflammation. Despite a return to normal 10P, pro-inflammatory cytokines remained
upregulated at 6 weeks post-injection, suggesting that the inflammatory pathway remains
active beyond the inciting elOP. In human glaucomatous eyes, a reduction in 10P, whether
by pharmacological or surgical means, is not always sufficient to prevent further RGC
degeneration. Our data suggest that persistent inflammation after normalization of IOP may
contribute to these refractory cases, presenting a treatment opportunity for patients who have
exhausted therapies rooted in IOP reduction.

Al astrocytes upregulate C3 (Liddelow et al., 2017), and C3 inhibitors were shown to reduce
RGC cell death in the DBA/2J mouse model of glaucoma (Bosco et al., 2018). We
demonstrate elevated C3 production following Al activation and decreased C3 production
following NLYO1 inhibition in our glaucoma model. Importantly, C3 is not the only source
of toxicity from Al astrocytes (Liddelow et al., 2017). While C3 inhibition offers some RGC
protection, prevention of Al astrocyte formation may confer more complete protection
against elOP.

Within 2 weeks of microbead injection, pro-inflammatory CD11b* CD11c™ cells upregulate
IL-1a, TNF-a, and C1q expression, which triggers Al astrocyte transformation. NLYO01
blocks this pathway and rescues RGCs from elOP-induced death at 6 weeks post-injection.
Previous work demonstrates that RGC loss does not occur in the microbead model until after
4-6 weeks of prolonged elOP (Calkins et al., 2018; Ito et al., 2016; Sappington et al., 2010).
This delay between Al transformation and RGC death raises the question of whether RGC-
autonomous mechanisms of cell stress must act in concert with the non-cell-autonomous
mechanism of retinal inflammation to trigger RGC death. Loss of one of these two
pathways, conferred by NLYO01 administration in our study, was sufficient to rescue RGCs.
Several observations support this multi-hit hypothesis. First, in animal models of unilateral
glaucoma, where one eye has elOP and the other eye with normal IOP is used as an internal
control, microglial activation and inflammation can be observed sans RGC loss in the
control optic nerve (Tribble et al., 2020b). Second, neuronal injury, via either optic nerve
crush or elOP, is a necessary precursor for astrocyte-mediated neuroinflammatory cell death
(Guttenplan et al., 2020). Targeting both RGC-autonomous mechanisms of stress and retinal
inflammation may act in a synergistic fashion to rescue additional RGCs.

Elevated IOP induces deficits in axon transport along the optic nerve (Lambert et al., 2017,
2020) and reduction in NaV1.2 protein levels in RGCs (Risner et al., 2020) after 4 weeks of
ocular hypertension. In contrast, changes in RGC electrical signaling occur earlier after
elOP. Following just 2 weeks of elOP, RGCs exhibit increased electrical responses to
preferred stimuli in both light onset and offset cells. During this same 2-week period, RGCs
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exhibit excessive dendritic pruning (Risner et al., 2018). In both the brain and the retina,
dendritic pruning is linked to the production of C1qg and the subsequent initiation of the
classical complement cascade by CD11b* cells (Stevens et al., 2007). Our results show that
CD11b* CD11c* cells, and not CD11b* CD11c" cells, are responsible for C1q upregulation
and possibly downstream dendritic pruning. NLYO1 reduced CZgaexpression in CD11b*
CD11c* cells 2 weeks after IOP elevation, suggesting that NLY01 may also prevent synaptic
pruning in RGCs. Al astrocytes themselves may also directly promote aberrant electrical
signaling, as /n vitro work has shown that A1l astrocytes reduced the number of synapses,
miniature excitatory postsynaptic current (mEPSC) frequency, and mEPSC amplitude in
cultured RGCs (Liddelow et al., 2017).

In our study, microbeads were injected into the AC of one mouse eye while the contralateral
eye was injected with BSS. This paired approach reduced the impact of biological variability
through the use of an internal control. However, recent work has shown that unilateral
induction of elOP in rats resulted in microglial reactivity throughout the visual pathway,
including in the contralateral, normotensive optic nerve (Tribble et al., 2020b). While most
of our experiments normalized the microbead eye against the normotensive control eye, one
exception to this can be found in Figures 3A-3C, where absolute protein levels were
measured using ELISA. Here, normotensive eyes showed no upregulation of IL-1a, TNF-a,
and C1q proteins, suggesting that if present, microglial reactivity in the control eye may not
result in Al astrocyte activation in this model of glaucoma.

NLYO01 reduces microglial/macrophage activation and prevents Al astrocyte formation.
NLYO01 belongs to a family of GLP-1R agonists. NLYO0L1 is a long-acting GLP-1R agonist
that efficiently penetrates the blood-brain barrier (Yun et al., 2018). In mouse models of PD,
NLYO01 concentrations in the brain are higher than in WT animals. The authors attributed
this increase in NLYOL1 concentration to blood-brain barrier breakdown present in the PD
mouse models (Yun et al., 2018). Similarly, blood-retina barrier disruptions in glaucoma
(Williams et al., 2017) may serve a therapeutic benefit by providing a gateway for
systemically administered therapeutics to access the retina and the optic nerve. This further
highlights the need to characterize the state of the blood-retina barrier in glaucoma.

Previous work has shown that NLYO01’s effects on CD11b* cells are not limited to
reductions in levels of IL-1a, TNF-a, and C1q. Rather, NLY01 treatment reduces microglia
density and relative IBA1 levels in a mouse model of PD, suggesting a broader
immunosuppressive effect (Yun et al., 2018). It is therefore possible that the RGC rescue we
observed following NLYO01 treatment can be partially attributed to a reduction in microglial/
macrophage reactivity and occurs independent of the drug’s effect on astrocyte phenotype.
This is consistent with findings from other groups demonstrating that reduced CD11b* cell
reactivity protects RGCs from the effects of elOP (Williams et al., 2017).

The safety of NLYO01 in humans is currently being tested in a clinical trial for PD. NLY01
belongs to the GLP-1R class of therapeutic agonists that have been used in the clinic for
over 15 years. During that time, GLP-1R agonists have demonstrated a favorable safety
profile in the long-term treatment of type 2 diabetes mellitus (Aroda, 2018). Diabetes is a
known risk factor in glaucoma (Khan et al., 2017), and GLP-1R agonists’ wide usage in
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diabetes treatment presents an opportunity to retrospectively evaluate its effects among
patients with coexisting glaucoma in a large-scale observational study. The findings of such
a study could provide evidence as to whether existing GLP-1R agonists affect glaucoma
incidence or progression among patients with diabetes.

Glaucoma is a group of diseases with disparate but often inter-linking etiologies. Our data
highlight neuroinflammation as a mechanism of glaucomatous damage and demonstrate
rescue by NLYO1 through the drug’s ability to decrease retinal inflammation. Current
therapies targeting 10P are not sufficient to prevent vision loss in many glaucoma patients.
NLYO01, or more broadly the class of GLP-1R agonists, may be a fruitful avenue for future
exploration.

Limitations of Study

RGC degeneration occurs in retrograde fashion, beginning with the retraction of RGC
synaptic terminals in the colliculus, followed by axonal degeneration, with loss of RGC
soma constituting a late step in the degenerative cascade (Buckingham et al., 2008). Our
study does not include optic nerve analysis, and it is important that readers consider
alternative explanations for these findings given this limitation. Rbpms and, to a lesser
degree, Brn3a immunolabeling captures most, but not all, RGC somas, and it is possible that
rescue is more robust than indicated by soma analysis alone. Conversely, it is possible that
RGC counts underestimated RGC death by counting RGC soma that have yet to degenerate.
It is also possible that ablation of Al astrocytes prolonged expression of RGC markers in the
soma leading to overcounting of RGCs in TKO and NLYO1-treated animals. It should be
noted that the rescued RGCs in TKO animals have been shown to be electrically and
functionally intact (Guttenplan et al., 2020). NLYO01 treatment decreases IL-1a, TNF-a, and
C1q expression in a similar fashion to TKO, lending credence to the possibility that it
rescues RGCs and preserves their functionality in a similar fashion. Nevertheless, we cannot
say definitively that this is the case following NLYO1 treatment until we have evaluated the
optic nerve, which we plan to pursue in future experiments.

STARXMETHODS
RESOURCE AVAILABILITY

Lead Contact—Further information and requests for resources and reagents should be
directed to and will be fulfilled by the Lead Contact, Qi Cui
(gi.cui@pennmedicine.upenn.edu).

Materials Availability—This study did not generate new unique reagents. However, there
are some restrictions to the availability of the /a7~ Tnf”~ C1ga~ mouse line due to
MTAs. Please contact Qi Cui (gi.cui@pennmedicine.upenn.edu) for more information.

Data and Code Availability—This study did not generate or utilize any dataset or code
that requires distribution.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice—All mice were adult (> 3 months old), age-, strain- and sex-matched (both male and
female mice were used in each analysis, in all groups). C57BL6/J (WT) mice were obtained
from Jackson labs (Stock Number 000664). //1a-/~; Tnf-/~, C1ga-/~, and /l1a-/~; Tnf-/-;
Clga—/- (TKO) animals were generously donated by Ben Barres (Stanford University). All
animals were fed ad /ibiturm and maintained on a 12 h/12 h light/dark cycle in a University
of Pennsylvania vivarium. All procedures were approved by the Institutional Animal Care
and Use Committee of the University of Pennsylvania and complied with the ARVO
Statement for the Use of Animals in Ophthalmic and Vision Research. NLYO01 was obtained
through a material transfer agreement with Neuraly (Baltimore, MD). A cohort of mice was
treated with either twice-weekly subcutaneous injections of NLYO01 (5 mg kg™ per
injection) or with an equivalent amount of normal saline solution (L21819; Fisher
Scientific).

METHOD DETAILS

Anterior Chamber Injection and Intraocular Pressure (IOP) Measurement—The
microbead occlusion model was used to induce elevated intraocular pressure as described
previously (Cui et al., 2020). Briefly, mice were anesthetized with intraperitoneal injections
of ketamine (80 mg/kg, Par Pharmaceutical), xylazine (10 mg/kg, Lloyd), and acepromazine
(2 mg/kg, Boehringer Ingelheim Vetmedica). Pupils were dilated with topical 1%
tropicamide and 2.5% phenylephrine (Akorn). Proparacaine anesthetic eye drop at a
concentration of 0.5% (Sandoz) were applied immediately prior to injection. Injection
micropipettes were pulled from glass capillaries to a final diameter of ~100 pm and
connected to a microsyringe pump. Using a micromanipulator for positioning, one eye of the
mouse was injected with 1.5 pL of sterile 4.5 um-diameter magnetic microbeads (1.6 x 108
beads/pL of balanced salt solution; Thermo Fisher Scientific) at a location < 1 mm central to
the limbus, while the other eye was injected with an equivalent volume of balanced salt
solution (Alcon Laboratories). A hand-held magnet was used to target the beads into the
drainage angle. After injection, 0.5% moxifloxacin antibiotic drops (Sandoz) was applied to
the eye. IOP was measured between 8 and 11 a.m. using the Icare TONOLAB tonometer
(Icare TONOVET). An average of three measurements/eye was used.

Retinal cell sorting—ACSA2*, CD11b* CD11c™, and CD11b* CD11c* cells were
isolated from adult murine retinas using the Miltenyi Adult Brain Dissociation Kit (Miltenyi
Biotec, 130-107-677) and MACS magnetic cell separation system. Briefly, mice were
anesthetized, euthanized, and whole neurosensory retinas were harvested. Retinal tissue was
dissociated in manufacturer provided enzyme mixtures using the gentleMACS dissociator
pre-set program: 37C_ABDK _02. Retinal cell suspensions were passed through a 70 pm
filter (130-098-462, Miltenyi Biotec) and resuspended in debris removal solution. Following
debris removal, retinal cells were resuspended and incubated in red blood cell removal
solution for 10 mins at 4°C. The following isolation steps were performed: (1) positive
selection for ACSA2 (astrocyte and Muller cell enriched, 130-097-678, Miltenyi Biotec), (2)
the remaining negative selection pool was then subjected to positive selection for CD11b
(microglia and macrophage enriched, 130-093-636 Miltenyi Biotec), and (3) the CD11b*
cells were then selected against CD11c (130-125-835, Miltenyi Biotec). This resulted in
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three cell populations: (1) ACSA2*, (2) ACSA2~ CD11b* CD11c™, and (3) ACSA2~ CD11b
* CD11c*. Positive and negative selection steps used MACS magnetic separation LS
columns (130-042-401, Miltenyi Biotech) according to the manufacturer’s protocol. Cells
were subsequently used for RNA isolation using the RNeasy Mini Kit (QIAGEN), according
to the manufacturer’s protocol.

Quantitative PCR (QPCR)—RNA isolation was performed according to the
manufacturer’s protocol (RNeasy kit; QIAGEN). cDNA was synthesized with reverse
transcription agents (TagMan Reverse Transcription Reagents, Applied Biosystems)
according to the manufacturer’s protocol. Real-time gPCR (TagMan; ABI) was performed
on a sequence detection system (Prism Model 7500; ABI) using the AACT method, which
provided normalized expression values (normalized against Gapah). All reactions were
performed in technical triplicates (three gPCR replicates per qPCR probe).

Enzyme-linked immunosorbent assays—ELISA kits were used to measure protein
levels of IL-1a (BMS627, Thermofisher Scientific), TNF-a (BMS607-3, Thermofisher
Scientific), C1q (LS-F55223-1, LifeSpan BioSciences), C3 (ab157711, Abcam), and
phospho- NFxB/total NFxB (Thermofisher Scientific, 50-246-259) according to the
manufacturer’s protocol. Briefly, mouse retinas were collected, in select cases subjected to
cell sorting, and subsequently homogenized in phosphate-buffered saline containing the
protease inhibitor phenylmethylsulfonylfluoride (100 IM; EMD, Gibbstown, NJ, USA).
Assays were performed according to the manufacturers’ protocol. Protein levels were
determined by comparing the absorbance produced by the samples with that of a calibration
curve. All measurements were performed in technical triplicate.

Preparation of retinal flatmounts, immunofluorescence, and cell counting—
RGC quantification and immunolabeling of flat-mounted retinas were performed as
previously described (Cui et al., 2020). Briefly, eyes were enucleated and fixed in 4%
paraformaldehyde. Retinas were isolated, mounted on glass slides and serially washed with
0.5% Triton X-100 in phosphate-buffered saline (PBS). Flat-mounted retinas were incubated
overnight at 4°C with antibodies against RNA-binding protein with multiple splicing
(RBPMS; EMD Millipore) diluted 1:500 in blocking buffer (2% bovine serum albumin, 2%
Triton X-100 in PBS) and brain-specific homeobox/POU domain protein-3a (Brn3a;
Synaptic Systems) diluted 1:1000 in blocking buffer. The following day, retinas were
washed and incubated with Alexa Fluor 488 donkey anti-rabbit 1gG (Invitrogen; 1:1000 in
blocking buffer) and Cy3 goat anti-guinea pig 1gG (Abcam; 1:500 in blocking buffer)
secondary antibodies for 3 hours at room temperature. After serial washes, flat-mounts were
coverslipped with Vectashield mounting medium containing DAPI (Mector Laboratories).
For each flat-mount, 12 standardized photomicrographs were taken at 1/6, 3/6, and 5/6
distance from the center of the retina at 40x magnification by a masked operator. A masked
counter quantified the number of Rbpms- and Brn3a-positive cells in each 40x field (0.069
mm?2) using Nikon Elements analysis software version 4.1 (Nikon Instruments). The average
number of cells in the 12 standardized photomicrographs from the microbead-injected eye
was normalized to the average number of cells in the 12 standardized photomicrographs
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from the BSS-injected eye to calculate percent survival in the microbead injected eye with
elOP.

QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical analyses were done using GraphPad Prism 8.0 software. Data were analyzed
either by one-way ANOVA followed by Tukey’s multiple comparisons test for comparing
between three or more samples, or Mann-Whitney U test for comparing between two
samples with 95% confidence without assuming a Gaussian distribution. Samples sizes and
p-values can be found in figure legends. Power calculations were performed using G* Power
Software V 3.1.9.7 (Faul et al., 2007). Group sizes were calculated to provide at least 80%
power with the following parameters: probability of type I error (0.05), effect size (0.25).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Astrogliosis contributes to retinal ganglion cell death in a mouse glaucoma
model

CD11b* CD11c* cells contribute to astrogliosis after ocular hypertension

Reduction of inflammatory cytokines protects against astrogliosis and cell
death

NLYO01, a GLP-1R agonist, prevents astrogliosis and retinal ganglion cell
death
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Figure 1. Elevated 1OP Induces Al Astrocyte Reactivity in the Retina
C57BL6/J (WT) and //1a~; Tnf'=; Clga™~ knockout (TKO) mice were injected either

with microbeads (“Bead,” left eye) into the anterior chamber (AC) to increase intraocular
pressure (IOP) or with BSS (right eye).

(A) IOP measurements across the duration of the study in both eyes of WT and TKO
animals. The statistical difference for Bead WT versus BSS WT and Bead TKO versus BSS
TKO is shown using asterisks. No statistical difference was detected between BSS WT and
BSS TKO or Bead WT and Bead TKO (n = 20 eyes per condition per genotype).

(B-D) gPCR measurements of pan-reactive, Al-specific, and A2 specific transcripts from
ACSA2" cells isolated from WT and TKO mice at 3 days (B), 14 days (C), and 42 days (D)
post-injection (p.i.) (n =5 eyes per condition per genotype).

(E) gPCR measurements of CZmRNA levels in ACSA2* cells 42 days post-injection (n =5
eyes per condition per genotype).
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(F) ELISA measurements of C3 protein levels in ACSA2* cells 42 days post-injection (n =5
eyes per condition per genotype).

All data are presented as mean + SEM. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p <
0.0001 versus BSS WT (Mann-Whitney U'test). See also Figure S1.
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Brn3a+ % RGC Survival
(Bead-Inj rel. BSS-Inj)
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Figure 2. TNF-a, IL-1a, and Clqg Trigger RGC Death Secondary to elOP

C57BL6/J (WT), M1a™!=; Tnf'-, Clga™~, and //1a'~; Tnf'!~; Ci1ga’~ knockout (TKO)
mice were injected either with microbeads (left eye) into the AC to increase I0P or with
BSS (right eye). At 42 days post-injection, mice were euthanized and retinal flatmounts
were stained for the retinal ganglion cell (RGC) marker Brn3a. The cell count for each
microbead-injected eye was normalized against the contralateral BSS-injected eye to
determine percent survival of Brn3a* cells. n = 10 mice per genotype. All data are presented
as mean £ SEM. *p < 0.05, **p < 0.01, and ***p < 0.001, one-way ANOVA with Tukey’s
multiple comparisons test. Representative images are shown on the right. Scale bar, 50 mm.
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Figure 3. Early Retinal Inflammation Is Driven by CD11b* CD11c* Cells and Persists Beyond

Re-normalization of IOP

C57BL6/J (WT) mice were injected either with microbeads (“Bead,” left eye) into the AC to

increase 10OP or with BSS (right eye).

(A-C) ELISA measurements of IL-1a (A), TNF-a (B), or C1q (C) protein levels in whole
neurosensory retinaat 1, 2, 3,5, 7, 14, 28, and 42 days post-injection. Statistical test
compared BSS-injected eyes to microbead-injected eyes at the same time points (n = 5 eyes

per time point per condition).

(D-F) CD11b* CD11c™ and CD11b* CD11c* cells were isolated from neurosensory retina
atl,2,3,5,7, 14, 28, and 42 days post-injection. //1a (D), Tnf(E), and C1ga (F) mRNA
levels were measured by qPCR in both cell populations. gPCR measurements in microbead-
injected eyes were normalized to the contralateral BSS-injected eyes. Statistical tests
compared microbead-injected CD11b* CD11c* cells and microbead-injected CD11b*
CD11c cells at the same time points (n = 5 eyes per time point per condition).

All data are presented as mean + SEM. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p <

0.0001, Mann-Whitney U'test. See also Figures S1-S3.
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Figure 4. The GLP-1R Agonist NLY01 Reduces Production of IL-1a, TNF-a, and Clq
Secondary to elOP and Al Astrocyte Activation on the 14th Day Post-injection

C57BL6/J (WT) mice were injected either with microbeads (“Bead,” left eye) to increase
IOP or with BSS (right eye). Following intraocular injections, mice were randomized to
twice-weekly subcutaneous NLYO01 (5 mg/kg per injection) or normal saline. Mice were
euthanized 14 days post-injection.

(A-F) CD11b* CD11c™ and CD11b* CD11c™ cells were isolated from neurosensory retina.
gPCR was performed to measure //Za (A and D), 7nf(B and E), and CZga (C and F) mRNA
levels in each population (n = 5 eyes per condition).

Cell Rep. Author manuscript; available in PMC 2020 November 12.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Sterling et al.

Page 23

(G) gPCR measurements of pan-reactive, Al-specific, and A2 specific transcripts from
ACSA2" cells 14 days post-injection (n = 5 eyes per condition).

(H) gPCR measurement of C3mRNA levels in ACSA2* cells. (n = 5 eyes per condition)
All data are presented as mean + SEM. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p <
0.0001 relative to BSS NSS (Mann-Whitney U'test). See also Figures S1, S4, and S5.
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Figure 5. NLY01 Reduces CD11b* CD11c* and CD11b* CD11c™ IL-1a, TNF-a, and Clq
Production and Al Astrocyte Activation on the 42nd Day Post-injection

C57BL6/J (WT) mice were injected either with microbeads (“Bead,” left eye) to increase
IOP or with BSS (right eye). Following injections, mice were randomized to twice-weekly
subcutaneous NLYO01 (5 mg/kg per injection) or normal saline. Mice were euthanized 42
days post-injection.

(A-F) CD11b* CD11c™ and CD11b* CD11c* cells were isolated from neurosensory retina.
gPCR was performed to measure //Za (A and D), 7nf(B and E), and CZga (C and F) mRNA
levels in each population (n = 5 eyes per condition).

(G) gPCR measurements of pan-reactive, Al-specific, and A2 specific transcripts from
ACSA2" cells 42 days post-injection (n = 5 eyes per condition).

(H) gPCR measurement of C3mRNA levels in ACSA2* cells (n = 5 eyes per condition).
All data presented as mean £ SEM. Mann-Whitney U'test, **p < 0.01, ***p < 0.001, ****p
< 0.0001 versus BSS NSS. See also Figures S1, S4, and S5.
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Figure 6. NLY01 Reduces RGC Death Secondary to elOP
C57BL6/J (WT) mice were injected either with microbeads (“Bead,” left eye) to increase

IOP or with BSS (right eye). Following injection, mice were randomized to twice-weekly
subcutaneous NLYO01 (5 mg/kg per injection) or normal saline. Mice were euthanized 42
days post-injection.

(A) Retinal flatmounts were stained for Brn3a. The cell count for each microbead-injected
eye was normalized against the contralateral BSS-injected eye to determine percent survival
of Brn3a* cells. Representative images are shown on the right. Scale bar, 50 pm.

(B) Retinal flatmounts were stained for Rbpms. Cell count for each microbead-injected eye
was normalized against the contralateral BSS-injected eye to determine percent survival of
Rbpms™ cells. Representative images are shown on the right. Scale bar, 50 um.

All data are presented as mean + SEM; n = 13 NSS and n = 15 NLY01. ***p < 0.001 and
****p < 0.0001 versus BSS WT (Mann-Whitney U'test). See also Figure S4.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Guinea pig polyclonal anti-RBPMS EMD Millipore Cat# ABN1376; RRID:AB_2687403
Rabbit polyclonal anti-Brn3a Synaptic systems Cat# 411 003; RRID: AB_2737037
Donkey anti-rabbit 1gG, Alexa Fluor 488 Invitrogen Cat# A-21206; RRID: AB_2535792
Goat anti-guinea pig 1gG, Cy3 Abcam Cat# ab102370; RRID: AB_10711466
Chemicals, Peptides, and Recombinant Proteins

NLYO1 Neuraly N/A

Normal saline solution

Tropicamide ophthalmic solution, 1%

Phenylephrine hydrochloride ophthalmic solution, 2.5%
Ketamine hydrochloride injection

Xylazine sterile solution

Proparacaine hydrochloride ophthalmic solution, 0.5%
Acepromazine

Balanced salt solution sterile irrigating solution
Moxifloxacin ophthalmic solution, 0.5%
Phenylmethylsulfonylfluoride

Triton X-100

Bovine serum albumin

Paraformaldehyde

Vectashield mounting medium with DAPI

Fisher Scientific

Akorn

Akorn

Par Pharmaceutical

Lloyd

Sandoz

Boehringer Ingelheim Vetmedica
Alcon Laboratories

Sandoz

EMD Millipore

Millipore Sigma

Amresco

Electron Microscopy Sciences

Vector laboratories

Cat# B21819

NDC# 17478-102-12
NDC# 17478-201-15
NDC# 42023-113-10
NADA# 139-236
NDC# 61314-016-01
NDC# 0010-6703-01
NDC# 0065-0795-15
DIN# 02411520
CASH# 329-98-6

Cat# T8787

Cat# 0332-25G

Cat# 15710

Cat# H-1200

Critical Commercial Assays

IL-1a Rat ELISA Kit

TNF-a Mouse ELISA Kit

Mouse Complement C1q ELISA Kit

Mouse Complement C3 ELISA Kit

NFKB p65 (Total/Phospho) Human InstantOne ELISA Kit
RNeasy Mini Kit

Adult Brain Dissociation Kit

ThermoFisher Scientific
ThermoFisher Scientific
LifeSpan Biosciences
Abcam

ThermoFisher Scientific
QIAGEN

Miltenyi Biotec

Cat# BMS627
Cat# BMS607-3
Cat# LS-F55223-1
Cat# ab157711
Cat# 85-86083-11
Cat# 74106

Cat# 130-107-677

Experimental Models: Organisms/Strains

Mouse: C57BL/6J

Mouse: /ia'!=; Tnf!-

Mouse: Clga '~

Mouse: //1a!=; Tnf'~;Clga '~

The Jackson Laboratory
Ben Barres, Stanford University
Ben Barres, Stanford University

Guttenplan et al., 2020

JAX:000664
N/A
N/A
N/A

Software and Algorithms

G* Power Software version 3.1.9.7
Applied Biosystems 7500 Real-Time PCR

Nikon Elements Analysis Software 4.1

Faul et al., 2007
TagMan, Applied Biosystems

Nikon Instruments

https://stats.idre.ucla.edu/other/gpower/
Cat# 4351105
N/A

Other
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REAGENT or RESOURCE SOURCE IDENTIFIER
Dynabeads M-450 Epoxy ThermoFisher Scientific Cat# 14011
Icare TONOLAB tonometer Icare TONOVET Cat# TV02

MACS SmartStrainer filter (70 mm)
CD11b (Microglia) MicroBeads, human and mouse
CD11c MicroBeads UltraPure, mouse

Anti-ASCA2 MicroBead Kit, mouse

Miltenyi Biotec
Miltenyi Biotec
Miltenyi Biotec
Miltenyi Biotec

Cat# 130-098-462
Cat# 130-093-636
Cat# 130-125-835
Cat# 130-097-678
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