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1. INTRODUCTION:

Amyotrophic lateral sclerosis (ALS) is a fatal neurodegenerative disorder that results in paralysis
and death within a few years of diagnosis. Evidence indicates that in both male and female U.S.
Veterans, the incidence of ALS is increased compared to age-matched non-Veteran persons.
Because of the devastation of this disorder, urgent efforts are required to identify the causes of and
new therapies for ALS. Published work from our laboratory and others has shown that the receptor
for advanced glycation end products (RAGE) is highly expressed in human ALS spinal cord,
particularly in microglia, and to increased degrees vs. age-matched control subject spinal cord. We
previously published that RAGE and its pro-inflammatory and pro-oxidative ligands,
S100/calgranulins, amphoterin (high mobility group box 1 (HMGBI1)), and advanced glycation
end products (AGEs), are highly expressed in human ALS spinal cord. Our published work tested
administration of a soluble form of RAGE in the mutant SOD1%**4 mouse model of ALS. We
treated male mutant SOD1%%** mice with either soluble RAGE (sRAGE), a recombinant protein
that sequesters RAGE ligands and suppresses their engagement of the cell surface receptor RAGE,
or vehicle, murine serum albumin (MSA), beginning at age 56 days (pre-symptomatic) and
continued once daily until sacrifice (20% weight loss or the inability of the animal to right itself
within 20 seconds when placed on its side). Probability of survival and life span, motor function
(grip strength and performance in hanging cage test) and spinal cord neuronal counts at sacrifice
were significantly higher in SRAGE- vs. MSA-treated mice. These findings formed the basis of
two specific goals for our successfully completed grant: (1) Identification of the specific
mechanisms by which RAGE contributes to ALS; and (2) To begin to develop a more feasible
strategy to target RAGE, rather than a recombinant protein, our laboratory developed and recently
reported on the generation of novel small molecule inhibitors of the interaction of the RAGE
cytoplasmic domain with its intracellular signaling effector, DIAPH1. These small molecules
block RAGE signaling and suppress RAGE-mediated inflammation in animals and are CNS-
permeable. Therefore, we hypothesize that administration of these small molecules to SOD]%%34
mice might exert beneficial effects in murine model of ALS. Collectively, these questions form
the basis of our studies.
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3. ACCOMPLISHMENTS:

A. What were the major goals of the project?

Aim 1: We will test the hypothesis that microglia RAGE, through ligand-driven
upregulation of inflammatory and pro-oxidative stress and suppression of reparative
processes in the ALS spinal cord, mediates neuronal death and loss of motor function.
Task 1: Generate ALS mice (SOD1%%**) with microglia deletion of Ager

Task 2: PET Imaging

Aim 2: We will test the hypothesis that small molecule inhibitors of RAGE signal
transduction will significantly prolong survival and delay neurodegeneration in mutant
SOD1¢%31 mice in proof-of-concept studies.

B. What was accomplished under these goals?

B.i. Major Activities

TASK 1: Generate ALS mice (SOD1°%4) with microglia deletion of Ager

The breeding scheme as outlined in the proposal is generating the male and female mice needed
for study. We used the SODI¢**4 mouse model into which we bred the Cx3criER™? cre
recombinase mice and the Ager flox/flox. We carefully managed this breeding such that at
breeding intervals we reintroduced new SOD1%%*4 breeders and, therefore, the copy number in
all offspring tested has been acceptable. Tamoxifen has been administered to all mice in the
study on day 90 in order to ensure deletion of microglia Ager and not in the periphery by
approximately day 100 (disease onset). The following endpoints are completed, including:
analysis of survival, establishing the humane endpoint, and functional tests as outlined (motor
function tests including hanging wire test, grip strength and righting reflex), isolation of
microglia, and pathological analyses). Based on the efficiency of breeding, all of the mice have
now been generated to test Aim 1 hypothesis.

Aim 1: We will test the hypothesis that microglia RAGE, through ligand-driven upregulation
of inflammatory and pro-oxidative stress and suppression of reparative processes in the ALS
spinal cord, mediates neuronal death and loss of motor function.

Our major activities include the completion of the breeding SOD1%%*4 mice into the Ager
flox/flox background and then intercrossing these mice into the Cx3cr! ERT2 cre recombinase
background and we successfully generated the following lines of mice (both males and
females).

SOD19%34 | Ager'oMex / Cx3cr 1 CERT2 */w1 (ALS+, Microglia specific Ager deletion)
SOD19%34 | Ager'oMox / Cx3cr]1 CERT2WUW (ALS + Ager expressed in all cells)

SOD1934 | Cx3cr1€reERT2 */wt (ALS + Ager expressed in all cells; controls for CRE mice)



TASK 2: PET Imaging
In collaboration with Dr. Ding, we performed PET imaging of the ALS and control mice.

AIM 2: We will test the hypothesis that small molecule inhibitors of RAGE signal transduction
will significantly prolong survival and delay neurodegeneration in mutant SODI** mice in
proof-of-concept studies. Our lab made significant progress to identify the optimal small
molecule that met multiple criteria to go forward for in vivo testing.

B.ii. Specific Objectives

Objective in Aim 1: We will test the hypothesis that microglia RAGE, through ligand-driven
upregulation of inflammatory and pro-oxidative stress and suppression of reparative processes
in the ALS spinal cord, mediates neuronal death and loss of motor function.

There were two major tasks: generation of ALS mice with microglia deletion of Ager and PET
imaging of ALS vs. control mice to discern if there were differences in neuroinflammation
Objective in Aim 2: We will test the hypothesis that small molecule inhibitors of RAGE signal
transduction will significantly prolong survival and delay neurodegeneration in mutant
SODI1%4 mice in proof-of-concept studies.

B.iii. Significant Results or Key Outcomes
Aim 1:
TASK 1: ALS, RAGE and Microglia

Results

We sought to examine if microglia expressed RAGE in a prototypic murine model of ALS, the
SODI1%4 model. We began by performing immunohistochemistry (IHC) in SOD1°%*4 and
wild-type (WT) mice (C57BL/6J background) lumbar spinal cord tissue at age 120 days. The
overlap area of RAGE with the myeloid marker, integrin subunit alpha m (CD11B), was higher
in SOD1%%*4 mice vs. littermate WT control mice (Figure 1 A-B). While RAGE is expressed
in multiple cell-types in spinal cord, the findings that RAGE overlap with microglia is
increased in SOD19%*4 mice implicating the AGE-RAGE pathway alteration in glia, suggested
it was logical to probe potential roles for microglia RAGE in ALS-like pathology in the
SOD1*** mouse model.
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Figure 1: SOD19% mice exhibit increased RAGE™ microglia at the age of 120 days. A. Representative images
of CD11B and RAGE staining in the ventral horn of SOD1%*4 mouse lumbar spinal cord. Scale bar: 50 um.
B. Quantification of overlap of CD11B" RAGE" area. N=3 male WT mice, N=4 male SODI°* mice, N=4
female WT mice, and N=4 female SODI°*** mice. Mean = SD. Two-way ANOVA with post-hoc Tukey’s test.
* p=0.0192, ¥*¥* p<0.0001.

Based on these findings, we sought to assess whether microglia RAGE affects the pathological
progression of SOD1%%*4 mice. We employed a tamoxifen (TAM)-inducible model in which
microglia expressed Ager during development and early life and administered TAM to all mice
at the age of 90 days to induce Ager deletion in SOD19%4 Ager" Cx3cr1™*, and SOD1¢%3
Ager™ Cx3cr1®™* mice to evaluate potential roles for RAGE in the progression of pathology
(Figure 2 A). We confirmed knock-down of Ager expression in primary CD11B cell isolates
from CNS tissues (Figure 2 B). RAGE overlap with IBA1, but not GFAP, was decreased in
SOD1*4 Ager™™ Cx3cr1“™" lumbar spinal cord tissue relative to Cre-expressing controls at
the end of the study, suggesting Ager knock-down in microglia was maintained (Figure 2 C-
D). RAGE overlap with the pan neuronal marker microtubule-associated protein 2 (MAP2) at
the age of 120 days did not differ between the two genotypes, suggesting that neuronal Ager
was not modulated by this approach in this study.
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Figure 2. Study design and validation of microglia Ager deletion.

A. Timing of Tamoxifen (TAM) administration and behavioral assessments of animals. B.
Quantification of Ager transcripts in primary CD11B" isolates by RT-qPCR thirty days after TAM
administration. C. Representative images of IBA1 and RAGE staining in the ventral horn of SOD[%%34
mouse lumbar spinal cord at end-stage. Scale bar: 50 um. D. Quantification of IBA1 and RAGE overlap
area. Mean+SD. In B, N=3 Ager"™ Cx3crI*"* mice and N=4 Ager"™ Cx3cri“®" mice. In C-D, N=6
SOD19%34 4gerV™ Cx3cri®* mice, N=8 SOD19%34 Ager™* Cx3cr1®™" mice. Independent two sample
two-sided #-test. ** p=0.0031, *p=0.0437.

As Cx3crl Cre-expressing mice, regardless of the administration of TAM, or not, are
heterozygous for the Cx3crl locus, we evaluated SODI1°%4 Ager™ Cx3cr1®™* (microglia
Ager-expressing, Cx3crl Cre-expressing) and SOD1%%4 Ager™? Cx3cri1“™" (microglia Ager
deficient, Cx3crI-Cre expressing) mice. We found that male SOD19%4 Ager™™ Cx3cri©*
mice displayed significantly longer survival relative to SOD19%*4 Ager™ Cx3cr1®™" mice,
median lifespan of 159 (range: 149d-175d) days vs. 152 days (range: 136d-171d) days,
respectively; p<0.05 (Figure 3 A). We did not observe differences in lifespan between the



female mice groups (Figure 3 B). These data suggested that microglia RAGE may contribute
to pathology progression in male SOD1%*4 mice.
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Figure 3: Microglia Ager deletion exerts sex-dependent effects on survival in SOD1°%*4 mice. A. Kaplan—
Meier estimates of percent of male mice surviving plotted vs. age (days). N=16 SOD1°%34 Ager™" Cx3cri1€™*
mice, and N=13 SOD14 Ager™* Cx3cr1°" mice. B. Kaplan—Meier estimates of percent of female mice
surviving plotted vs. age (days). N=15 SOD1°%*4 Ager™ Cx3cr1€* mice, and N=14 SOD1°%4 Ager™™*
Cx3cr1®®" mice. The Logrank test was performed to compare the survival distributions between groups. *
p=0.0496.

We next investigated if microglia Ager contributed to the progressive motor function decline
experienced by SOD 1934, Mixed effects analysis of motor function data indicated a significant
interaction between time and genotype in male but not female mice (p=0.038) suggesting that
male but not female SODI19%4 Ager™M Cx3cri®™* mice had time-dependent protection in
motor function (Figure 4 A-B). However, there were no significant differences in motor
function at any one time point after multiple corrections in either male or female mice (Figure
4 A-B).

As SODI1%%*4 mice experience pronounced weight loss with disease progression, we next
examined if microglia Ager expression modulated this weight loss. Mixed effects analysis of
body weight data normalized to weight at tamoxifen administration indicated significant
interactions between time and genotype in male and female mice (p=0.0067, p=0.0134
respectively) suggesting that in SOD1%%4 Ager™™ Cx3cr1“™* mice there are time dependent
alterations in body weight (Figure 4 C-D). However, there were no significant differences in
normalized body-weight measures at any single time point after multiple corrections in male
or female mice (Figure 4 C-D). As female mice did not display any significant differences in
survival, or motor function, we focused our in-depth mechanistic analyses on male mice.

While no significant differences in motor function or body weight were noted at any single
time point, there were time-dependent reductions in the rate of motor function decline and
weight in male SODI19%4 Ager™M Cx3cri®™" mice suggesting a slower rate of disease
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progression. This led us to consider the possibility that microglia Ager deletion may have
affected the numbers of surviving motor neurons within the lumbar ventral horn. We examined
the number of surviving motor neurons by IHC at the age of 120 days in male mice and found
significantly higher numbers of motor neurons, as labeled by NeuN, DAPI and choline
acetyltransferase (ChAT), in the lumbar ventral horn in the SOD19%*4 Ager™ Cx3cr1“™* mice
relative to the Cre-recombinase expressing controls (Figure 4 E-F). Altogether, these data
suggest that deletion of microglia Ager may reduce/delay neuron death in male SOD1¢%* mice.
These findings led us to perform additional experiments to provide insight into the mechanisms
by which this protection may occur.
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effects of genotype, time and the interaction between genotype and time. In A: Genotype*Time interaction
effect: p=0.0378. In C: Genotype effect: p=0.0157, Genotype*Time interaction effect: p=0.0067. In D:
Genotype*Time interaction effect= p=0.0134. In F: Independent two sample two-sided ¢-test. In F: * p=0.0224.

To uncover cell intrinsic and cell-cell communication pathway mechanisms underlying the
benefits of microglia Ager deletion in male SODI1°%*4 mice, we performed RNA-seq on
isolated lumbar spinal cord tissue from male SOD19%4 Ager™™ Cx3cr1“™* mice and SOD1¢%34
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Ager™™ Cx3cr1®™®" mice at humane endpoint (end-stage). We identified 78 differentially-
expressed genes between the two genotypes (Figure 5). Overrepresentation analysis of the
differential gene list indicated enrichment for several KEGG Pathways, which included:
“Cardiac muscle contraction”, “Calcium signaling pathway”, “PPAR signaling pathway”,
“Regulation of actin cytoskeleton”, and “Cholesterol metabolism”. Furthermore, canonical
pathway analysis using Ingenuity Pathway Analysis (IPA) indicated enrichment of several
pathways within the differential gene list including “Calcium signaling”, “Actin cytoskeleton
signaling” and “Integrin signaling.” These data suggest genotype-dependent effects on cell-
cell crosstalk mechanisms, as exemplified by alterations of lipid, metabolic, and integrin
signaling gene sets.
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Figure 5: Differential expression analysis between male SOD1°%* mice with microglia devoid of Ager and
Cre-expressing controls. Volcano plot displaying differentially expressed genes between SODI%*4 4ger™f
Cx3cr1©®* and SOD19%%4 Ager*™ Cx3cr1®* mice. The y-axis is —logjo(p-value) and x-axis is the Log, fold
change of each gene analyzed. Red colored genes are significantly differentially expressed with an FDR
<0.05. The top twenty significant genes are labeled. N=4 independent mice/group.

To further address this concept, we analyzed potential causal networks that may be modulated
in our dataset, which could explain the observed transcriptomic changes. As Ager was deleted
solely in Cx3cri-expressing cells, we limited our analysis to potential cytokines that could
originate from microglia and cause transcriptomic alterations across multiple cell types which
would be present in the bulk RNA-sequencing data. We identified several significant putative
causal networks belonging to numerous cytokine families, including interleukin-1 (IL1),
interleukin-3, interferon-a (IFN-a), and interferon-f3 (IFN-f).

To evaluate potential roles of microglia RAGE in mediating cytokine expression changes we
turned to an in vitro system. We first conducted a commercially-available cytokine screen to
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evaluate RAGE-dependent effects of RAGE ligand carboxymethyllysine (CML)-AGE, a
ligand increased in SOD1%%*4 spinal cords and in human patient tissues, on BV2 microglia-like
cells. An interesting candidate discovered by this approach was ///a, as this was also predicted
by the RNA-seq causal network analysis. In fact, in validation experiments, CML-AGE
significantly induced ///a expression, which was significantly reduced by pre-treatment with
a RAGE inhibitor in BV2 cells. Furthermore, lentiviral transduction of BV2 cells with short
hairpin RNA to significantly reduce Ager expression in BV2 cells prevented the CML-AGE
associated increase in [//a expression. Expression of Malatl, a differentially expressed
inflammation-associated IncRNA in the microglia Ager-deficient spinal cord, exhibited a
RAGE-dependent increase in BV2 cells in response to CML-AGE. Collectively, these results
pointed to significant modulation of intrinsic microglia inflammation. In one or more cell
types, prompted by microglia Ager deletion, fundamental changes in general cellular health
are observed, as exemplified by alterations in actin cytoskeleton and calcium related pathways,
both of which would be predicted to fundamentally alter cell intrinsic and intercellular
communication properties in the spinal cord. To verify the implications of these transcriptomic
alterations, we examined these points specifically in end-stage tissues.

The RNA-seq data analysis suggested that microglia Ager deletion resulted in reduction in IL1
and IFN signaling, both of which were previously suggested to be dysfunctional in ALS models
and in patients. In fact, in vitro experiments supported microglia RAGE affecting ///a and
Malatl expression. Beyond the number and density of microglia, their specific gene expression
patterns aid in designation of these cells as pro-damage vs. homeostatic phenotype.
Specifically, the c-type lectin domain containing 7a protein (CLEC7A) is an established
marker of pro-damage/disease-associated microglia, which has been shown to be highly
upregulated in SOD 1% microglia. By IHC, at end-stage, we found that there was a significant
reduction in CLEC7A" area, and CLEC7A" cell number in SOD19%4 Ager™™ Cx3cri®™ vs.
SOD19%4 Ager™™ Cx3cr1®®* mice (Figure 6 A-C), suggesting that an attenuated or altered
DAM phenotype was induced by deletion of microglia Ager. These key findings raise the
possibility that RAGE contributes to a cell-intrinsic transition of microglia from a homeostatic
to a dysfunctional phenotype.
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Figure 6: Microglia Ager deletion in male SOD1°”*4 mice reduces the accumulation of disease-associated
microglia at end-stage. A. Representative images of CLEC7A staining in the lumbar spinal cord ventral horn
of the indicated mouse groups. Scale bar: 50um. B. Quantification of CLEC7A™ area. C. Quantification of
CLEC7A" DAPI" cell number. Mean£SD. N=7 SOD19* 4gerV? Cx3crI* mice and N=9 SODI1%*4 Ager*”
Cx3crI®* mice. Independent two sample two-sided ¢-test. In B: ** p<0.0048. In C: * p=0.0154.

The RNA-seq results indicated reduction of a putative causal network involving IL1. In this
context, accumulating evidence suggests that microglia-secreted molecules complement
component 1q (Clq), ILla, and TNF can induce astrocyte reactivity and promote
neurotoxicity. Prompted by this consideration, we thus investigated if the SOD1¢%** Ager¥1
Cx3cr1©™" mice displayed alterations in astrocytes. At end-stage, we found that GFAP" area
was significantly lower in SODI19%4 Ager™™ Cx3cri®®" mice relative to Cre-expressing
controls (Figure 7 A-B). Recent work has suggested distinct reactive astrocyte phenotypes and
identified markers of those states. AMIGO2, adhesion molecule with Ig-like domain 2, was
proposed as a marker of “A1” reactive inflammatory astrocytes induced specifically by Clq,
IL1a and TNF. Although it is acknowledged that this classification likely does not illuminate
the breadth of astrocyte properties and contributions to ALS operative in vivo, we nevertheless
examined if the GFAP alterations were concomitant alongside alterations in “A1” astrocytes
to begin to define if microglia RAGE might impact astrocyte gene expression. Indeed, we
found that GFAP" AMIGO2" overlap area was significantly reduced in SODI¢** AgerV1
Cx3cr1™* mice vs. the Cre-expressing controls (Figure 7 A,C). Altogether, these data suggest
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that microglia Ager deletion may reduce astrocytic dysfunction likely through altered cytokine
expression.
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Figure 7: Reactive Al astrocytes are reduced in male SOD19%34 mice by microglia Ager deletion.

A. Representative images of GFAP and AMIGO?2 staining in the lumbar spinal cord ventral horn of the
indicated mouse groups. B. Quantification of GFAP" area. C. Quantification of GFAP* and AMIGO2*
overlap area. Mean=SD. N=7 SOD1°%4 Ager™" Cx3cr1®*" mice, and N=9 SOD1°%34 Ager™* Cx3cri1®”*
mice. Independent two sample two-sided t-test. In B: * p=0.0132. In C: ** p=0.0076.

We next considered that it was important to also examine microglia and expression of
CLECT7A at a time point within the progression phase, but short of end-stage analysis. It is
important to note that microglial CLEC7A expression increases over time in this model, and
not all microglia may have notable expression of CLEC7A at 120 days of age. Thus, we
addressed this point by examining the expression of both CD11B and CLEC7A at day 120.
The results indicated significant reductions in the amount of CD11B" cells and CD11B" area
in SOD1¢%3 mice devoid of microglia Ager (Figure 8 A-C). Similar to the end-stage tissue
analysis, we observed reduced CLEC7A" area at day 120 (Figure 8 D-E). Altogether, these
data suggested that RAGE expression on microglia may contribute to the promotion of
microgliosis (Figure 8 A-C), and may affect CLEC7A expression at a stage within the
microglia phenotypic transition but prior to frank end-stage tissue pathologies (Figure 8 D-E).
As such, we surmised that the overall RAGE-dependent mechanisms in microglia in SOD1%%34
mice were likely through alterations in microglia cell intrinsic and cell-cell communication
pathways between microglia and other cell-types.
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Figure 8: Microglia Ager deletion in male
SOD 19934 mice reduces microgliosis at 120
days of age.
A. Representative images of CD11B
staining in the lumbar spinal cord ventral
horn of the indicated mouse groups. B.

o . Quantification of CD11B" area. C.
wrmAm o consTCeicom Quantification of CD11B* DAPI" cell

* number. D. Representative images of

CLEC7A staining in the lumbar spinal cord
ventral horn of the indicated mouse groups.
E. Quantification of CLEC7A4" area.
Mean+SD. N=4 SOD1°%4 Age)""
Cx3cr1®®" mice, N=6 SOD1%%34 Ager*’*
Cx3cr1®" mice. In B-C: Independent two
sample two-sided t-test. In E: Mann-
Whitney U-test. In B: * p=0.0253. In C: *
p=0.0212. In E: *p=0.0381.
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TASK 2: PET Imaging

These studies were based on the premise that evidence suggests that Translocator Protein
(TSPO) target of the tracer ['!CJPBR28) is involved in cellular and mitochondrial functions,
as knockout of TSPO in human C20 microglia significantly decreased membrane potential and
cytosolic calcium levels and reduced respiratory function. When “rescued” by overexpression
of TSPO, increased oxygen consumption was restored along with respiratory function. It is
conceivable that [!'C]PBR28 is measuring the state of mitochondrial function/metabolism
rather than “inflammation”. We performed studies to test the effects of RAGE229 in murine
ALS. Remarkably, compared to WT (non-SOD1%%34) mice (BLUE) or SOD1°** mice treated
with small molecule and CNS-permeable small molecule antagonist of RAGE-DIAPH1
interaction, called RAGE229 (GREEN) (intraperitoneal, d 90-120), the vehicle-treated
SODI1%*4 mice (RED) showed the lowest PBR uptake in the T13, L1, L2 and L3 spinal cord
(Figure 9). At sacrifice (d 120), CD11B+ microglia content in the ventral horn of the lumbar
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spinal cord was reduced in the RAGE229 vs. vehicle-treated mice (Figure 9).

A suv o po B . ___RAGE 229
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Figure 9. Administration of RAGE229 to SOD1%%34 mice restores uptake of TSPO-ligand [11]PBR28 to WT
levels and reduces microgliosis. A). CNS permeable RAGE229 or vehicle was administered by IP 2x daily from
age 90 d to 120-125 d old male mice injected with ['']PBR28 and subjected to PET and CT scans. The uptake
within the whole brain and spinal cord T13, and L1-L3 regions was monitored and quantified as standardized
uptake values (SUV). The last four time points of the scan are used to generate the mean SUV for each animal.
B). In the mice described in A, treatment with RAGE229 vs. DMSO resulted in reduced CDI1B+ staining
(microglia) (green) (blue=DAPI), consistent with reduced microglia/myeloid cells. Representative image of|
N=3 mice/group is shown. Scale bar: 50 um

AIM 2:

In order to identify small molecule antagonists of the cytoplasmic tail (ct) RAGE-DIAPHI1
interaction, we previously screened 59,000 ChemBridge CT488 library compounds at a single
concentration, 10 pM. Thirteen compounds which specifically bound to ctRAGE, not
DIAPHI, were identified with nM dissociation constants. In vascular cells, they blocked
RAGE ligand-inflammation and migration, suppressed ischemic injury in the diabetic heart
and blocked upregulation of inflammation after infusion of RAGE ligands into mice. From the
13 compounds, we identified two lead series (LS); LSII from “Compound 11” and LSI from
“Compounds 3 and 4”.

RAGE229: The 2-phenylquinoline scaffold is the high priority series (LSII) based on highly
favorable in vitro/in vivo potency, in vitro ADME (Absorption, Distribution, Metabolism and
Excretion), physical-chemical properties and in vivo PK in two species. After screening >250
analogues, RAGE229 has emerged as a strong candidate chemical probe for further testing.
Extensive candidate selection profiling was performed by us and Contract Research
Organizations (CROs) using several scale-ups of RAGE229 (>97.5% or >99.5% purity, with
no impurity >0.3% or >0.1%, respectively). Kp=3 nM was established in in vitro binding to
ctRAGE and there was selective activity in inhibition of RAGE ligand-stimulated vascular cell
migration assay (ICs0=3 nM). ADME-PK properties were favorable and after PO dosing, high
Cmax was observed (uM range) after 10 mg/kg was administered in rat and 5 mg/kg in dog,
respectively. RAGE229 demonstrated high oral bioavailability (%F=54-100%). RAGE229
had a brain:plasma ratio >0.7 in mice. Experiments in vivo testing the effects of RAGE229 on
delayed type hypersensitivity driven inflammation illustrated dose-dependent reduction in foot
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pad inflammation by RAGE229.

We analyzed the effects of RAGE229 vs. vehicle on body weight and motor function after the
age of 17 weeks when the most pronounced effects are noted. Early data suggest protective
effects of RAGE229 vs. vehicle on weight loss and on decline of motor function by hanging
wire test. At the humane endpoint, lumbar spinal cord was retrieved from RAGE229 vs.
vehicle-treated mice for immunofluorescence microscopy (Figure 10).
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Figure 10.SODI1°*4 mice treated with RAGE229 may exhibit decreased weight loss and motor
function decline after the age of 17 weeks. Percent change in body weight from maximum weight
in RAGE229 or vehicle-treated SOD1%%34 mice of both sexes (A4), male mice (B), and female (C) mice after
the age of 119 d. B. Latency to fall as measured by the hanging wire test in RAGE229 or vehicle-
treated SOD1%%34 mice of both sexes (D), male mice (E), and female (F) mice after the after the age of 119
d. In A and D, N=7 mice/group. In B and E, N=3 mice/group. In C and F, N=4 mice/group. Independent
two-sample two-sided t-tests with post-hoc Holm-Sidak test was used to assess the group difference at each
time point. Mean+SEM is shown.

We combined male/female mice in the analysis and found that there were no differences in
CD11B+ area (Figure 11). In addition to general markers of microglia, we assessed levels of
CLECT7A, an established marker of the pro-damage DAM phenotype in microglia and found
that there were trends to reduced CLEC7A (pro-damage DAM marker) (area and intensity) in
RAGE229- vs. vehicle-treated mice (Figure 11). Furthermore, there were trends to increased
NeuN/ChAT (motor neuron) area in RAGE229- vs. vehicle (Figure 11).
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Figure 11. RAGE229 treatment initiated at 8 weeks of age of SOD1%%3* mice may reduce microglia transition
to a DAM phenotype and reduce motor neuron death at sacrifice. A. Representative images of CD11B,
CLEC7A, and NeuN and ChAT immunohistochemistry in lumbar spinal cord of indicated mouse groups. B, C.
Quantification of CD11B and CLEC7A area after automated thresholding respectively. D. Quantification of
CLECT7A intensity. E. Quantification of NeuN and ChAT overlap suggestive of motor neurons. N=6 mice/group.
Mean+SD. Unpaired Student's t test used in B,C, and E. Mann-Whitney test used in D.

We found that there were no differences in GFAP- or the pro-damage reactive astrocyte
marker, AMIGO2 between the two groups (combined male and female mice) (Figure 12).
Collectively, these data suggest that RAGE229 may reduce weight loss and delay loss of motor
function in SOD1%*** mice, in parallel with reducing pro-damage DAM microglia markers and
sparing motor neurons (at humane sacrifice), without effects on astrocyte content (GFAP) or
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Figure 12. RAGE229 treatment initiated at 8 weeks of age of SOD1%%34 mice may not alter astrocytes at
sacrifice. A. Representative images of GFAP, and AMIGO2 immunohistochemistry in lumbar spinal cord of
indicated mouse groups. DAPI (blue) was used to counterstain nuclei. B. Quantification of GFAP area after
automated thresholding. C. Quantification of GFAP intensity. D. Quantification of GFAP and AMIGO2
overlap suggestive of "Al" reactive astrocytes. N=6 mice/group. MeantSD. Mann-Whitney test used
in B. Unpaired Student's t test used in C, and D.




19

reactivity, at least on account of no differences in AMIGO2. As above, multiple mice remain
on study through to humane endpoint.

Finally, it has been shown that in murine models, RAGE expression is attenuated in animals
treated with RAGE antagonists. As RAGE ligands directly upregulate RAGE expression,
blocking the pathological effects of RAGE ligands reduces RAGE expression. Critically, at
humane sacrifice, RAGE229-treated SOD1%%*4 mice displayed significantly reduced RAGE+
area and trends to lower RAGE intensity in the lumbar spinal cord vs. vehicle (Figure 13).
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Figure 13. RAGE229 treatment initiated at 8 weeks of agein SODI®*4 mice reduces RAGE
immunoreactivity at sacrifice. A.Representative images of RAGE immunohistochemistry in lumbar spinal
cord. B. Quantification of RAGE area after automated thresholding. C. Quantification of RAGE mean
intensity. N=6 mice/group (male/female combined). Mean+SD. Unpaired Student's t test. ** p<0.01

Although RAGE229 is not the final clinical candidate as more refinement is needed to achieve
all the ideal parameters, these key data provide critical support and proof of concept for this
chemical probe to block RAGE-DIAPHI1 and exert therapeutic effects in murine model of
ALS.

C. What opportunities for training and professional development has the project
provided?

The project was not intended to provide training and professional development opportunities,
hence, based on this type of grant mechanism, there is “nothing to report.”

However, there were extensive opportunities for training and professional development:

One of the PI’s graduate students, Michael MacLean, has been exposed to extensive
opportunities for training in the following areas:

- ALS: understanding of epidemiology, pathogenesis and history of therapeutic appraoches
- ALS: understanding of epidemiology with respect to veterans

- Breeding of SOD1%%* mice and serial assessment of copy number

- Functional testing of SOD%*** mice (hanging cage wire, grip strength)

- Monitoring of SOD1%%* mice

- Establishing the humane endpoint (serial body weights and righting reflex)
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- Using Automacs to isolate microglia

- Immunofluroesence microscopy to detect RAGE and cell types
- Performing RNA sequencing and data analysis

- Preparation of abstracts and presentations

Abstracts:

Maclean M, Schmidt AM. Transformative Research in Neurodegenerative Disease and
Neuropsychiatric Disorders: 2017 Innovators in Science Award Symposium” on Wednesday,
November 29, 2017

MacLean M, Juranek J, Cuddapah S, Hu J, Gugger P, Li H, Schmidt AM. Microglia RAGE
exacerbates the procession of amyotrophic lateral sclerosis in male but not female SOD1G93A
mice. Glia in Health & Disease; 2020 July 16; Cold Spring Harbor, NY, United States.

MacLean M, Juranek J, Cuddapah S, Derk J, Schmidt AM. RAGE Signaling in Microglia: a
potential contributor to neuroinflammation in Amyotrophic Lateral Sclerosis. Keystone
Symposia: Neural Environment in Disease: Glial Responses and Neuroinflammation; 2019
June 16; Keystone, CO, United States.

MacLean M, Juranek J, Derk J, Schmidt AM. Microglial RAGE: A Possible Contributor to
Neuroinflammation in ALS. New York Academy of Sciences: Neuro-Immunology: The
Impact of Immune Function on Alzheimer’s Disease; 2018 September 25; New York, New
York.

MacLean M, Juranek J, Derk J, Schmidt AM. RAGE Signaling in Microglia: a potential
contributor to neuroinflammation in ALS. Glia in Health & Disease; 2017 July 19; Cold Spring
Harbor, NY, United States.

Peer Reviewed Manuscripts

Derk J, MacLean M, Juranek J, and Schmidt AM. The Receptor for Advanced Glycation End
products (RAGE) and Mediation of Inflammatory Neurodegeneration. Journal of Alzheimer’s
Disease and Parkinsonism 2018;8(1). pii: 421. doi: 10.4172/2161-0460.1000421. Epub 2018
Jan 24.

MacLean M, Derk J, Ruiz HH, Juranek JK, Ramasamy R, Schmidt AM. The Receptor for
Advanced Glycation End Products (RAGE) and DIAPHI1: Implications for vascular and

neuroinflammatory dysfunction in disorders of the central nervous system. Neurochem Intl
2019 Jun;126:154-164. doi: 10.1016/j.neuint.2019.03.012. Epub 2019 Mar 20.
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MacLean M, Juranek J, Cuddapah S, Lopez-Diez R, Ruiz HH, Hu J, Frye L, Li H, Gugger PF,
Schmidt AM. Microglia RAGE exacerbates the progression of neurodegeneration within the
SODI1%4 murine model of amyotrophic lateral sclerosis in a sex-dependent manner. J
Neuroinflammation 18(1):139, 2021.

MacLean M, Lopez Diez R, Vasquez C, Gugger PF, Schmidt AM. Neuron-glia communication
perturbations in murine SOD1%%*4 spinal cord. In Revision, 2021.
D. How were the results disseminated to communities of interest?

Nothing to report.

For the scientific community, we disseminated findings through scientific meetings (and
abstracts/presentations) and publications.

E. What do you plan to do during the next reporting period to accomplish the goals?
Final Progress Report: N/A

. IMPACT:

A. What was the impact on the development of the principal discipline(s) of the project?
1). We have identified that in the ALS mouse (called SOD1%3*4) spinal cord, that the molecule
called receptor for AGE or RAGE is highly expressed and particularly it is expressed in
activated microglia, and not the unstimulated microglia in the spinal cord. This finding, based
on the known biology of RAGE, strongly implicates this molecule in the pathogenesis of ALS
and loss of neurons in the spinal cord, which causes, ultimately, paralysis and death.

2). We have found that a lead molecule that blocks RAGE actions, which is a small molecule
compound, is able to enter the central nervous system, of which the spinal cord, is a part. We
have now found the optimal means to deliver this molecule in the food of the mice. This key
finding means that we will be able to treat the mouse model of ALS, the SOD19%*4 mouse,
with this agent to test if it improves survival and motor function.

3). We have found that by using noninvasive imaging of the ALS mouse spinal cord we can
discern activated microglia (in the SOD1%%*
that does not have ALS.

mice) from no glial activation in a normal mouse
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4). Our data reveal that deletion of microglia RAGE is protective in male SOD1%%*4 mice when
compared to the cre control (ALS). These key data suggest that RAGE in microglia may exert
negative effects and further strenthens the relevance of this target for ALS. It is essential to
now test distinct models of ALS and particularly in male and female mice.

Taken together these findings hold great promise to:

1) Identify an important pathway in the pathogenesis of ALS

2) Identify a non invasive way to track glial inflammation in ALS (as a part of future
therapeutic programs using the imaging as a way to indicate if agents might be effective,
or not)

3) Identify a new treatment for ALS

B. What was the impact on other disciplines?
Nothing to report

C. What was the impact on technology transfer?

At this time, we are working aggressively toward the development of an analogue of RAGE229
that is enabled for Phase I clinical trials. At this time, we do not have this agent but are
confident that the data obtained in murine models with RAGE229 will exert positive impact
for the ultimate testing of RAGE-DIAPHI small molecule antagonists in ALS in clinical trials.

D. What was the impact on society beyond science and technology?
Nothing to report

CHANGES/PROBLEMS:
A. Changes in approach and reasons for change: Nothing to report
B. Actual or anticipated problems or delays and actions or plans to resolve them.
Nothing to report
C. Changes that had a significant impact on expenditures.
Nothing to report
D. Significant changes in use or care of human subjects, vertebrate animals, biohazards,
and/or select agents.
Nothing to report
E. Significant changes in use or care of human subjects
Nothing to report
F. Significant changes in use or care of vertebrate animals.
Nothing to report
G. Significant changes in use of biohazards and/or select agents.
Nothing to report
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6. PRODUCTS:
A. Publications, conference papers, and presentations
Abstracts:
Maclean M, Schmidt AM. Transformative Research in Neurodegenerative Disease and

Neuropsychiatric Disorders: 2017 Innovators in Science Award Symposium” on Wednesday,
November 29, 2017

MacLean M, Juranek J, Cuddapah S, Hu J, Gugger P, Li H, Schmidt AM. Microglia RAGE
exacerbates the procession of amyotrophic lateral sclerosis in male but not female SOD1G93A
mice. Glia in Health & Disease; 2020 July 16; Cold Spring Harbor, NY, United States.

MacLean M, Juranek J, Cuddapah S, Derk J, Schmidt AM. RAGE Signaling in Microglia: a
potential contributor to neuroinflammation in Amyotrophic Lateral Sclerosis. Keystone
Symposia: Neural Environment in Disease: Glial Responses and Neuroinflammation; 2019
June 16; Keystone, CO, United States.

MacLean M, Juranek J, Derk J, Schmidt AM. Microglial RAGE: A Possible Contributor to
Neuroinflammation in ALS. New York Academy of Sciences: Neuro-Immunology: The
Impact of Immune Function on Alzheimer’s Disease; 2018 September 25; New York, New
York.

MacLean M, Juranek J, Derk J, Schmidt AM. RAGE Signaling in Microglia: a potential
contributor to neuroinflammation in ALS. Glia in Health & Disease; 2017 July 19; Cold Spring
Harbor, NY, United States.

B. Journal publications.

Derk J, MacLean M, Juranek J, and Schmidt AM. The Receptor for Advanced Glycation End
products (RAGE) and Mediation of Inflammatory Neurodegeneration. Journal of Alzheimer’s
Disease and Parkinsonism 2018;8(1). pii: 421. doi: 10.4172/2161-0460.1000421. Epub 2018
Jan 24.

MacLean M, Derk J, Ruiz HH, Juranek JK, Ramasamy R, Schmidt AM. The Receptor for
Advanced Glycation End Products (RAGE) and DIAPHI1: Implications for vascular and
neuroinflammatory dysfunction in disorders of the central nervous system. Neurochem Intl
2019 Jun;126:154-164. doi: 10.1016/j.neuint.2019.03.012. Epub 2019 Mar 20.

MacLean M, Juranek J, Cuddapah S, Lopez-Diez R, Ruiz HH, Hu J, Frye L, Li H, Gugger PF,
Schmidt AM. Microglia RAGE exacerbates the progression of neurodegeneration within the
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SODI1%4 murine model of amyotrophic lateral sclerosis in a sex-dependent manner. J
Neuroinflammation 18(1):139, 2021.

MacLean M, Lopez Diez R, Vasquez C, Gugger PF, Schmidt AM. Neuron-glia communication
perturbations in murine SOD1%%*4 spinal cord. In Revision, 2021.

C. Books or other non-periodical, one-time publications.
Nothing to report

D. Other publications, conference papers, and presentations.
Nothing to report

E. Website(s) or other Internet site(s).
Nothing to report

F. Technologies or techniques
Nothing to report

G. Inventions, patent applications, and/or licenses
Nothing to report

H. Other Products
Nothing to report

PARTICIPANTS & OTHER COLLABORATING ORGANIZATIONS
A. What individuals have worked on the project?

Ann Marie Schmidt

Project Role: Principal Investigator
Researcher Identifier: SCHMIDTAM (eRA Commons ID)
Nearest Person Month Worked: 1.0 Person Month (Years 1, 2, NCE #1 and #2)

Contribution to Project: Dr. Schmidt oversees all aspect of the project, project team, mouse
care and use, data analyses and all interactions with co-investigators.

Funding Support: N/A
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Yu-Shin Ding

Project Role: Co-investigator

Researcher Identifier: YU SHIN DING (eRA Commons ID)
Nearest Person Month Worked: 2 Person Months (Years 1 and 2)

Contribution to Project: Dr. Ding has overseen the implementation and performance of the
imaging studies on the mice using [!'C]PBR28 as outlined in the protocol.

Funding Support: N/A

Judyta Juranek

Project Role: Associate Research Scientist
Researcher Identifier: JKJ2110CU (eRA Commons ID)
Nearest Person Month Worked: 10 Person Months (Year 1); 12 Person Months (Year 2)

Contribution to Project: Dr. Juranek’s role has been to monitor the mouse behavioral
endpoints, humane endpoint determinations and she has overseen and organized the mice
allocated to imaging studies. She performs the biochemical and molecular analyses on the
mouse tissues.

Funding Support: N/A

Huilin Li

Project Role: Co-investigator

Research Identifier: LIHUILINO9 (eRA Commons ID)
Nearest Person Month Worked: 1 Person Month (Years 1 and 2)

Contribution to Project: Dr. Li oversees all aspects of power calculations and statistical
analysis of the data.

Funding Support: N/A
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Jiyuan Hu

Project Role: Post-doctoral research scientist
Researcher Identifier: HUJIO10 (eRA Commons ID)
Nearest Person Month Worked: 1 Person Month (Years 1 and 2)

Contribution to Project: Dr. Hu works with Dr. Li; she is a biostatistician who has performed
all aspects of power calculations and statistical analysis.

Funding Support: N/A

Michael MacLean

Project Role: Graduate Student
Researcher Identifier: mm8848 (eRA Commons ID)
Nearest Person Month Worked: 6 Person Months (Year 1); 8 Person Months (Year 2)

Contribution to Project: Mr. MacLean breeds and genotypes the mice and works together
with Dr. Juranek to perform the behavioral analyses, humane endpoint determinations and
the indicated biochemical and molecular analyses.

Funding Support: Mr. MacLean is funded by the Sackler graduate school at NYU School of
Medicine.

B. Has there been a change in the active other support of the PD/PI(s) or senior/key
personnel since the last reporting period?

NCE #2: 07/01/2020 - 06/30/2021

Schmidt, Ann Marie

ACTIVE

1R01DK109675 04/01/16-03/31/22 0.06 calendar
NIH No Cost Extension

RAGE/mDial, Macrophage Trafficking and Inflammation in High Fat Feeding

Major goal of this application is to understand macrophage-adipocyte interactions in high
fat feeding and obesity.

Role: PI
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IRO1HL132516 12/09/16-11/30/21 0.06 calendar
NIH No Cost Extension
RAGE/mDial, Macrophage Trafficking and Inflammation in Regression of Diabetic
Atherosclerosis

The major goal of this grant is to probe the mechanisms by which macrophage (Mo) RAGE
impairs regression of atherosclerosis in diabetic or IR mice.

Role: Multi-PIs (Schmidt & Ramasamy-Contact-PI)

PO1IHL131481 05/01/17-04/30/22 3.0 calendar
NIH (Fisher: PI) PO1

Macrophage Dysfunction in Obesity, Diabetes and Atherosclerosis

Major goal of this application is to determine mechanisms of macrophage trafficking,
metabolism and inflammation in the context of RAGE/DIAPHI1 in obesity

Role: Project 3 and Core C Leader

(THIS AWARD)

USAMRAA Dept. of the Army 07/01/17-06/30/21 0.04 calendar
No Cost Extension

Receptor for AGE (RAGE) Signal Transduction in Amyotrophic Lateral Sclerosis: In Vivo

Imaging and Novel Therapeutic Approaches

Major goals of this grant includes testing the hypothesis that microglia RAGE, through

ligand-driven upregulation of inflammatory and pro-oxidative stress and suppression of
reparative processes in the ALS spinal cord, mediates neuronal death and loss of motor
function and probing the hypothesis that PBMM-specific deletion of Ager attenuates
neuronal stress, accumulation of AP and amyloid plaques, synaptic dysfunction and
cognitive impairment in APPswe/PS1 mice.

Role: PI

USAMRAA Dept. of the Army 09/30/17-04/29/22 1.08 calendar
No Cost Extension
RAGE/Diaphl, Diabetes, and Kidney Disease: Mechanisms and Novel Therapeutic
Strategies
Major goals for this grant involves (a) testing the hypothesis that RAGE and DIAPHI
mediate podocyte dysfunction in DN through disengagement of homeostatic actin
cytoskeleton dynamics and upregulation of pro-inflammatory and pro-fibrotic molecules
(b) testing the hypothesis that RAGE and DIAPH1-expressing macrophages contribute to
structural and functional derangements in DN through upregulation of tissue-destructive
and profibrotic mediators and (c) determining if administration of novel small molecule
antagonists of RAGE-DIAPHI interaction in diabetic mice protects against DN.
Role: PI (Ramasamy-Partnering PI)
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American Heart Association 04/01/17-03/31/22 2.4 calendar
No Cost Extension

Braking Inflammation in Obesity & Metabolic Dysfunction: Translational and Therapeutic

Opportunities

The major goal of this grant is to investigate the novel hypothesis that impaired adipocyte,

macrophage and other inflammatory cell signal transduction thwarts weight loss and its

anti-inflammatory and metabolic benefits, at least in part through the activation of the

receptor for advanced glycation endproducts, or RAGE pathway, which has been shown to

regulate a unique repertoire of inflammatory and metabolic processes.

Role: Center Director, Project 1 Leader

1POIHL146367-01 08/01/19-06/30/24 3.0 calendar
NHLBI

Macrophages, Cell-Cell Communication, Ischemic Injury in Diabetes and the
RAGE/DIAPHI Signaling Axis

The major goal of this grant is to probe the mechanisms and identify new therapies for
untoward monocyte and macrophage responses in ischemia, which, together with cellular
perturbation in the microenvironment, amplify damage in myocardial infarction and
peripheral arterial disease, especially in diabetes.

Role: PI

IR01DK122456-01A1 07/01/20-03/31/25 1.2 calendar
NIDDK

Targeting RAGE/DIAPHI: Novel Therapeutic Strategy for Diabetic Complications

The major goal of this grant is to develop small molecule antagonists to treat diabetic
complications.

Role: MPI (Schmidt (contact PI)/Ramasamy)

INACTIVE

(ENDED)

POIHL60901 07/15/11-11/30/18 0.12 calendar
NIH No Cost Extension

RAGE and Mechanisms of Vascular Dysfunction

This grant focuses on the mechanisms by which diabetes accelerates atherosclerosis via
RAGE.

Role: Project 1 and Core A Leader, Core C Co-Leader

1R24DK 103032 08/01/14-07/31/19 0.06 calendar
NIH No Cost Extension
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Targeting RAGE-mDial in Diabetic Complications: Mechanisms & Therapeutics

Major goal of this application is to develop small molecule inhibitors of the interaction of
the RAGE cytoplasmic domain with DIAPHI.

Role: PI

Alzheimer’s Association 03/01/17-02/29/20 0.24 calendar

RAGE, Diaphl, Microglia and Alzheimer's disease
Major goal of this grant is to probe the hypothesis that microglial-specific Ager deletion
modulates neuronal stress, accumulation of A and amyloid plaques, synaptic and

cognitive dysfunction in APPswe/PS1 mice.
Role: PI

OVERLAP: None

C. What other organizations were involved as partners?
N/A

8. SPECIAL REPORTING REQUIREMENTS
N/A
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9. APPENDICES:
Original journal publications:

1.

Derk J, MacLean M, Juranek J, and Schmidt AM. The Receptor for Advanced
Glycation End products (RAGE) and Mediation of Inflammatory Neurodegeneration.
Journal of Alzheimer’s Disease and Parkinsonism 2018; 8(1). pii: 421. doi:
10.4172/2161-0460.1000421. Epub 2018 Jan 24.

MacLean M, Derk J, Ruiz HH, Juranek JK, Ramasamy R, Schmidt AM. The Receptor
for Advanced Glycation End Products (RAGE) and DIAPH1: Implications for vascular
and neuroinflammatory dysfunction in disorders of the central nervous system.
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Introduction

The Receptor for Advanced Glycation Endproducts (RAGE) is an immunoglobulin-type,
transmembrane receptor that is expressed on numerous cell types in the Central Nervous
System (CNS) and periphery, such as neurons, astrocytes, microglia, mononuclear
phagocytes, epithelial, and endothelial cells (ECs). RAGE binds a discrete repertoire of
ligands, including nonenzymatically glycated proteins and lipids also known as advanced
glycation endproducts (AGEs), for which the receptor is named, in addition to multiple
members of the S100/calgranulin family, oligomeric forms of A, high mobility group box 1
(HMGB1), phosphatidylserine (PS), and lysophosphatidic acid [1-8]. Extensive evidence
has implicated RAGE as a critical player in regulating inflammation, as well as oxidative
and cellular stress in a variety of organ niches and disease settings, including the CNS
during neurodegeneration [5, 6, 9-14].

This review will focus on the current state of knowledge regarding RAGE and
neurodegeneration. Specifically, we will detail the effect of RAGE signal transduction on
cellular stress, pinpoint clues into RAGE pathophysiology in the context(s) of increased
RAGE ligand burden, discuss the systemic consequences of RAGE-driven inflammation in
the CNS as a whole, and report on the increasing number of published genome wide
association study (GWAS) findings that evoke strong indications for RAGE as a putative
driver of cellular and systemic dysfunction during key neurodegenerative pathologies, most
specifically Alzheimer’s disease (AD), Parkinson’s disease (PD), Amyotrophic Lateral
Sclerosis (ALS), and Multiple Sclerosis (MS).

RAGE Signal Transduction

Our laboratory recently discovered that upon ligand engagement of the extracellular domains
of RAGE, the RAGE cytoplasmic domain binds to its intracellular effector molecule,
Diaphanous 1 (DIAPH1) [15, 16]. DIAPH1 has subsequently been shown to be required for
signal transduction induced by RAGE ligand binding, including the activation of mitogen
activated protein kinases (MAPK), Rho GTPases, and phosphatidylinositol 3-kinase
(PI3K)/Akt signaling. RAGE-DIAPH1 signaling effects are dependent on many factors,
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including, but not limited to: cell-type, ligand form and ligand concentration, and the
duration of signal induction (acute vs. chronic) [17-22]. The implications of activation of
these signaling cascades are substantial, and predominantly pathological. The RAGE-
DIAPHL1 interaction drives the generation of reactive oxygen species (ROS), the induction of
cellular migration, the upregulation of inflammatory cytokines, and subsequent
downregulation of ATP binding cassette (ABC) cholesterol transporters, such as ABCA1
and ABCG1, thereby mediating intracellular lipid accumulation and consequent cellular
dysfunction [9, 23-25].

Besides its role in RAGE-DIAPH1-mediated inflammation, DIAPHL is a dynamic mediator
of actin cytoskeleton stability and rearrangement, as well as regulation of transcription
factors [15, 26-28]. It was recently reported that DIAPH1 was highly expressed in human
gliomas; however, the specifics of DIAPH1 expression, including the cellular localization
and the potential DIAPH1-mediated mechanisms of /in vivo dysfunction in the rodent or
human CNS have not been elucidated [29]. Beyond this report, very little is known about
DIAPH1 expression pattern and functions in the CNS of normal or degenerating models of
humans; there are no known SNPs in D/APHI that increase or decrease neurodegenerative
disease risk. However, the impact of RAGE-DIAPHL1 signal transduction in peripheral cells
exhibits prominent overlap with the patterns of cellular dysfunction observed in
neurodegeneration, including the increased production of ROS and pro-inflammatory
cytokines and the downregulation of homeostatic molecules such as neurotrophins and
cholesterol/lipid handlers. This signaling culminates in significant alterations in critical
cellular functions, such as migration, phagocytosis, replication, and cell death, particularly
in cells of myeloid and endothelial origin, but also in neurons [4, 12, 30-32].

Connecting the dots: potential RAGE mechanisms in Alzheimer’s disease

Alzheimer’s disease (AD) is a neurodegenerative disorder that impacts millions of people
worldwide and is not curable. While the primary risk factor for AD is advanced age, recent
insights from genomic technology implicate inflammatory lipid and cytokine signaling in
microglia, the myeloid cells of the CNS, as a prominent correlate of disease. Specifically,
human GWAS suggest a powerful link between inflammatory pathways, including
complement, chemokines, and influential lipid and cholesterol molecules, such as Triggering
Receptor Expressed on Myeloid Cells 2 (TREM2), ABCA7, Apolipoprotein E variant 4
(APOE4), and others with AD susceptibility [14, 20, 33—-41]. Additional analyses within
animal models have illuminated various molecules critical to the innate immune system as
major contributors to increased or decreased rate of AD progression, such as Chemokine
Receptor Type 2 (CCR2), Chemokine Receptor 1 (CX3CR1 or GPR1), complement
components (C1qg and C3), and Chemokine Ligand 8 (CXCLS8) [35, 42-55].

The most prominent risk alleles and impairments were observed in humans and mice with
loss-of-function mutations or deletions of the aforementioned chief lipid handling
molecules. However, burgeoning data in humans and rodent models also indicate that
systemic inflammation and transient infections in the periphery are sufficient to increase
production of RAGE ligands, particularly AGEs and oligomeric Ap. In contexts in which
these ligands accumulate in the CNS, RAGE signaling is causally implicated in exacerbating
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ongoing neurodegenerative disease. Atop these multiple mechanisms of augmented RAGE
ligand production in AD, there is also prominent downregulation of specific detoxification
mechanisms, which inhibit production of pre-AGEs such as methylglyoxal (MG) [56].
Glyoxalase 1 (GLO1), the principal enzyme that detoxifies MG, mitigates AGE production
and is upregulated in the early and mid-stages of AD in human subjects. However, in the late
and progressive stages of AD dysfunction, depletion of the enzyme’s chief and essential
cofactor, glutathione, reduces overall activity of the GLO1-AGE detoxifying system, thus
facilitating increased AGE production and accumulation [56, 57]. Altogether, these findings
underscore a potentially profound link between inflammation, both peripheral and central,
which prompts the question: To what extent might anti-AGE/RAGE therapies provide
protective measures for neurodegeneration and AD, given the prominence of cellular stress
driven by increased RAGE ligand burden [58-60]?

Population-based studies have emerged suggesting links between RAGE, dementia, and AD.
Genetic sequence variations in 20 genes associated with inflammatory signaling were
recently probed for possible associations with dementia risk. From 1,462 Swedish dementia
cases and 1,929 controls that were composed of twin and unrelated case-control samples,
investigators identified a potential association of sequence variations near the gene encoding
RAGE (AGER), to increased risk for dementia and AD, in two independent samples.
Further, a recent structural analysis utilizing MRI technology revealed that atrophy of the
right hippocampus substructure CA1 during AD progression was significantly correlated to
the single nucleotide polymorphism (SNP) variant rs2070600 within AGER [61]. Notably,
this variant has been previously associated with increased affinity to ligands and increased
ligand-stimulated inflammation in cultured cells, in conjunction with decreased levels of
circulating soluble RAGE (SRAGE) [62]. SRAGE is a short, soluble isoform of RAGE, and
putative “decoy” receptor. Because it lacks the intracellular and cytoplasmic domains
required for signaling, SRAGE is predicted to protect against inflammation and RAGE-
dependent cellular stress by sequestering RAGE ligands and preventing their engagement of
the full-length, transmembrane RAGE [63, 64]. Thus, in humans bearing this SNP, lower
SRAGE concentrations may directly amplify ligand burden and availability for signal
transduction through full-length RAGE. This increases cellular stress, impairs lipid and
cholesterol handling for the cells, in addition to promoting increased ROS production,
thereby forging a feed-forward, self-perpetuating loop of inflammatory cellular stress in
ECs, myeloid cells, and others within the CNS niche, including astrocytes, neurons, and
oligodendrocytes.

Many of the mechanistic studies of RAGE in AD-like mouse models have been conducted in
animals that are globally devoid of Agerand animals with dominant negative-RAGE (DN-
RAGE) targeted to myeloid cells, using the macrophage scavenger receptor. DN-RAGE is
composed of the extracellular RAGE domains and the transmembrane domain; hence,
although ligand binding to this construct is intact and it is tethered to the cell membrane,
signaling is abrogated on account of deletion of the cytoplasmic domain. These DN-RAGE
studies have indicated that RAGE signal abrogation confers a benefit for AD progression
and suggest a role for RAGE in myeloid cells during AD [10, 12, 39, 65]. However, there are
possible caveats to these studies, particularly since it is plausible that DN-RAGE may also
act as a decoy receptor and “ligand sink”, much like SRAGE, and mice devoid of Ageror
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expressing DN-RAGE constitutively from birth may develop differently than a wild-type
animal. Therefore, further investigation utilizing greater cell type- and temporal specificity
would be key for definitively determining a role for RAGE in AD.

RAGE molecules expressed on ECs are also known to facilitate the transport of Ap into and
across the blood brain barrier (BBB) during AD, implicating RAGE in mediating the
increased pools of ligand concentrations found during disease progression [9, 66]. Since
AGE production is increased in oxidized environments and RAGE engagement drives ROS
production, there are additional entry points into the aforementioned feed-forward loop in
which RAGE ligand binding drives increased RAGE ligand abundance, increased RAGE-
DIAPH1 signaling, and therefore increased ROS and AGEs. Together, this AGE-generating
loop and the reduced expression of Low Density Lipoprotein Receptor-related Protein 1
(LRP1), the chief molecule responsible for transporting A out of the brain, in AD,
collectively dysregulate the flux and trapping of AGEs and A within the CNS as
degeneration progresses [67]. Collectively, these data provide strong evidence for the
RAGE-DIAPH1 signaling axis as a prominent mediator of inflammation and cellular
dysfunction in a variety of cell types during AD, particularly by igniting an unconstrained
iterative loop of signal propagation driving cell-intrinsic and cell-to-cell stress signals that
mediate prominent impairments during AD.

Of note, the extracellular RAGE inhibitor, Azeliragon, is currently in Stage 3 clinical trials
to investigate the therapeutic potential of RAGE inhibition in AD patients. Initially, in an 18-
month Stage 2 clinical trial of 399 patients, the trial was preemptively halted when
Azeliragon (then by the name of TPP488) was shown to be deleterious to patients at high
doses (60 mg for 6 days followed by 20 mg), but protective at low doses (15 mg for 6 days
followed by 5 mg) [68, 69]. Currently, a Stage 3 study granted Fast Track designation by the
United States Food and Drug Administration, is being conducted that utilizes the low dose
(5 mg for 18 months) vs. placebo. This trial, entitled the STEADFAST Study, was recently
extended for an optional 2 year continuation in multiple countries across the world [70].

RAGE and Parkinson’s Disease, a second manifestation of the cellular
dysfunction

Parkinson’s disease (PD) is another common neurodegenerative disorder that impacts
millions of people worldwide and is characterized by the specific loss of nigrostriatal
dopaminergic neurons and locomotor deficits [71]. While the cerebral location and neuronal
subsets that degenerate in PD are distinct from AD, there are prominent cellular activation
mechanisms driving inflammation and perturbation of neurons at the nexus of the two
disorders. Akin to AD, the initiation of PD pathogenesis is still not clearly elucidated.
However, there are many disease processes correlated to PD and AD pathogeneses, which
could potentially be related to RAGE-DIAPH1 signaling, such as enhanced oxidative stress,
innate immune activation, protein aggregation, and neuronal death.

Multiple lines of evidence suggest a potential role for RAGE and its ligands in the
pathogenesis of PD. First, the same AGER rs2070600 SNP that was implicated in CAl
atrophy during AD, was also correlated to the highest risk for PD development of all known
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AGER SNPs in a Turkish cohort GWAS (N=174 PD patients and N=150 healthy controls)
[72]. In addition, when compared to healthy controls, PD patients have recently been shown
to possess higher concentrations of S100B and HMGB1, two known RAGE ligands, in the
substantia nigra and cerebral spinal fluid (CSF) [73-75]. In rodent models, numerous studies
have indicated that animals derive prominent protection from PD-like impairments when
RAGE signaling was blocked through genetic ablation of S100B/RAGE or by the
administration of a RAGE inhibitor, FPS-ZM1, a blood-brain barrier (BBB) permeable, high
affinity, multimodal blocker of RAGE [73]. Either strategy was sufficient to abrogate a
variety of impairments observed in the PD-like rodent models, such as apoptosis of
dopaminergic cells; locomotor defects; neuroinflammatory microgliosis and astrogliosis, as
measured by increased ionized calcium binding adaptor molecule 1 (IBA1) and glial
fibrillary acidic protein (GFAP) staining, respectively; tyrosine hydroxylase (and therefore
dopamine) deficits; NF-kB activation; and tumor necrosis factor alpha (TNFa) upregulation
in the presence of PD-like syndromes induced by toxins. While many of these benefits only
partially rescued cellular deficits or delayed the onset of disease, it is possible that RAGE-
based interventions in AD and PD may provide meaningful avenues for therapeutic
intervention in either condition of neurodegeneration.

Amyotrophic Lateral Sclerosis, another inflammatory syndrome of the

CNS?

Amyotrophic Lateral Sclerosis (ALS) is a fatal neurodegenerative disorder characterized by
progressive motor function loss and muscle atrophy. Much like AD and PD, many of the
gene mutations linked to ALS have also been shown to drive inflammatory glial activation,
oxidative stress, and neuronal loss. There is prominent overlap of disease phenotypes in ALS
to other disorders with regard to the cellular consequences of RAGE-DIAPHL1 signaling,
although further investigation is required to elucidate these mechanisms. [76]. Several
studies have reported increased concentrations of RAGE ligands in the spinal cord [77-79]
and CSF of ALS patients [80]. Conversely, serum SRAGE was decreased in human ALS
patients, thereby putatively increasing ligand burden available for binding to and inducing
signaling through full-length RAGE [81]. While little mechanistic evidence is available
linking RAGE and ALS, our laboratory recently showed that RAGE and its ligands are
increased in the spinal cord of ALS patients [78].

Furthermore, this increase of RAGE and its ligands was recapitulated in one of the most
commonly employed ALS rodent models, murine lines containing the familial G93A
mutation in superoxide dismutase 1 (SODYI), as discovered in human ALS populations [3,
82, 83]. In these models, nerve growth factor (NGF) is post-translationally modified by
oxidation and contributes to RAGE signaling-induced motor neuron death when normal
motor neurons are co-cultured with SOD1 G93A astrocytes [84]. In addition, C6 rat
astrocytoma cells overexpressing mutant SOD1 G93A protein displayed significantly
increased RAGE ligand S100B expression and, intriguingly, inhibition of this process by
SiRNA targeting SZ00b ameliorated the inflammatory profile of these cells [3].

J Alzheimers Dis Parkinsonism. Author manuscript; available in PMC 2019 January 24.

35



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuen Joyiny

Derk et al. Page 6

In the SOD1 G93A mice, daily administration of recombinant SRAGE extended lifespan and
duration of healthy body weight, while slowing the onset of motor function loss [82].
Importantly, SRAGE treatment not only reduced motor neuron death but also decreased
astrogliosis, indicating a more homeostatic profile in multiple cell types [82]. Altogether, a
burgeoning body of literature suggests that RAGE activation, driven by an increased
availability of ligands, is likely a contributing factor to ALS pathology. However, further
work utilizing established BBB-permeable inhibitors of RAGE-DIAPH1 would be
paramount in elucidating the value of targeting this signaling axis as a potential therapeutic
target for slowing the progression inflammatory and neuron-perturbing signaling in ALS.

Multiple Sclerosis and experimental autoimmune encephalopathy (EAE)

Multiple Sclerosis (MS) is a debilitating neurodegenerative disease in which autoimmune
tissue-destructive processes are implicated. In human subjects, the AGER rs2070600 SNP
was associated with MS in several studies [63, 85]. However, in a different study of a
Hungarian community, this SNP was not present. Although, another SNP within the AGER
promoter suggested altered transcription, rather than differences in ligand binding and
SRAGE production, may be contributing to the risk of MS within this population [86].

With respect to SRAGE, akin to other inflammatory neurodegenerative syndromes discussed
above, MS patients display lower serum levels of SRAGE relative to control patients and this
decreased sSRAGE inversely correlates with disease progression [87]. In addition, RAGE
ligands are also increased in active MS lesions, as observed by immunohistochemistry.
Further, AGER mRNA and RAGE ligand protein concentrations were increased in serum,
CSF, and mononuclear cells in both niches during MS [87-91]. Interestingly, patients treated
with disease-modifying drugs display a prominent reduction of serum HMGB1 when
compared to untreated MS patients, which correlated to a better disease prognosis [90].
Fingolimod, a sphingosine-1P (S1P) analogue, has also been utilized to treat relapse-
remitting MS in human patients, and induces a significant reduction in serum HMGB1 after
6 months of treatment while increasing SRAGE, albeit this study was conducted in a small
patient cohort (n=17) [91].

Induction of experimental autoimmune encephalomyelitis (EAE), in which mice are
immunized with myelin basic protein (MBP), has been utilized to study the molecular
mechanisms underlying MS. Studies have reported increased RAGE in the spinal cords of
mice with EAE [88, 92], whereas blockade of RAGE signaling by recombinant SRAGE
administered concomitantly with EAE induction in mice, significantly reduced immune cell
infiltration into the brain and the severity of the disease [92]. However, controversy arose
after a report that Ager deficient mice with EAE displayed no differences in disease severity
[58].

Three distinct, but not exclusive possibilities may explain these seemingly conflicting
results. First, recombinant SRAGE may exert some of its effects independent of RAGE
signaling. It is possible that SRAGE is functioning as a pathological ligand sink in this
instance that not only reduces RAGE signaling but other inflammatory signals as well
through different receptors to which RAGE ligands may also bind. Second, the deletion of
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Agerfrom every cell may imbue detrimental effects due to unknown roles of RAGE in
homeostatic functions and thus, a complete blockade of this signaling, as opposed to
dampening, may reduce the benefits of RAGE inhibition. Third, it is well established that
MS and EAE models in mice are characterized by periods of exacerbation vs. remittance of
disease; hence, the timing of RAGE inhibition or Agerdeletion /in vivo may critically impact
phenotypic outcomes.

Collectively, these considerations suggest that RAGE signaling is likely contributing to
inflammatory perturbation in MS. Potential therapeutic interventions should investigate the
possibilities of abrogating disease pathology by quenching RAGE ligands and/or preventing
RAGE inflammatory signaling as well, although a much more detailed analysis of when and
how to do so would still need to be conducted.

Conclusions

As summarized in the Figure, the manifestations of AD, PD, ALS and MS are distinct in
nature, impacting differential subsets of neurons and regional variability within the CNS.
However, there are common underlying threads that strongly suggest similarities among
these neurodegeneration syndromes, including increased accumulation of RAGE ligands and
expression of RAGE, processes that trigger oxidative and cellular stress, and myeloid,
neuronal, astrocytic, and endothelial dysfunction. The last decade of research has generated
a strong body of evidence to suggest that RAGE signaling plays a prominent role in the
pathophysiology of these inflammatory neurodegenerative syndromes, although many of the
specific details remain to be fully elucidated. Although these findings are illuminative,
multiple questions remain to be addressed, such as, does RAGE signaling participate in
disease induction and/or as a potentiation/progression mechanism in these disorders? Why
do we sometimes discern differential outcomes upon the use of SRAGE, RAGE inhibitors,
or, in animal models, DN-RAGE expression or genetic ablation of Ager? To what extent
does RAGE play time-dependent roles during discrete periods of disease and in distinct cell
types, in models vs. humans, and are the effects of RAGE specific to aging or prominent
across the lifespan? Are there specific patient populations for which RAGE-based therapies
would be most or least beneficial? To this end, the future application of recent insights from
human GWAS data for the use of genetic testing in conjunction with measuring circulating
SRAGE levels might be the first steps to determine the subpopulations in which the
administration of RAGE inhibitors may increase healthspan. RAGE presents itself as an
attractive target for inhibition, when aiming for therapies that assuage cognitive decline
during neurodegeneration through interfering with feed-forward loops of inflammation and
oxidative and cellular stress.

A new age in science is upon us where we are poised to integrate these varied questions.
Excitingly, the novel discoveries that have revealed the genetics of disease susceptibility
have occurred while many laboratories are concurrently flourishing in their revelations on
the cellular and molecular mechanisms of RAGE signal transduction, and novel fields have
developed to optimize cell targeting and isolation technology, RAGE inhibitors, and more
nuanced approaches for clinical trials. Does this mounting evidence suggest a prominent role
for RAGE signal transduction in accelerating the pathogenesis of inflammatory
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urodegeneration, irrespective of the disease subtype? Further work will undoubtedly be

required to determine to what extent and in which specific contexts inhibiting RAGE
signaling will protect the CNS from neurodegeneration. However, these developing studies
have shown clear benefits of RAGE abrogation, and the future shows promise, particularly

as
of

we begin to take a more integrative approach to understanding the complex mechanisms
these devastating diseases and the possibilities of relief through meaningful interventions.
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Figure. Working model of RAGE signaling in microglia and the pathogenesis of
neurodegenerative disease

Increases in pathological levels and oligomeric forms of RAGE ligands characterize the
transition from health and homeostasis to disease- mediating activities in microglia during
the progression of AD, PD, ALS and MS. These pathological RAGE ligands promote
RAGE-DIAPH1 signaling-induced oxidative stress, cytokine production, gliosis, and
inflammation. Inflammatory cell activation further induces increased RAGE and RAGE
ligand expression, while decreasing innate detoxifiers, thereby promoting an inflammatory
feed-forward loop resulting in strikingly higher degrees of inflammatory gliosis, neuronal
stress, BBB dysfunction and, eventually, neuronal death. We posit that activation of the
AGE-RAGE-DIAPHL1 axis in microglia is an amplifying event and critical final common
pathway driving increased cellular stress and inflammation leading to neurodegeneration and
the progression of AD, PD, ALS and MS. Abbreviations: AD, Alzheimer’s disease; AGEs,
advanced glycation end products; ALS, Amyotrophic lateral sclerosis; BBB, blood-brain
barrier; HMGBL, high mobility group box protein 1; MS, Multiple Sclerosis; and PD,
Parkinson’s disease.
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ABSTRACT

The Receptor for Advanced Glycation End Products (RAGE) is expressed by multiple cell types in the brain and spinal cord that are linked to the pathogenesis of
neurovascular and neurodegenerative disorders, including neurons, glia (microglia and astrocytes) and vascular cells (endothelial cells, smooth muscle cells and
pericytes). Mounting structural and functional evidence implicates the interaction of the RAGE cytoplasmic domain with the formin, Diaphanousl (DIAPH1), as the
key cytoplasmic hub for RAGE ligand-mediated activation of cellular signaling. In aging and diabetes, the ligands of the receptor abound, both in the central nervous
system (CNS) and in the periphery. Such accumulation of RAGE ligands triggers multiple downstream events, including upregulation of RAGE itself. Once set in
motion, cell intrinsic and cell-cell communication mechanisms, at least in part via RAGE, trigger dysfunction in the CNS. A key outcome of endothelial dysfunction is
reduction in cerebral blood flow and increased permeability of the blood brain barrier, conditions that facilitate entry of activated leukocytes into the CNS, thereby
amplifying primary nodes of CNS cellular stress. This contribution details a review of the ligands of RAGE, the mechanisms and consequences of RAGE signal
transduction, and cites multiple examples of published work in which RAGE contributes to the pathogenesis of neurovascular perturbation. Insights into potential

therapeutic modalities targeting the RAGE signal transduction axis for disorders of CNS vascular dysfunction and neurodegeneration are also discussed.

1. Introduction

The Receptor for Advanced Glycation End Products (RAGE) was
discovered on account of its ability to bind the products of none-
nzymatic glycation and oxidation of proteins/lipids, termed advanced
glycation end products (AGEs). In addition to AGEs, RAGE binds a
number of distinct ligands, such as those involved in immune/in-
flammatory responses, such as S100/calgranulins and high mobility
group box 1 (HMGB1), and oligomeric forms of amyloid-f3 peptide (AP)
(Lopez-Diez et al., 2016; Ramasamy et al., 2016). The consequent dis-
covery that RAGE was a multi-ligand receptor set the stage for a fuller
understanding of the biology of RAGE in homeostasis and in disease.

Although the highest expression of RAGE in homeostatic states is in
the lung, a plethora of evidence suggests that in both human subjects
and in experimental model systems, the expression of the receptor is
enhanced in settings in which its ligands become more abundant. For
example, in tissues affected by diabetes, aging, neurodegeneration,
ischemia/reperfusion injury (Aleshin et al., 2008; Bucciarelli et al.,
2006, 2008), chronic inflammation and cancer, higher expression of
RAGE has been observed compared to non-affected control tissues
(Cipollone et al., 2003; Juranek et al., 2015; Palanissami and Paul,

2018; Yan et al., 1996). RAGE is expressed on multiples different cell
types, including vascular cells, such as endothelial cells (ECs) and
smooth muscle cells (SMCs); and immune/inflammatory cells, such as
neutrophils, monocytes/macrophages, T and B lymphocytes and den-
dritic cells (Avalos et al., 2010; Daffu et al., 2015; Dumitriu et al., 2005;
Moser et al., 2007; Wautier et al., 1996). Vascular and immune cell
dysfunction exacerbates cellular homeostasis in RAGE-expressing target
cells in chronic diseases, such as neurons, cardiomyocytes, glomerular
epithelial cells (podocytes) and skeletal muscle (Shang et al., 2010;
Sorci et al., 2003; Tanji et al., 2000; Yan et al., 1996).

The fact that RAGE is differentially expressed in various organs and
cell types suggested RAGE-dependent and -independent cell intrinsic
and/or cell-cell communication networks in homeostasis and disease.
This review highlights the role of RAGE in the central nervous system
(CNS) and details how vascular, immune cell, and neuronal interactions
might play important roles in disease pathogenesis and progression, and
how the temporal cues of such cell intrinsic and cell-cell networking vis-
a-vis RAGE may mediate pro-repair and survival vs. pro-inflammatory
and anti-repair signals, leading to cell death. Finally, this review will
provide insight into novel therapeutic approaches targeting RAGE sig-
naling.
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Fig. 1. Schematic of RAGE signal transduction
and examples of inhibition by antagonists. The
extracellular immunoglobin-like (Ig) domains of
RAGE (V, C1, C2) all have been shown to bind RAGE
ligands. Many widely-used receptor antagonists
(Anti-RAGE antibodies, Azeliragon, and FPS-ZM1)
interact with the extracellular domains to prevent
ligand engagement. Soluble RAGE (sRAGE) is pos-
tulated to sequester RAGE ligands and prevent their
engagement with the dimerized full-length receptor.
There are two forms of SRAGE: the first is produced
by extracellular proteolytic cleavage of the full-
length receptor, which liberates the extracellular
domains from the transmembrane domain and in-
tracellular domain, and the second is a product of an
mRNA splice variant. The formin, Diaphanous-1
(DIAPH1), interacts with the cytoplasmic tail of
RAGE and mediates signal transduction. Several
candidate small molecule antagonists have been
generated to prevent the RAGE-DIAPH1 interaction.
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RAGE signal transduction is cell-type dependent but can include RHO/ROCK, RAC1/CDC42, P38/MAPK, JNK MAPK and JAK/STAT. These events result in changes
to cellular migration, stress responses, and regulation of pro- and anti- inflammatory pathways (NFkB activation) as well as other changes in cellular properties.

2. RAGE structure and soluble forms

RAGE is a member of the immunoglobulin (Ig) superfamily of cell
surface molecules. It is composed of three extracellular domains (one V-
type and two C-type Ig-like domains). These extracellular domains are
followed by a single, hydrophobic transmembrane domain and by a
short, less than 45 amino acid cytoplasmic domain, which is essential
for RAGE ligand-mediated signaling (Fig. 1). The extracellular domains
of RAGE are the sites of known extracellular ligand binding. Although
the V-type domain is the preferential binding site for most of the ligand
families, other reports have indicated that the C-type domains may also
mediate binding of some of the RAGE ligands. The V-type Ig domain
itself is heterogeneous, as distinct binding pockets, characterized by
their charge or hydrophobicity states, exist on this domain for ligand
engagement (Xie et al., 2007, 2008).

The extracellular domains of RAGE, known as soluble RAGE, may
exist in soluble form and in in vitro and in vivo experimentation, appear
to sequester RAGE ligands and block their binding to and activation of
cell surface receptors, including membrane bound RAGE (Schmidt
et al., 1994). There are two forms of soluble RAGEs that have been
identified in human subjects (Schmidt, 2015). The first is cell surface-
cleaved soluble or sRAGE, which is produced via the actions of me-
talloproteases or other molecules, such as ADAM-10 (a disintegrin and
metalloproteinase domain-containing protein 10) (Raucci et al., 2008),
and the second form, called endogenous secretory or esRAGE, is the
result of an RNA splice variant (Yonekura et al., 2003). Research tools
have been employed to measure total SRAGEs (including cell surface
cleaved SRAGE and esRAGE) or esRAGE alone on human subject serum/
plasma or other tissue fluids (such as cerebrospinal fluid (CSF)) to as-
sess possible relationships to the state and/or the extent of disease. For
example, in diabetes, aging, stroke, subarachnoid hemorrhage (SAH),
and in neurodegenerative disorders, such as Alzheimer's Disease (AD)
or amyotrophic lateral sclerosis (ALS), measurements of SRAGEs have
been reported to distinguish affected vs. unaffected subjects (Emanuele
et al., 2005; Ilzecka, 2009; Loomis et al., 2017; Lue et al., 2009; Saito
et al., 2017; Sokol et al., 2017; Tang et al., 2017). The extent to which
measurements of SRAGEs may serve as reliable and reproducible bio-
markers of RAGE-related chronic diseases, however, is uncertain. Given
the multiple settings in which RAGE appears to be related to patho-
biology, the specificity/sensitivity of soluble RAGEs as a biomarker for
disease onset, progression and/or the response to therapeutic inter-
vention, is uncertain and remains to be tested.

155

3. RAGE and mechanisms of signal transduction

The cytoplasmic domain of RAGE lacks endogenous kinase activity
and through a yeast two-hybrid assay, it was discovered that this do-
main of RAGE bound the FH1 (formin homology 1) domain of
Diaphanousl (DIAPH1) (Hudson et al., 2008). Formins such as DIAPH1
play key roles in actin cytoskeleton rearrangements and regulation of
Rho GTPases and serum response factor (SRF)-dependent genes, factors
and pathways that regulate cellular migration, signal transduction and
stress-responsive gene programs (Chesarone et al., 2010; Kiithn and
Geyer, 2014). Collectively, these properties have been shown to be key
consequences of ligand-RAGE signaling. Multiple studies in SMCs, ECs,
macrophages, and cardiomyocytes, for example, indicate that DIAPH1
is required for the effects of RAGE ligands to modulate signal trans-
duction and functional outcomes in these cells (Hudson et al., 2008;
Touré et al., 2012; Xu et al., 2010; Zhou et al., 2018). In vivo, deletion of
Diaph1 protects from cardiac ischemia-reperfusion injury and hypoxia-
related upregulation of Egrl, which encodes a transcriptional regulator
protein highly expressed in the CNS, such as in microglia, (Landis et al.,
1993); diabetes-associated pathologies in the kidney; macrophage in-
flammation; and restenosis after endothelial denudation of the femoral
artery (Manigrasso et al., 2018; O'Shea et al., 2017; Touré et al., 2012;
Xu et al., 2010), all phenotypes that parallel the observations in Ager
(the gene encoding RAGE) null mice in these stress conditions.

Recent work has solved the structure of the RAGE cytoplasmic do-
main and the nature of its interaction with DIAPH1 and has revealed
that mutation of RAGE cytoplasmic domain R5/Q6 amino acid residues
to alanine residues resulted in failure to bind DIAPH1 by NMR spec-
troscopy and failure of RAGE ligand-mediated signal transduction in
cultured SMCs (Rai et al., 2012; Xue et al., 2016).

In the section to follow, this review will consider how systemic
conditions may modulate the levels of RAGE ligands and RAGE, and,
thereby, affect the functions of multiple cell types in the CNS, including
those associated with the blood-brain barrier (BBB).

4. Systemic disorders & modulation of the BBB: A spark that
ignites CNS dysfunction

The BBB is composed of a continuous monolayer of ECs with closely
apposed astrocytic foot processes and pericytes embedded into the
nonfenestrated basement membrane of the border. These ECs are con-
nected by tight junctions, which function to regulate entry of large
macromolecules, cells and pathogens. Although oxygen and carbon
dioxide flow freely, the BBB is responsible for the exclusion of the entry
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Fig. 2. Working model of RAGE-dependent contributions to blood-brain barrier (BBB) dysfunction. Increases in RAGE ligands, blood glucose and/or decreased
blood flow promote the transition from homeostasis to disease by promoting BBB dysfunction, AGE generation, and overall cellular stress within neurons, microglia,
astrocytes and endothelial cells (EC). Depending on the disease and aging condition, RAGE and sRAGE levels may be altered. We posit that age-, diabetes-, or
neurodegenerative disease- induced AGE accumulation within the CNS and the periphery initiates and perpetuates endothelial permeability and BBB dysfunction,

thereby promoting BBB breakdown, at least in part via RAGE signaling.

of species that might cause harm to the vulnerable brain and spinal cord
(Tadecola, 2017; Kisler et al., 2017; Presta et al., 2018) and for mod-
ulating blood flow appropriately in various locations during activities in
which metabolic and oxygenation requirements are altered. Two con-
ditions in which the BBB becomes gradually more compromised include
diabetes and natural aging, both known risk factors for neurodegen-
erative disorders such as AD and other neurodegenerative disorders
(Sweeney et al., 2018) and for ischemic stroke; all settings in which
RAGE ligands accumulate and are plentiful (Fig. 2).

4.1. Diabetes

Glucose is essential for brain metabolism and is normally trans-
ported into the brain by specialized transporters (GLUT). However, in
excess, glucose may directly activate pathways such as Protein Kinase C
and the polyol pathway, thereby activating mechanisms that promote
oxidative stress and inflammation, such as in resident microglia.
Further, if the BBB is compromised, the influx of periphery-derived
immune/inflammatory cells may ensue, thereby augmenting in-
flammation. In addition, high glucose may upregulate levels of hypoxia-
inducible factor-1a (HIF-1a), thereby leading to increased expression of
Vascular Endothelial Growth Factor (VEGF) and, consequently, in-
creased vascular permeability (Van Dyken and Lacoste, 2018).

In addition to such potential direct effects of high levels of glucose,
increased glucose levels may result in the generation of AGEs. AGEs, via
their interactions with their central cell surface receptor, RAGE, may
result in amplification of inflammatory and oxidative stress, at least in
part through the activation of NF-«xB. In streptozotocin-induced type 1
diabetic mice, expression of RAGE was shown to be increased at the
BBB (Liu et al., 2009). In non-CNS vascular beds, in diabetic rats, AGEs
mediated vascular permeability in a RAGE-dependent manner and in
coronary arterioles of type 2 diabetic mice, endothelial dysfunction was
reversed by treatment with sRAGE (Gao et al., 2008; Wautier et al.,
1996), thus suggesting that sequestration of RAGE ligands and sup-
pression of RAGE/DIAPHI signaling is beneficial for overall home-
ostasis and BBB integrity.

4.2. Aging

It is well-established that aging is the chief risk factor for vascular
disorders of the brain and for neurodegenerative processes. Reduced
blood flow, disruption of microvascular integrity and BBB dysfunction
accompany aging (Farkas and Luiten, 2001; Montagne et al., 2015; Park
et al., 2018). Recent work, using CSF biomarkers and dynamic contrast-
enhanced magnetic resonance imaging in human subjects, has shown
that breakdown of the BBB around the hippocampus is a very early
marker of cognitive impairment and that these pathologies are in-
dependent of AP deposition or tau aggregation (Nation et al., 2019). In
this context, AGEs increase even in euglycemic aging, based on the
nonenzymatic glycation/oxidation of long-lived proteins whose ex-
posure to even normal levels of glucose may, ultimately, result in for-
mation of AGE adducts. In the aortas of aged Fischer 344 rats, the
concentration of the key AGE precursor, methylglyoxal (MG), was sig-
nificantly increased compared with aortas from young Fischer rats.
Impaired aging-associated endothelial-dependent relaxation in aortic
rings from aged animals was reversed by treatment with sRAGE
(Hallam et al., 2010).

Collectively, these considerations suggest that one of the compo-
nents of BBB dysfunction in key settings linked to neurodegeneration
and vascular damage to the CNS is the ligand-RAGE pathway. The ex-
tent to which DIAPH1 may, or may not, contribute to the maintenance
or dysfunction of the BBB remains to be determined. However, it is
conceivable that DIAPH1 perturbation may contribute importantly to
endothelial dysfunction and loss of BBB integrity given the roles of this
molecule in actin cytoskeleton organization and the observation that
ligand stimulation of the RAGE/DIAPH1 axis generates oxidative stress,
through NADPH oxidases, and promotes inflammation (Touré et al.,
2012). Recent work showed that DIAPH1 is expressed in human aged
AD brain to a greater extent than that in age-matched controls and in
multiple cell types (Derk et al., 2018a). In the sections to follow, this
review will consider settings of CNS dysfunction in which roles for the
RAGE axis have been postulated and probed.
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5. CNS vascular disorders and the RAGE axis

In human subjects, investigators have studied whether genetic
variations in AGER might contribute to risk of various forms of vascular
disorders in the CNS. In the Sahlgrenska Academy Study on Ischaemic
Stroke, 732 Caucasian subjects with first-ever and 112 Caucasian sub-
jects with recurrent ischemic stroke were compared with 668 Caucasian
controls. Of three tested AGER single nucleotide polymorphisms (SNP),
one SNP, rs1035798 (maps to the third AGER intron), showed a sig-
nificant association with small vessel disease subtype of stroke, which
was independent of hypertension, diabetes and smoking. However,
none of these SNPs demonstrated significant associations with overall
ischemic stroke (Olsson and Jood, 2013). In a Chinese population, 384
subjects with ischemic stroke and 425 healthy control subjects were
enrolled and three different AGER SNPs were examined (82G/S,
—429T/C and —374T/A). Only the 82G/S AGER SNP (rs2070600) was
associated with the risk for ischemic stroke. Of the homozygote carriers
(82S/S), there were generally higher levels of inflammation, as evi-
denced by lower serum sRAGE levels, and higher levels of serum IL6,
hsCRP and PAI1 (Cui et al., 2013). In contrast, the SNPs at —374 and
—429 loci demonstrated no association with stroke risk or the levels of
inflammatory markers. In a distinct study examining risk for hemor-
rhagic stroke in a Chinese population, it was found that in subjects less
than or equal to 50 years of age, the rs1035798 AGER SNP (homo-
zygote) was associated with increased risk of hemorrhagic stroke (Liu
et al., 2015). Further, in a Chinese population, AGER rs2070600 and
HMGBI1 2249825 were found to bear relationships to stroke (Li et al.,
2017b).

Finally, Montaner and colleagues probed whether measurement of
RAGE ligand S100B and sRAGE levels (as well as other markers) might
aid in differentiating ischemic vs. hemorrhagic stroke. Admission blood
samples obtained from 915 patients (776 with ischemic stroke and 139
with hemorrhagic stroke) within 24 h of the event onset revealed that in
samples obtained within the first 6h (or even in the first 3h after
symptoms) of stroke, increased S100B levels and decreased SRAGE le-
vels were found in hemorrhagic vs. ischemic stroke. The authors
speculated that measurement of these S100B and sSRAGE markers might
aid in differentiation of the two forms of stroke (Montaner et al., 2012).
Experiments in animal models tested if the RAGE pathway exerted
mediating roles in these disorders.

5.1. Ischemic stroke

In a murine model of focal cerebral ischemia, the effects of neuronal
RAGE expression on ischemic stroke were tested in transgenic mice
expressing either a full-length form of RAGE or a cytoplasmic domain-
deleted form of RAGE in neurons. Compared to normal control animals,
neuronal RAGE overexpressing mice displayed significantly increased
stroke volume while a trend towards decreased stroke volume was
observed in the animals with cytoplasmic domain-deleted RAGE, in
which RAGE signaling was reduced (Hassid et al., 2009). In a model of
global cerebral ischemia induced by bilateral common carotid artery
occlusion, wild-type mice, global Ager null mice and transgenic mice
expressing esRAGE (as decoy receptor) were tested. A time course study
in that model was first performed in wild-type mice, which revealed
that increased expression of RAGE was first noted in vascular cells
within 12h of injury and later, between 24 h and 7 days after injury,
RAGE expression was increased in glial cells in the hippocampus.
Compared to the wild-type mice, mice globally devoid of Ager or mice
expressing esRAGE displayed higher numbers of surviving neurons in
the CA1 region of the hippocampus, in parallel with lower degrees of
oxidative stress. After 12h, the expression of inflammatory markers,
such as TNFa and iNOS was lower in the Ager null and the esRAGE mice
vs. the wild-type, consistent with reduced glial inflammation (Kamide
et al., 2012).

Others probed the effects of RAGE and its ligand HMGB1 in
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ischemic stroke in a mouse model. After the authors demonstrated that
HMGB1 was elevated in human stroke patients, they reported that
HMGB1 was released from ischemic brain tissue in a murine model of
cerebral ischemia. Mediating roles for HMGBI1 in stroke were demon-
strated by reduction of brain damage in mice treated with either anti-
bodies to HMGB1 or an antagonist to this RAGE ligand. As in vitro
studies suggested that microglia RAGE contributed to the toxic effects
of HMGBI1, wild-type mice were subjected to lethal irradiation and
transplantation with either Ager null or wild-type bone marrow. Those
studies revealed that recipients of Ager null bone marrow demonstrated
reduced infarct size compared with those mice receiving wild-type bone
marrow and subjected to ischemic stroke (Muhammad et al., 2008). In
distinct studies, it was shown that in murine ischemic stroke, RAGE
drives a pro-inflammatory and blunting of anti-inflammatory polar-
ization in diabetic mice (Khan et al., 2016). Interestingly, type 1 dia-
betic rats treated with Niaspan, a cholesterol-lowering agent, during
transient middle cerebral artery occlusion, displayed diminished
HMGB1-RAGE-dependent inflammatory profiles (Ye et al., 2011). Given
that RAGE has previously been implicated in regulating the cholesterol
efflux protein, ABCG1 (Daffu et al., 2015), those data suggest that
RAGE may drive inflammatory dysregulation of CNS cells during stroke,
at least in part, through impairment of cholesterol homeostasis. More
work, however, is required to elucidate the precise mechanisms and
connections. Collectively, these studies in ischemic stroke models sug-
gest roles for RAGE in exacerbating the pathogenesis of stroke damage
and implicate RAGE actions in vascular, immune/inflammatory and
neuronal cells, perhaps in a time-dependent manner.

5.2. Intracerebral hemorrhage (ICH)

An antagonist of RAGE, FPS-ZM1, which blocks binding of ligands
such as HMGB1 and S100B to the V-type Ig extracellular domain of
RAGE, was employed in a rat and murine model of ICH. In a rat model
of ICH, induced by collagenase, it was shown that release of HMGB1
results in expression of VEGF, thereby increasing pathological angio-
genesis. In that model, a time-dependent increase in expression of
RAGE and HMGB1 was noted in the ipsilateral striatum after induction
and up to 14 days later. Treatment with FPS-ZM1 suppressed expression
of VEGF and vessel density after induction of hemorrhage in this model
(Yang et al., 2015). In a distinct species (mice) and with the use of
autologous arterial blood injection into the basal ganglia, ICH was in-
duced in wild-type mice. By 12h after the injury, expression of RAGE
and HMGB1 was increased, in parallel with increased expression of NF-
kB p65 and increased permeability of the BBB, brain edema, motor
dysfunction and neve fiber injury. Paralleling these markers of damage,
local levels of IL1f, IL6, IL8R, and MMP9 were also elevated. In mice
treated with FPS-ZM1, however, all of these pathological markers were
reduced compared to vehicle-treated mice undergoing ICH (Lei et al.,
2015). Together, these findings highlight the importance of ligand-
RAGE signaling in the pathophysiology of ICH.

5.3. Subarachnoid hemorrhage (SAH)

In contrast to ICH, SAH is characterized by bleeding between the
brain and the skull. Once blood accumulates in that region within the
CSF, it causes inflammation in the surrounding brain tissue and in-
creases pressure onto the brain as a result of edema. In model systems,
such as the rat, SAH may be induced by injection of autologous blood
into the prechiasmatic cistern. Induction of hemorrhage by this method
in rats was shown to be associated with increased inflammation, as
evidenced by increased expression of RAGE ligands HMGB1 and S100
proteins. In this rat model, expression of RAGE and nuclear NF-kB p65
was significantly increased, particularly in neurons and in microglia,
but not in astrocytes (Li et al., 2014). The effects of the RAGE an-
tagonist FPS-ZM1 were tested in this model. These studies revealed that
at one day after SAH, the mice treated with the RAGE antagonist
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displayed reduced brain edema and better neurological score vs. ve-
hicle. However, by 3 days after hemorrhage, the RAGE antagonist-
treated mice displayed increased neuronal cell death with higher levels
of apoptosis and diminished autophagy (Li et al., 2017a). These data
suggested that, at least in mice and in this model system, RAGE may
play both damaging and protective roles, perhaps based on its actions in
distinct cell types and on the timing of the post-SAH response. Although
the work in that study did not provide insight into potentially contrary
cell type-specific roles for RAGE, it is nevertheless important to note
that neurons and microglia prominently expressed RAGE after the in-
duction of the SAH.

Finally, in distinct work in the rat model of SAH, the specific effects
of RAGE ligand HMGB1 were addressed. In that study, the authors
found that the highest expression of HMGB1 occurred on day 14 after
the hemorrhage. The rats undergoing SAH were treated with two dif-
ferent inhibitors of HMGBI secretion (ethyl pyruvate or glycyrrhizin) or
the RAGE antagonist, FPS-ZM1. These treatments resulted in reduced
expression of growth factors and reduced proliferation of cortical
neurons. The authors hypothesized that the redox status form of the
HMGB1 might regulate its damaging vs. protective effects. Indeed,
compared to administration of recombinant HMGB1, administration of
oxidized HMGB]1 failed to stimulate pro-inflammatory cytokine pro-
duction and exhibited protection in the brain, as neurotrophin expres-
sion was increased, in parallel with brain recovery (Tian et al., 2017).
The authors speculated that in late stages after SAH, HMGB1 may be
protective, particularly in the oxidized form.

In summary, RAGE and its ligands appear to contribute to the re-
sponse to ischemic stroke and to stroke induced by various forms of
hemorrhage (intracerebral vs. subarachnoid). The finding that the ad-
ministration of inhibitors to RAGE ligands or to RAGE itself is not
uniformly beneficial or deleterious underscores the possibility that
RAGE plays differential roles depending on whether the cells are vas-
cular cells (EC and SMC), immune/inflammatory cells such as micro-
glia, astrocytes and infiltrating immune cells, or neurons. Further, the
effects of RAGE actions may be protective and/or deleterious, perhaps
depending on the timing in the post-stroke or post-hemorrhage period.
In order to provide support for RAGE as a potential target for ther-
apeutic intervention in these disorders, it will be necessary to test these
concepts using cell type- and time-dependent deletion of Ager, which
can be achieved, for example, by using the cre-lox recombinase tech-
nique. Further, more extensive time course studies with RAGE or ligand
inhibitors are essential, that is, varying the time post-stroke event at
which the inhibitors are begun/terminated. Also, further elucidation of
the concentrations of these compounds that may be detrimental vs.
beneficial in stroke subjects will be important to delineate. Only by
such meticulous approaches may the full roles for RAGE and its ligands
in these disorders be uncovered and the potential for targeting this axis
in stroke and hemorrhage of the CNS be potentially realized.

In the sections to follow in this review, the role of the RAGE sig-
naling axis in disorders of neurodegeneration will be discussed.

6. The RAGE axis and neurodegeneration

The RAGE axis has been implicated in a number of neurodegen-
erative disorders (Derk et al., 2018b). In this review, the influence of
this pathway on AD, amyotrophic lateral sclerosis (ALS) and Parkinson's
Disease will be considered. Of note, however, although not covered in
this review, work has been published suggesting links of RAGE to
Huntington's disease and Creutzfeldt-Jakob disease (Anzilotti et al.,
2012; Sasaki et al., 2002).

6.1. Alzheimer's disease
RAGE is expressed in multiple cell types germane to the pathogen-

esis of AD, including neurons, microglia, astrocytes and ECs; in recent
work, the expression of the RAGE cytoplasmic domain binding partner,
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DIAPH1 has been assessed in AD as well. In that work, the medial
temporal cortices of AD patients and aged-matched controls were tested
for DIAPH1 expression patterns in multiple cell types, including en-
dothelial cells, oligodendrocytes, neurons, astrocytes, pericytes and
myeloid cells. In the case of endothelial cells, the expression of the
endothelial marker, Claudin-5, was significantly higher in the AD brain
compared to the non-demented brain, but there was no change in re-
lative DIAPH1 intensity within endothelial cells. In oligodendrocytes,
marked by expression of myelin basic protein (MBP), no changes were
observed for DIAPH1 and total MBP expression within non-demented
aging and AD brains. In the case of the marker for neurons, micro-
tubule-associated protein 2 (MAP2), a relative decrease of MAP2 ex-
pression in the AD brain was noted compared to the non-demented
brain. However, there was no associated change in DIAPH1 intensity. In
the case of astrocytes, although an increase in GFAP-positive area was
observed in the AD brain, as the area of GFAP positivity increased, so
did DIAPH1-positive/GFAP-positive overlap area. Thus, there was no
specific change in astrocyte DIAPHI1 noted in AD versus the non-de-
mented control brain. Testing for pericyte colocalization with DIAPH1
through the use of an a-Smooth Muscle Actin (a-SMA) antibody re-
vealed that there was no colocalization in either the non-demented or
AD brain.

In contrast to the above cell types, however, in the case of myeloid
cells, using CD68 as a marker, a significant increase in overlap area
between DIAPH1 and CD68 and a significant increase in DIAPH1 in-
tensity within CD68 * cells in the AD brain relative to the non-de-
mented control brain was observed. Thus, unlike the other cell types
noted above, DIAPH1 expression patterns within myeloid cells were
found to be significantly increased in AD. Notably, DIAPH1 expression
in myeloid cells correlated with increased lipid staining and in-
flammatory morphology (Derk et al., 2018a).

Genome wide association studies (GWAS) implicated aging
(Chauhan et al., 2015) and inflammatory pathways and activation of
microglia in the pathogenesis of AD (Guerreiro et al., 2013; Jonsson
et al., 2013; Villegas-Llerena et al., 2016; Zhang et al., 2015). Hence,
given the roles for RAGE in inflammatory mechanisms, potential ge-
netic links between AGER and AD were studied. As AGER is one of the
genes in the Human Leukocyte Antigen (HLA) Class III region of the
Major Histocompatibility Complex (MHC), the potential implications of
AGER SNPs with AD were studied in 194 Italian patients with AD and
454 healthy controls. The —374 and —429 AGER SNPs were studied,
along with those for TNFA and the results of haplotype reconstruction
studies suggested that the HLA Class III region might be implicated in
AD susceptibility (Maggioli et al., 2013), which was affirmed in a
follow-up study in which HSP70 SNPs were also considered (Boiocchi
et al., 2015). In another study of the Alzheimer's Disease Neuroimaging
Initiative (ADNI), AGER rs2070600 (G82S) was found to be associated
with the atrophy rate of the right hippocampus CA1l over two years
(Wang et al., 2017c). In a Japanese population, 4 AGER SNPs were
studied (rs1800624, rs1800625, rs184003 and rs2070600) in 288
subjects with AD, 76 with Lewy body dementia and 105 age-matched
controls. In that study, AGER rs184003 was associated with an in-
creased risk of AD and haplotype analyses detected genetic associations
between AD and the AGER gene (Takeshita et al., 2017). In a European
cohort, the AGER SNP G82S (rs2070600) was associated with an in-
creased risk of AD in 316 AD patients and 579 controls, but there was
no interaction between this AGER SNP and the APOE4 or with mini-
mental examination scores (Daborg et al., 2010).

On account of the demonstrated association between diabetes and
AD and mild cognitive impairment (MCI) (Cukierman et al., 2005;
Huang et al., 2014; Ruiz et al., 2016; Xu et al., 2004), the AGER G82S
SNP (rs2070600) and levels of AGEs and soluble RAGE were examined
in 167 hospitalized type 2 diabetic subjects, of whom 82 were diag-
nosed with MCI and the other 85 were considered non-MCI controls.
Patients with MCI demonstrated significantly lower levels of sSRAGE and
higher levels of serum AGE-peptide compared to control subjects. In
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that study, the AGER SNP G82S bore no relationship to MCI in the type
2 diabetic subjects (Wang et al., 2016). Collectively, these data suggest
that at least in certain populations, RAGE may affect genetic risk for AD
or MCI and that in diabetes, the levels of the decoy receptor, SRAGE, are
lower in individuals with cognitive dysfunction. Hence, components of
the RAGE pathway may hold promise as biomarkers and/or predictors
of AD and MCI. Experimental models have probed the cell type specific
effects of RAGE using murine models of pathology.

Roles for RAGE in neurons in animal models of AD were directly
tested in the commonly used transgenic mouse models of over-
expression of mutant amyloid precursor protein (APP) in combination
with either full-length or cytoplasmic domain-deleted Ager selectively
in neurons. Overexpression of neuronal Ager accelerated behavioral
abnormalities and altered activation of markers of synaptic plasticity
and neuropathological abnormalities; these pathologies were observed
at time points at which the mutant APP mouse control had yet to ex-
hibit any pathologies. In contrast, in the mutant APP mice expressing
the cytoplasmic domain-deleted Ager, and thus with suppressed ligand-
RAGE signaling, attenuation of behavioral, and neuropathological
changes was observed compared to the control mutant APP mice
(Arancio et al., 2004). Additional studies suggested that one of the
mechanisms by which neuronal RAGE expression activated distinct
cells in the AD brain and in AD-like mouse models was through neu-
ronal expression of macrophage colony stimulating factor (MCSF),
which consequently triggered activation of microglia (Du Yan et al.,
1997).

Other studies focused on expression of RAGE in microglia in neu-
ronal-specific mutant APP mice. In transgenic mutant APP mice ex-
pressing either full-length Ager or cytoplasmic domain-deleted Ager in
myeloid cells, whereas overexpression of RAGE increased neuroin-
flammation (IL1 and TNFa), microgliosis and astrocytosis, accumu-
lation of A} and behavioral abnormalities, deletion of the RAGE cyto-
plasmic domain in microglia in this model exerted protection against
these abnormalities compared to those observed in the mutant APP
mice (Fang et al., 2010). Of note, the promoter used to drive the ex-
pression of RAGE and cytoplasmic domain-deleted RAGE forms in these
animals also impacted expression in peripheral myeloid cells and
through the development of the organism, which may alter the profile
of these cells irrespective of the mutant APP background. Hence, the
findings observed in these transgenic mice cannot be solely attributed
to the effects of RAGE in adult and aged microglia. In distinct experi-
ments, others tested microglia (myeloid)-cytoplasmic domain-deleted
Ager in entorhinal cortex dysfunction in mutant APP mice. Early ab-
normalities in long term potentiation (LTP) in the entorhinal cortex and
in associative behavior tasks in vivo were also observed in these mice.
Evidence of activated stress related kinases (p38 MAPK and JNK
pathway) was also attenuated in the transgenic vs. mutant APP alone
mice (Criscuolo et al., 2017). These studies specifically examined a
highly vulnerable region of the brain early in the course of neuronal
deficits in an AD-like mouse model and implicated roles for myeloid/
microglia RAGE in the pathogenesis of AD.

In cultured BV2 microglia-like cells, the effects of RAGE ligand AGEs
on signal transduction were probed. AGEs activated Rho-associated
protein kinase (ROCK) in a manner suppressed by the ROCK inhibitor
fasudil or by the RAGE inhibitor FPS-ZM1. AGE-mediated upregulation
of ROS, iNOS, COX2, NLRP3 and nuclear NF-kB p65 was attenuated in
the BV2 cells by fasudil or FPS-ZM1. AGEs increased expression of pro-
inflammatory “M1”-like markers in BV2 cells and decreased expression
of anti-inflammatory “M2”-like markers, in a RAGE- and ROCK-de-
pendent manner (Chen et al., 2017). Although “M1” and “M2” markers
of the state of inflammation reflect solely in vitro designations, these
experiments nevertheless suggested that RAGE ligands might affect
pro/anti-inflammatory gene programs in BV2 cells. Further, the extent
to which BV2 cells truly model in vivo microglia must also be considered
in interpreting such studies.

In addition to neurons and microglia, RAGE is also prominently
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expressed in ECs and studies using AD-like mouse models demonstrated
the prominent role of RAGE in transporting AP across the BBB and via
upregulation of inflammatory mediators and endothelin-1 (ET1), RAGE
contributed to AB-mediated vasoconstriction and suppression of cere-
bral blood flow (CBF). In mutant APP transgenic mice, administration
of sRAGE blocked the adverse effects of the AP-RAGE interaction
(Deane et al., 2003). In other studies, RAGE was shown to downregulate
expression of low density lipoprotein receptor-related protein 1 (LRP1)
(Deane et al., 2004). As LRP1 is responsible for AP clearance from the
brain, such findings strongly suggest that RAGE plays key roles in
overall A transport and load in the brain, at least in part through
perturbation of the BBB, CBF and expression of LRP1.

In other studies, the effect of hypertension, which is associated with
AD, was assessed on the brain vasculature in the context of AfB. In
C57BL/6 mice, hypertension was induced by transverse aortic coarc-
tation (TAC); in that model, by four weeks post-procedure, cerebral
amyloid deposition is noted. In parallel, immunohistochemistry studies
noted an early (within hours of TAC) and sustained upregulation of
RAGE in brain blood vessels in the cortex and hippocampus after TAC.
Impaired learning and memory was also observed in the TAC-treated
animals. However, in mice globally devoid of Ager, evidence of sig-
nificant protection was noted as follows: 1) reduced cerebral amyloid
deposition; 2) improved performance in behavior studies; and 3) re-
duced oxidative stress; these effects were recapitulated by treatment of
wild-type mice undergoing TAC and treated with FPS-ZM1 (Carnevale
et al., 2012). Interestingly, in that work it was shown that induction of
TAC increases levels of another RAGE ligand, AGEs. Collectively, these
studies suggest that in hypertension, multiple RAGE ligands may be
generated, which, at least in part via RAGE, aggravate pro-in-
flammatory and pro-oxidative pathways leading to cellular stress and
organ damage.

The effects of RAGE on the BBB have also been addressed in in vitro
models. For example, in a monolayer BBB model composed of murine
ECs (bEnd.3 cells), AB(1-42) was shown to increase “BBB leakage” and
result in reduction of tight junction scaffold proteins ZO1, claudin-5 and
occludin. Incubation of these cells with AB(1-42) significantly upre-
gulated their expression of RAGE; when these cells were treated with
anti-RAGE IgG or when siRNAs were employed to reduce Ager expres-
sion, the effects of AB(1-42) on expression of scaffold proteins was
blocked as well as the upregulation of MMP2 or MMP9. Further, an
inhibitor of MMPs (GM6001) also prevented the detrimental effects of
AP(1-42) on BBB leakage and on expression of tight junction proteins
(Wan et al., 2015). In other studies performed in bEnd.3 cells, treatment
with AB(1-42) increased permeability, disrupted ZO1 expression and
increased secretion of intracellular calcium and MMPs, which was
prevented by anti-RAGE antibodies (Kook et al., 2012).

6.2. Amyotrophic lateral sclerosis (ALS)

ALS is a complex disorder in which the primary target for dys-
function and death is the motor neuron. Multiple hypotheses have been
put forth with respect to the cause of ALS, such as but not limited to
increased toxicity from glutamate, increased oxidative stress (increased
ROS and reactive nitrogen species (NOS)), protein aggregation and
disruptions in proteostasis, defects in RNA processing, endoplasmic
reticulum and mitochondrial stress, dysfunction of axonal transport
mechanisms, and environmental factors, such as toxins or certain
classes of infections (Lyon et al., 2019). Yet, multiple cell types, such as
microglia, peripheral monocytes/macrophages, astrocytes and T and B
lymphocytes have been postulated to play contributing roles to ALS
pathology, especially to its progression and motor neuron death, con-
tributing to the overall presumption that ALS is not a cell-autonomous
disease. In this context, RAGE is expressed on many of these cell types
and has been studied in both human and animal models of ALS.

In human subject spinal cord, compared to healthy control subjects,
ALS spinal cord demonstrated higher levels of RAGE and its ligands,
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particularly carboxy methyllysine (CML)-AGE, S100B and HMGB1
(Juranek et al., 2015). Other studies addressed expression patterns of
RAGE as well as toll-like receptors 2 and 4 (TLR2 and TLR4) and ligand
HMGBI1 in 12 sporadic ALS and 6 control subjects. In ALS subjects,
TLR2, TLR4 and RAGE were found to be highly expressed in reactive
glial cells in the ventral horn and white matter; TLR2 was shown to be
predominantly expressed in microglia, whereas RAGE and TLR4 were
strongly expressed in astrocytes. By real-time qPCR, levels of HMGB1
mRNA were also shown to be increased in ALS vs. control spinal cord
and the protein signal was specifically noted in the cytoplasm of re-
active glial cells (Casula et al., 2011). Others examined patterns of
SRAGE levels in 20 ALS patients and in 20 control subjects and reported
that SRAGE levels were significantly lower in serum of the ALS vs.
control individuals and that there was no correlation between the levels
of serum sRAGE and disease clinical parameters in the ALS patients;
however, it is notable that only 20 ALS patients were examined in the
study and whether the work was powered to address such correlations
is not clear (Ilzecka, 2009).

Experiments in cultured cellular models for ALS have also assessed a
potential role for RAGE in this disease. Prompted by the observation
that post-translationally modified forms of nerve growth factor (NGF)
were observed in the spinal cord of murine ALS models, these concepts
were tested in cellular models. In vitro glycation of NGF promoted its
oligomerization and resulted in the generation of modified NGF as a
RAGE ligand, which induced motor neuron death in culture and as-
trocyte-mediated motor neuron toxicity and similar findings were ob-
served for nitrated NGF (Kim et al., 2018). In NSC-34 motor neuron like
cells, transfection with mutant SOD1 resulted in production of exo-
somes by those cells, which led to increased expression of microRNA
(miRNA) 124 and HMGB1 mRNA and protein. When exosomes from
mutant SOD1-transfected NSC-34 cells vs. control were incubated with
N9 microglia-like cells, highly significant upregulation of IL10, Argi-
nase 1, TREM2, RAGE and TLR4 was noted. Further, increased ex-
pression of HMGB1, miR124, miR146a and miR155 and an increase in
inflammatory markers, such as activated NF-kB, was observed as well
(Pinto et al., 2017). Strikingly, in N9 cells exposed to the mutant SOD1-
transfected NSC-34 cell exosomes, a loss of phagocytic ability and in-
duction of senescence (as noted by senescence-associated [3-galactosi-
dase staining) was noted (Pinto et al., 2017). Although direct roles for
RAGE in these experiments were not tested, its upregulation in the cells
treated with the mutant SOD1-related exosomes suggest that one of the
responses of microglia to these apparently toxic species is upregulation
of receptors such as RAGE, in parallel with its ligands.

In addition, roles for S100B in ALS were considered, particularly as
S100B is released from astrocytes. In a rat model of ALS, SOD1°9%*
modified rats demonstrated a time dependent significant increase in
S100B expression in spinal cord astrocytes, which colocalized with in-
creased expression of RAGE. In primary astrocytes from mouse pup
cortices, siRNA-knockdown of S100B resulted in a suppression of genes
known to be upregulated in ALS, including GFAP, TNFa, CXCL10, and
CCL6 (Serrano et al., 2017).

In other studies, potential neuroprotective roles for HMGB1 were
tested. Spinal motor neurons from wild-type and SOD1?** mice dis-
played differential intracellular expression patterns of HMGB1; an in-
crease in HMGBI shuttling from the nucleus to the cytoplasm of these
cells was observed in the mutant vs. wild-type mice, suggesting, per-
haps, that HMGB1 in the SOD1°°** mice might play protective vs. de-
leterious roles. Only the astrocytes from wild-type but not the SOD19934
mice were able to increase BDNF and GDNF levels upon stimulation
with HMGB1, in a RAGE-dependent manner, suggesting that a bene-
ficial role for astrocyte HMGBI in neuronal growth factor expression
may be dysregulated in ALS (Brambilla et al., 2018).

In vivo studies, to date, testing the role of RAGE in murine models of
ALS are limited. In one study, sSRAGE was administered to male
SOD1%%** mutant mice (B6/SJL background) beginning at age 8 weeks
and continued until sacrifice. Compared to vehicle-treated animals, life
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span was extended and progression of ALS symptomatology was de-
layed by sRAGE treatment. At sacrifice, in the spinal cord tissue,
SRAGE-treated animals displayed significantly higher numbers of neu-
rons and lower number of astrocytes vs. the vehicle-treated group
(Juranek et al., 2016). In that study, however, the mechanisms by
which sRAGE exerted its benefit were not addressed, nor were distinct
time courses for initiation of SRAGE administration tested.

Indeed, other studies, in an unrelated model of spinal cord injury
(SCI), complex roles for RAGE in repair were uncovered in mice and
rats. In a murine model of SCI, it was shown that RAGE expression rose
within 12 h after the injury in WT mice; in Ager null mice subjected to
the same degree of SCI, repair was improved, as evidence by improved
functional outcomes, reduced expression of GFAP, and reduced in-
flammation, as indicated by lower levels of IL1f, TNFa, IL6, and NF-xB
activation (Guo et al., 2014). Yet, in a rat model of SCI, animals un-
dergoing the injury received an injection of anti-RAGE antibody di-
rectly into the central site of the injury. In contrast to induction of pro-
repair mechanisms, the anti-RAGE antibody treatment resulted in re-
duced neuronal survival, disruption of Wnt/B-catenin signaling, and
higher levels of autophagy (Mei et al., 2019; Wang et al., 2017a, 2018).
Of course, the species under study are different and the mode of RAGE
antagonism was dramatically different, that is, global deletion of Ager
through development to adulthood in mice or treatment of adult rats
with an antibody to RAGE. In any case, however, these studies under-
score the pleiotropic roles that RAGE appears to play in neuronal
system repair in the spinal cord.

Given the temporal, cell-type and complexity of cell intrinsic vs.
cell-cell communications in the pathobiology of ALS and SCI, these
studies raise many important questions. For example, it is not clear if
SRAGE crosses the BBB. If the principal site of action of this agent was in
the periphery, such as on the phenotype of peripheral monocytes and/
or on activities at the neuromuscular junction (NMJ), remains an open
question that can certainly be addressed experimentally. Also, in light
of its close link to RAGE, future studies must examine if there are roles
for DIAPH1 in the ALS. In addition, potential roles for breakdown of the
blood-spinal cord barrier and roles for vascular cells in ALS, such as in
the context of RAGE, require further investigation.

6.3. Parkinson's disease

Increasing evidence links RAGE to Parkinson's disease in human
subjects and in animal models (Jiang et al., 2018). For example, pa-
thological analyses were performed in human subject brains of
asymptomatic Parkinson's disease with incidental Lewy body disease-
related changes versus healthy age-matched controls. Increased ex-
pression of RAGE ligand AGEs was identified in the substantia nigra,
amygdala, and frontal cortex. In parallel, increased expression of RAGE
was noted in the substantia nigra and frontal cortex in human subject
cases with early stages of parkinsonian neuropathology (Dalfo et al.,
2005). Furthermore, in human subjects, AGER gene polymorphisms
were studied in 285 Parkinson's Disease patients versus 285 healthy
control subjects in the Chinese Han population. The only AGER SNP
that showed a significant difference between the Parkinson's Disease
patients and the controls was the 429T/C polymorphism. The carriers of
the —429C allele exhibited a decreased risk of Parkinson's Disease,
thereby suggesting that the —429T/C SNP may be a protective factor
for Parkinson's Disease, at least in the Chinese Han population (Gao
et al., 2014).

Studies in animal models have also begun to probe the role of the
RAGE axis in the pathogenesis of Parkinson's Disease-like pathologies.
Examples of some of these findings in animals with Parkinson's Disease-
like pathologies are as follows: In the classical model for Parkinson's
disease induced by 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP), deletion of Ager afforded protection in nigral dopaminergic
neurons from cell death. Further, as NF-xB has been implicated in the
pathogenesis of neuronal injury in this disease, the activation of this
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Fig. 3. Working model of RAGE-dependent cross-
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factor was tested in Ager null and Ager expressing mice after MPTP
treatment. In the absence of Ager, the nuclear translocation of the NF-xkB
subunit p65 in dopaminergic neurons and glial cells was significantly
inhibited, thereby suggesting roles for RAGE in activation of this pro-
injury factor. Consistent with this premise, the increased apoptotic cell
death induced by MPTP was attenuated in mice devoid of Ager
(Teismann et al., 2012).

In other work, Gasparotto and colleagues reported that rats treated
with 6-hydroxydopamine (6-OHDA) demonstrated increased expression
of RAGE in the substantia nigra, in parallel with increased activation of
NF-kB, astrocytosis and microgliosis. In rats treated with 6-OHDA and
the RAGE inhibitor FPS-ZM1, these adverse effects were reduced and
the locomotion and exploratory deficits in the rats induced by 6-OHDA
were also attenuated (Gasparotto et al., 2017).

Recently, umbilical cord blood-derived mesenchymal stem cells
were CRISPR/Cas9-edited to secrete SRAGE on the premise that local
sequestration of RAGE ligands, such as AGEs, might mitigate
Parkinson's like pathology. These SRAGE-edited cells were then injected
into the corpus striatum of rotenone-treated mice, a Parkinson's
Disease-like model. It was reported that neuronal death in the corpus
striatum and substantial nigra was significantly reduced in the presence
of the SRAGE-expressing injected cells, in parallel with reduced move-
ment abnormalities in the rotenone-treated animals (Lee et al., 2019).

Collectively, these examples of in vivo studies targeting the RAGE
axis in models of Parkinson's Disease link this receptor and its ligands to
this disease. This work therefore suggests that testing RAGE antagonism
in subjects with Parkinson's Disease may be logical and timely. In the
section to follow, a novel strategy to target the RAGE axis will be
considered.

7. Targeting RAGE signal transduction — A novel therapeutic
approach

A small molecule antagonist of RAGE, Azeliragon, which targets the
binding of RAGE ligands to the extracellular domains of RAGE, failed to
show benefit compared to placebo in human subjects with mild AD
(VTV Therapeutics, 2018). Multiple experiments have shown that the
extracellular domains of RAGE, particularly the V-type Ig domain, are
heterogeneous with respect to ligand binding; ligands may bind to
distinct pockets on the V-domain such as in hydrophobic or charged
sites and certain ligands may preferentially bind at the C-type Ig do-
mains (Koch et al., 2010; Kumano-Kuramochi et al., 2009; Leclerc et al.,
2009; Park et al., 2010; Xie et al., 2007, 2008). Such data suggest that

Endothelial Cells
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stressed cells release reactive oxygen species (ROS)
and nitric oxide (NO), thereby further promoting
wide-spread cellular stress. We posit that targeting
pathological RAGE-dependent signaling by proper
timing of therapeutic intervention will be key to re-
ducing cellular stress in the CNS, without impacting
the homeostatic RAGE-dependent signaling.

targeting the extracellular domains of RAGE might not be an effective
strategy to suppress RAGE activity in these disorders, especially given
that there is no evidence that individual RAGE-related diseases may be
influenced by only one or a very small number of ligands. Rather,
multiple cellular stress-related RAGE ligands appear to populate dis-
eased tissues, such as AGEs and S100 molecules in human diabetic
atherosclerosis (Burke et al., 2004).

In contrast, strategies that target the intracellular domain of RAGE
may be effective, given that the cytoplasmic domain of RAGE is small
(less than 45 amino acids) and is essential for RAGE ligand-mediated
cellular signaling. As discussed above, the discovery of DIAPH1 as a
putative effector of RAGE signaling has unveiled a potentially more
strategic therapeutic target. Early work has identified small molecules
that block the binding of the RAGE cytoplasmic domain to DIAPH1 and
have shown efficacy against the effects of RAGE ligands on signal
transduction and changes in gene and functional expression endpoints
in in vitro and in vivo studies (Manigrasso et al., 2016).

If and how such a strategy may be beneficial in RAGE/DIAPH1-re-
lated neurovascular and neurodegenerative disorders remains to be
tested.

8. Perspectives and future directions

Studies in human subjects and animal models are steadily linking
RAGE to the vulnerability to and pathogenesis of neurovascular and
neurodegenerative disorders, particularly with respect to driving in-
creased inflammation and barrier dysfunction coincident with aging.
No doubt the biology of RAGE is complex and much needs to be learned
about the homeostatic/pathobiological roles of this receptor and its
downstream effector, DIAPH1. Insights into RAGE's innate functions
have emerged from the observations that stress-related inflammation
accompanies acute environmental and metabolic cues that shape host
defenses. Recent work in primates and rodents has suggested that
conserved amino acid residues on the extracellular ligand- and in-
tracellular adaptor-binding regions and receptor oligomerization-re-
lated surfaces might convey “adaptive fitness,” that is, such sites on
RAGE might confer advantages for host defense and rapid responses to
challenge (Wu et al., 2015). Hence, in neurovascular and neurodegen-
erative disorders, it is plausible that RAGE and its ligands play both
beneficial/adaptive and deleterious roles (Fig. 3).

How may such complexities be rectified? Experiments using trans-
genic mice to imbue tissue-specific and temporally-regulated modula-
tion of RAGE (and DIAPH1) expression, as well as inhibitors of RAGE/
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DIAPH]1 that may be administered at early onset, mid-progressing phase
and at late, end-stage of disease, will be essential to dissect the innate
vs. deleterious roles of RAGE and DIAPH1 and to identify the optimal
conditions for therapeutic interruption of RAGE signaling. Further, as
some studies suggest that post-translational modifications of key RAGE
ligands in the CNS, such as HMGB1, may dictate their adaptive vs.
deleterious functions, consideration of the physical state of the RAGE
ligands will be important. Finally, as a mountain of evidence suggests
that RAGE-dependent physiologic vs. pathologic roles in the CNS may
be both cell intrinsic and/or dependent on cell-cell networking and
communication in vascular and neurodegenerative disorders, experi-
ments testing such concepts in vitro and in vivo utilizing methods that
consider RAGE-dependent cell-cell communication in mixed cultures
and, possibly, organoid models (Wang et al., 2017b), will be essential.
In this context, complimentary experiments using transcriptomic, pro-
teomic, and metabolomic approaches may aid in uncovering how RAGE
and DIAPH1 respond to toxic and detrimental cues in the CNS.

As there is mounting experimental evidence that there are scenarios
in which blocking RAGE exerts benefit in the CNS pathology, identi-
fying and harnessing the precise conditions for effectively targeting
RAGE will be essential to treat chronic disorders of the CNS, especially
those that accompany aging, cerebral ischemia, and diabetes.
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Abstract

Background: Burgeoning evidence highlights seminal roles for microglia in the pathogenesis of neurodegenerative
diseases including amyotrophic lateral sclerosis (ALS). The receptor for advanced glycation end products (RAGE)
binds ligands relevant to ALS that accumulate in the diseased spinal cord and RAGE has been previously implicated
in the progression of ALS pathology.

Methods: We generated a novel mouse model to temporally delete Ager from microglia in the murine SOD1%%*

model of ALS. Microglia Ager deficient SOD1%** mice and controls were examined for changes in survival, motor
function, gliosis, motor neuron numbers, and transcriptomic analyses of lumbar spinal cord. Furthermore, we
examined bulk-RNA-sequencing transcriptomic analyses of human ALS cervical spinal cord.

Results: Transcriptomic analysis of human cervical spinal cord reveals a range of AGER expression in ALS patients,
which was negatively correlated with age at disease onset and death or tracheostomy. The degree of AGER
expression related to differential expression of pathways involved in extracellular matrix, lipid metabolism, and
intercellular communication. Microglia display increased RAGE immunoreactivity in the spinal cords of high AGER
expressing patients and in the SOD1°%* murine model of ALS vs. respective controls. We demonstrate that
microglia Ager deletion at the age of symptomatic onset, day 90, in SOD7°*** mice extends survival in male but not
female mice. Critically, many of the pathways identified in human ALS patients that accompanied increased AGER
expression were significantly ameliorated by microglia Ager deletion in male SOD1°%** mice.

Conclusions: Our results indicate that microglia RAGE disrupts communications with cell types including astrocytes
and neurons, intercellular communication pathways that divert microglia from a homeostatic to an inflammatory
and tissue-injurious program. In totality, microglia RAGE contributes to the progression of SOD1°%* murine
pathology in male mice and may be relevant in human disease.
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Background

Amyotrophic lateral sclerosis (ALS), a progressive, fatal,
neurodegenerative disease, is characterized by the inex-
orable death of motor neurons. Affected patients experi-
ence progressive muscle atrophy, motor function
decline, and eventual paralysis. ALS rapidly progresses in
most patients, resulting in an estimated survival of 2—4
years after onset of symptoms [1]. Greater than 90% of
ALS patients have no known family history of the dis-
ease and hence the non-familial form of the disease is
known as sporadic ALS (sALS). A smaller subset of pa-
tients (5-10%) is affected by familial ALS (fALS) [1].
Mutations in superoxide dismutase 1 (SODI) account
for approximately 20% of fALS patients [1]. Regardless
of the underlying disease-related mutation, ALS is char-
acterized by the accumulation of proteinaceous aggre-
gates, which is associated with a pro-damage
inflammatory and oxidative stress state involving mul-
tiple cell types. Ultimately, these processes collectively
augur motor neuron death [2, 3]. Mice carrying multiple
copies of a human SODI®*** transgene display hall-
marks of ALS, including accumulation of proteinaceous
aggregates, neuroinflammation, and progressive motor
function decline with eventual paralysis and death in all
SOD1%%34 transgenic mice [4, 5]. While ALS results in
motor neuron death, several landmark studies have elu-
cidated critical roles for non-neuronal cells during dis-
ease progression [6-11]. Altogether, these
considerations illustrate that ALS pathology is driven by
dysfunction across a myriad of cell types whose inter-
communications drive processes that irreparably damage
neurons.

Spatial transcriptomic analysis of SODI®*** mouse
spinal cords suggests that microglial dysfunction is evi-
dent by post-natal day 30 (P30), with astrocyte dysfunc-
tion becoming apparent later, by P70. These findings
suggest that microglial dysfunction may precede and
contribute to astrocyte dysfunction, which precedes
neuronal death [12]. Critically, these key findings impli-
cating glial cells in ALS pathobiology were also observed
in spatial transcriptomics analyses of human ALS spinal
cord [12]. Studies in SODI1*** mice affirmed mediating
roles for glial cells in impacting survival in SOD19%34
mice; when the myeloid and lymphoid compartment of
these mice was replaced with a wild-type (WT) bone
marrow transplant within 24 h of birth, the recipient
SODI*** mice demonstrated improved survival com-
pared to those SOD1%%** mice receiving SOD1°*** bone
marrow [9]. Moreover, an expanding number of genes
with known ALS-linked mutations mediate myeloid
function, including C9ORF72, TARDP, and OPTN [13,
14]. Specifically, C9ORF72 regulates phagosome and
lysosome pathways [15], while TARDP regulates phago-
cytosis [16]. OPTN deficiency induces an inflammatory
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profile in microglia [17]. It has previously been shown
that reducing myeloid inflammation increases lifespan of
SOD19%*4 mice [7, 18]. In a distinct inducible murine
model of ALS, microglia were required for the clearance
of protein aggregates [19]. Microglia from SODI®®*
mice display unique transcriptomic signatures reminis-
cent of both protective and inflammatory macrophages
[20]. Altogether, these findings suggest that microglia
may exert opposing roles in ALS, mediating stage-
dependent alterations in protective vs. damage-
provoking functions. In fact, accruing evidence suggests
that microglia may undergo step-wise activation toward
a dysfunctional inflammatory disease-associated micro-
glia (DAM) phenotype, at least in the context of Alzhei-
mer’s disease (AD) [21, 22]. Triggering receptor
expressed on myeloid cells 2 (TREM2) has been impli-
cated in the step-wise activation of microglia toward this
DAM state; however, it is established that additional fac-
tors synergize or act independently of TREM2 in this
“activation pathway” and that TREM2 plays complex
pro- and anti-inflammatory effects in immune cells [23].
The identity of such additional factors is thus essential
to discover, as they may unveil new therapeutic targets
for neurodegenerative disorders.

The receptor for advanced glycation end products
(RAGE) is an immunoglobulin (Ig)-type transmembrane
receptor expressed by many cell types and is upregulated
in patient and murine ALS tissues [24—26]. RAGE binds
a diverse set of ligands, particularly those noted as dam-
age associated molecular patterns (DAMPs), including
several upregulated in ALS patient and SOD1°*** mouse
spinal cord, such as S100 calcium binding protein B, car-
boxymethyllysine (CML)-advanced glycation end prod-
uct (AGE), and high-mobility group box 1 (HMGBI1)
[25, 27-29]. Spatial transcriptomic analyses recently
identified an enrichment of the “AGE-RAGE pathway in
diabetic complications” Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathway in both murine and hu-
man ALS spinal cord within glia-related modules of gene
expression [12].

While the discrete role of microglia RAGE in the con-
text of ALS has never been studied, RAGE activation on
myeloid cells, including microglia, stimulates NF-«kB ac-
tivity, thereby promoting pro-inflammatory cytokine ex-
pression and generation of reactive oxygen species [30—
34]. Ligand engagement with RAGE induces a conform-
ational change in its cytoplasmic tail that signals, at least
in part, through diaphanous related formin 1 (DIAPHI)
[35, 36]. Microglia have been shown to induce motor
neuron death and drive pathology in SOD1°*** mice via
activation of NF-kB [7]. We hypothesize that microglia
RAGE contributes to oxidative stress and exacerbation
of pro-inflammatory gene expression, processes which
divert microglia from their homeostatic and protective
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functions, thereby redirecting them to a phenotype that
contributes to neurodegeneration.

In the current study, analysis of human ALS patient
RNA-sequencing data uncovered for the first time that a
spectrum of expression of AGER, the gene encoding
RAGE, was evident in ALS cervical spinal cord tissue,
and that this was related to alterations in pathways in-
volving lipid metabolism, cellular microenvironment,
and intercellular communication. Furthermore, patients
with high AGER expression displayed increased levels of
RAGE in microglia in the cervical spinal cord. In a mur-
ine model, we demonstrate a significant survival benefit
and improvement in motor function performance in
male but not female microglia Ager-deficient SOD19%34
Ager™™ Cx3cr1“"* mice (microglia Ager deletion) rela-
tive to SODI%* Ager*’* Cx3cr1®* mice (Cre-con-
trols; microglia express Ager) subjected to deletion of
microglia Ager at 3 months of age. Remarkably, deletion
of microglia Ager from SODI1%*** mice modulated the
lumbar spinal cord transcriptome in a manner such that
a number of pathways related to increased AGER ex-
pression in human ALS patients were significantly ame-
liorated. Altogether, these data suggest that RAGE may
contribute to the pathological re-programming of innate
microglia functions in the ALS spinal cord.

Materials and methods

Animals

All experiments were performed on C57BL/6] mice
intercrossed with the following strains: B6.129P2(Cg)-
CX3CR1 ™2 Here/ERT2LIWean] (JA Y Stock No: 021160),
Ager™™F°* mice (C56BL6J background), and B6.Cg-
Tg(SOD1G93A)1Gur/] (JAX Stock No:004435) [4, 37—
39]. Note that all mice employed in this study were ex-
tensively backcrossed into or generated directly in
C57BL/6] background. In all mice, copy number was an-
alyzed and any mice with alterations were not enrolled
in the study [40]. Three mice over the course of the
study were censored due to non-ALS deaths. All mice
were maintained under pathogen-free conditions. Unless
otherwise noted, all mice were housed in a temperature
(19-23 °C) and humidity (30-70% relative humidity)-
regulated environment with 12-h light/dark cycle, lights
on/off at 6:30, and received standard chow food pellets
(Lab Diets, Cat: 5053) and water ad libitum. Tamoxifen
(TAM) was used to delete Ager from Cx3crl-expressing
cells at 90 days of age. All animals, irrespective of geno-
type, were administered 0.2 pg of TAM (Sigma, Cat:
T5648) dissolved in corn oil (Sigma-Aldrich, Cat:
C8267) once daily every day for a total of five intraperi-
toneal injections except for the female control mice used
in validation of Ager deletion, which received five intra-
peritoneal injections administered every other day. Onset
of disease was identified by the age at which the animal
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reached maximum weight. The humane endpoint was
determined by 20% weight loss from maximum weight,
or the inability of the animal to right itself within 15 s of
being placed on its side. When a mouse reached the hu-
mane endpoint, by either criterion, it was immediately
sacrificed and date of death was recorded for survival
analyses. Mice were weighed 2-3 times weekly, same
time of day, with calibrated balances.

Motor function

Measurement of motor function was performed using
the Hanging Wire test as detailed previously [41]. Briefly,
mice were placed on a cage wire lid, inverted 50 cm
above padding and observed for up to 1 min. The
amount of time until the mouse fell to the padding was
recorded. All mice were trained to the procedure for 1
week prior to data acquisition (8 weeks of age). All tests
were performed twice-weekly until the mice were no
longer able to perform the test. In all cases, the operator
was naive to experimental code. Triplicate measure-
ments were taken and mean value was recorded for each
session and weekly means were calculated. Animals were
given 30-s breaks between test replicates.

Immunohistochemistry

Murine tissue staining

Mice were anesthetized with Ketamine and Xylazine and
then underwent rapid cardiac perfusion with PBS,
followed by 4% paraformaldehyde (PFA). The spinal col-
umn was rapidly removed, and the lumbar spinal cord
was retrieved. Lumbar spinal cords were washed in PBS
and then drop-fixed in 4% PFA for an additional 1 h at 4
°C. Gastrocnemius tissue was collected and drop-fixed
16 h in 1% PFA at 4 °C. After fixation, tissue was incu-
bated with 15% sucrose in PBS for 24 h followed by in-
cubation with 30% sucrose in PBS for an additional 24 h.
Cyroprotected tissue was frozen in optimal cutting
temperature (OCT) compound (FisherScientific, Cat: 23-
730-571) and kept at — 80 °C until sectioning. Further-
more, 8-um-thick serial sections were collected on
Superfrost PLUS slides (FisherScientific, Cat: 22-037-
246) using a Microm cryostat (ThermoFisher, Model:
HM550). Sections were washed 3x with PBS for 5 min
and then permeabilized with 0.2% Triton-X 100 in PBS
for 10 min and washed 3x with PBS. Blocking was con-
ducted with Serum-Free blocking buffer (Dako, Cat:
X090930-2) for 1 h at RT. All primary antibodies were
diluted in Antibody Diluent (Dako, Cat: S3022) and ap-
plied overnight at 4 °C. Subsequently, slides were washed
3x with PBS, then incubated with secondary antibodies
diluted in Antibody Diluent for 1 h at RT. For slides
containing DAPI, slides were washed and placed in a 1
pg/mL DAPI (Invitrogen, Cat: D1306) solution for 5 min
at RT and washed 3x with PBS before mounting with
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fluorescent mounting media (Dako, Cat: $302380-2). Pri-
mary antibodies used: 1 pg/mL Mouse anti-RAGE
(Millipore, Cat: MAB5328), 0.5 pg/mL Rat anti-CD11B
(M1/70) (Invitrogen, Cat:14-0112-82), 0.25 pg/mL Rat
anti-GFAP (2.2B10) (Invitrogen, Cat: 13-0300), 5 pg/mL
Rat anti-CLEC7A (Invivogen, Cat: mabg-mdect), 1 pg/
mL Mouse anti-AMIGO2 (G-7) (SantaCruz, Cat: sc-
373699), 5 pg/mL Mouse anti-NeuN (Millipore, Cat:
MAB377), 5 pg/mL Rat anti-CD68 (Abcam, Cat:
ab53444), 5 ug/mL Rat anti-F4/80 (Abcam, Cat: ab6640),
and 3 pg/mL Chicken anti-MAP2 (Abcam, Cat:ab5392).
Secondary antibodies utilized: Donkey anti-Rat Alexa
Fluor 488 (Invitrogen, Cat: A-21208), Donkey anti-
Mouse Alexa Fluor 546 (Invitrogen, Cat: A10036), Don-
key anti-Rat Alexa Fluor 594 (Invitrogen, Cat: A-21209),
Donkey anti-Mouse Alexa Fluor 488 (Invitrogen, Cat:
A21203), and Donkey anti-Chicken Alexa Fluor 647
(Jackson ImmunoResearch, Cat: 703-605-155). All sec-
ondary antibodies were used at 1 pg/mL. All experi-
ments included negative controls by omission of primary
antibody.

Human tissue staining

De-identified paraffin-embedded tissue sections from
sporadic ALS patient and control cervical spinal cord tis-
sue were provided by the Target ALS Multicenter Post-
mortem Tissue Core (www.targetals.org). Then, 3 x 5
min washes with Clear-Rite 3 (ThermoFisher, Cat:
6901TS) were used to de-paraffinize the sections. Slides
were rehydrated in a series of 5 min EtOH washes (2 x
100%, 1 x 90%, 1 x 70%) and then washed 3x with
ddH20. Antigen retrieval was performed by steaming in
Epitope Retrieval Solution (IHC World, Cat: IW-1100)
for 1 h then washed 3x with PBS. Sections were perme-
abilized for 10 min with 0.4% Triton X100 in PBS then
washed 3x with PBS. Autofluorescence was reduced by
incubating with 1x TrueBlack in 70% ethanol (Biotium,
Cat: 23007) for 30 s, then washed 3x with large volumes
of PBS. Blocking was conducted with 5% Donkey Serum
(SigmaAldrich, Cat: D9663) in PBS overnight at 4 °C. All
primary antibodies were diluted in 2.5% Donkey Serum
in PBS and applied for 24 h at 4 °C. Subsequently, slides
were washed 3x with PBS, then incubated in secondary
antibodies diluted in 2.5% Donkey Serum in PBS for 1 h
at RT. Slides were then washed 3x with PBS before
mounting with fluorescent mounting media. Primary
antibodies utilized: 5 pg/mL Rabbit anti-IBA1 (Wako,
Cat: 013-27691), 4 pug/mL Goat anti-RAGE (R&D, Cat:
AF1179), 5 pg/mL Mouse anti-GFAP (BD Biosciences,
Cat: 556330), and 5 pg/mL Mouse anti-NeuN (Millipore,
Cat: MAB377). Secondary antibodies utilized: Donkey
anti-rabbit Alexa Fluor 488 (Invitrogen, Cat: A21206),
Donkey anti-mouse Alexa Fluor 488 (Invitrogen, Cat:
A21203), Donkey anti-Goat Alexa Fluor 594 (Invitrogen,
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Cat: A32758), and Donkey anti-Goat Alexa Fluor 647
(Invitrogen, Cat: A32849). All secondary antibodies were
used at 1 pg/mL. As above, all experiments included
negative controls with omission of primary antibodies.

Imaging and quantification

Multicolor wide-field images were taken on a Leica
5500B microscope at x 20 or x 40 magnification, as indi-
cated. All microscope settings were kept identical for
each experiment. For mouse tissue imaging: 2—4 images/
tissue slice and 3—4 tissue slices/sample were collected
for analysis. For human tissue imaging: 2—4 images/tis-
sue slice and 3 tissues slices/patient were collected for
analysis, four regions of interest per image,150 x 150 pm
in size, were selected as to exclude auto-fluorescent
blood vessels for each image before further analysis. All
analyses were performed with the Fiji distribution of
Image] (NIH) [42].

Cell number analyses

Cell numbers that displayed overlap of the designated
antibodies with DAPI were manually counted per image
and averaged per mouse. All analysis was completed by
a naive experimenter blinded to all experimental codes.

Cell area analysis

To quantify the positive area of each stain in end-stage
murine and human tissues, the images underwent back-
ground removal with the rolling ball radius set to 50
within Image]. Images were then subjected to automated
thresholding with the optimal thresholding algorithm of
each signal being selected by a naive experimenter. The
following thresholding algorithms were utilized: Li for:
CD11B in Wild-Type vs SODI G934 mice; Moments used
for: RAGE, c-Type lectin domain containing 7a protein
(or dectin-1) (CLEC7A), glial fibrillary acidic protein
(GFAP), microtubule-associated protein 2 (MAP2), and
adhesion molecule with Ig like domain 2 (AMIGO2);
Triangle used for: CD11B, CLEC7A, on 120 day old tis-
sue, and F4/80, CD68, and neuronal nuclei antigen
(NeuN); and Otsu for: human ionized calcium-binding
adapter molecule 1 (IBA1), and human GFAP [43-45].
Calculation of positive area was calculated per um” and
the average of 4—8 images per sample was used for stat-
istical analysis.

Cell culture

BV2 mouse microglia-like cells were obtained as a gen-
erous gift from Dr. Colin K. Combs (University of Neb-
raska). BV2 cells were grown in growth medium
(Dulbecco’s modified Eagle’s medium (DMEM) (Ther-
mofisher, Cat:11885-084) containing 10% (v/v) heat-
inactivated fetal bovine serum (FBS) (Corning, Cat:35-
010-CV)) with 100 units/mL penicillin and 100 pg/mL
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streptomycin (Thermofisher, Cat:10378016). The cells
were incubated at 37 °C under 5% CO, and 95% relative
humidity.

Lentivirus transfection

BV2 cells were grown to 50% confluency in normal
growth medium. Growth medium was replaced with
fresh growth medium supplemented with 5 pg/mL poly-
brene (Sigma, Cat:TR-1003) and 1.5 x 10° lentiviral par-
ticles of either shAger (Sigma, Cat: TRCN0000071745) or
non-targeting shRNA control (Sigma, Cat: SHC002H)
lentivirus for 8 h. When cells reached 90% confluency,
shRNA expressing cells were selected using growth
medium with 4 pg/mL puromycin (Thermofisher, Cat:
A1113803) and were maintained under puromycin selec-
tion for at least three passages before use.

Treatment of BV2 cells

BV2 cells were plated in a 6-well plate at 3 x 10° cells
per well and cultured in growth medium containing 1%
FBS overnight. Cells were treated with 300 pg/mL RAGE
ligand CML-AGE or human serum albumin control for
24 h before lysing in Qiazol reagent (QIAGEN Inc, Cat:
79306) and frozen until RNA was isolated [46]. For
RAGE inhibitor studies, cells were first pre-treated with
either 10 pM RAGE inhibitor (a C11 analog) or 0.1% v/v
dimethyl sulfoxide (DMSO) in 1% FBS containing
growth medium for 2 h before treatment [32].

CD11B"* cell isolation via autoMACS

Mice were deeply anesthetized with Ketamine and Xyla-
zine and then cardiac-perfused with 50 mL of ice-cold
PBS. Subsequently, mice were decapitated and the brain
was removed and collected into ice-cold tubes contain-
ing PBS. Brain tissue was dissociated using the Adult
Brain Tissue Dissociation Kit (Miltenyi, Cat: 130-107-
677) as per manufacturer’s guidelines with the gentle-
MACS dissociator (Miltenyi, Cat:130-093-235) and
strained with 70 pm filters (Miltenyi, Cat: 130-098-462).
Homogenates underwent debris removal as per the man-
ufacturer’s guidelines (Miltenyi, Cat:130-109-398). Sam-
ples were then incubated with CD11B-microbeads
(Miltenyi, Cat: 130-097-142) as per manufacturer’s
guidelines, then washed with Running Buffer (Miltenyi,
Cat: 130-091-221) and centrifuged at 500xg for 5 min.
Pellets were resuspended with 2 mL Running Buffer and
subjected to the autoMACS Pro Separator (Miltenyi,
Cat:130-092-545) “Possel” selection protocol. Positive
fractions were collected, centrifuged at 500xg for 5 min
and then re-suspended in 200 pL Qiazol lysis reagent
(Qiagen, Cat: 79306) and flash frozen until RNA was
isolated.
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Tissue harvest and RNA isolation

Mice were anesthetized with Ketamine and Xylazine.
The spinal column was rapidly removed, and the lumbar
spinal cord was retrieved. Lumbar spinal cords were
flash frozen and stored at — 80 °C until processed. Fro-
zen tissue was kept on dry ice until homogenized in Qia-
zol reagent (Qiagen Inc, Cat: 79306). Crude homogenate
was mixed with chloroform, at a ratio of 70 pL chloro-
form per 350 uL homogenate, to facilitate removal of
lipids, and allowed to equilibrate at room temperature
for 2 min. Samples were centrifuged at 13,000xg for 15
min at 4 °C. The aqueous phase containing the RNA
was transferred to a new tube. Then the following steps
were completed as detailed by the manufacturer’s in-
structions using an RNeasy Mini Kit (Qiagen, Cat:
74104) with on-column DNAse digestion (Qiagen, Cat:
79254). RNA concentration was determined via a Nano-
Drop spectrophotometer (ThermoFisher, Model: ND-
1000). RNA integrity (RIN) for RNA-sequencing samples
was measured using RNA 6000 Pico Kit in a 2100 Bioa-
nalyzer (Agilent).

Real-time quantitative polymerase chain reaction

One microgram of RNA was used with the iScript cDNA
synthesis kit (BioRad, Cat:1708890) as per the manufac-
turer’s instructions to generate cDNA. Tagman gene ex-
pression assays were used to evaluate Ager (Life
Technologies, Cat: Mm01134790_gl1), 18s rRNA (Ap-
plied Biosystems, Cat:4310893E), Hprt (Life Technolo-
gies, Cat:Mm03024075_m1), Illa (Life Technologies,
Cat:Mm00439620_m1), and Malatl (Life Technologies,
Cat: MmO01227912_s1) levels using the Tagman Fast
Universal PCR Master Mix (Life Technologies, Cat:
4367846) with the 7500 Fast Real-Time PCR System
(Applied Biosystems, Cat: LS4351106). Expression values
were calculated using the AACt method relative to 18s
rRNA or Hprt.

Cytokine array

Five hundred nanograms of RNA per biological replicate
(1.5 pg total) for each condition was pooled before pro-
ceeding with the mouse cytokine cDNA plate array
(Signosis, Cat: AP-1141) as per the manufacturer’s in-
structions. Resulting luminescence was quantified using
a SpectraMax M5 microplate reader (Molecular Devices,
San Jose, CA) and normalized to 18s rRNA.

Murine RNA sequencing

High-quality lumbar spinal cord RNA samples, as con-
firmed by Bioanalyzer with RIN values ranging from 7.9
to 8.7, free of DNase and RNase were prepared for se-
quencing using the TruSeqStranded mRNA library prep
kit (Illumina, Cat: 20020594) and the NovaSeq 6000 SP
Reagent Kit v1.5 (Illumina, Cat: 20028401). High-
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throughput RNA sequencing (RNA-seq) was completed
using an Illumina NovaSeq 6000 sequencer performed
by the NYU Grossman School of Medicine Genome
Technology Core.

Murine RNA-seq data analysis

The resulting 49-61 M read pairs per sample were proc-
essed following standard quality control practices to re-
move low-quality reads and adapter sequence
contamination (~15% of reads) [47-49]. Remaining
high-quality read pairs were aligned to the mouse gen-
ome (mml0) using STAR 2.7.3a with a mean of 88%
uniquely mapping [50]. Read pair counts per gene were
summed with the featureCounts function in subread
1.6.3 using the GENCODE M25 annotation release [50—
53]. Read counts were normalized using the trimmed
mean of M values (TMM) method in edgeR 3.24.3
within the R environment 3.5.1 [54-56]. Differential ex-
pression was analyzed using edgeR via the exactTest
function [55, 57]. Significantly differentially expressed
genes were determined by a cut-off of adjusted p value
<0.05 and subjected to over representation analysis of
KEGG pathways using the R package clusterProfiler
v3.16.1 [58-61]. Significantly differentially expressed
genes with false-discovery rate (FDR) < 0.05 and corre-
sponding log, fold changes were used as input for all in-
genuity pathway analysis (IPA) including graphical
summary, canonical pathways, upstream regulators, and
causal network analyses (QIAGEN Inc.) [62]. Adjust-
ments were made for multiple testing to control the
FDR at 0.05 [63].

Human RNA-seq data analysis

Raw RNA-seq data of cervical spinal cord and de-
identified metadata were obtained from:The Target ALS
Multicentered Postmortem Tissue Core, the New York
Genome Center for Genomics of Neurodegenerative
Disease, Amyotrophic Lateral Sclerosis Association, and
TOW Foundation (www.targetals.org). Illumina paired-
end 100-bp read data were downloaded from TargetALS
(mean of 43 M reads per sample) and processed follow-
ing standard quality control practices to remove low-
quality reads and adapter sequence contamination (~ 4%
of reads) [47-49]. Remaining high-quality read pairs
were aligned to the human genome (hgl9) using STAR
2.6.1d with a mean of 95% uniquely mapping. Read pair
counts per gene were summed with the featureCounts
function in subread 1.6.3 using the GENCODE 30 anno-
tation release [50—53]. Only samples with RIN values of
> 6 were used for all analyses. Read counts were normal-
ized using the TMM method on log, counts per million
in edgeR 3.24.3 within the R environment 3.5.1 [54—56].
Differential expression was analyzed using generalized
linear models via edgeR, with either (1) diagnosis of ALS
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spectrum motor neuron disease (# = 76) or non-
neurological control (n = 11) as categorical variables; or
(2) AGER as a continuous variable in ALS patients (1 =
76) to control and test for differential expression related
to diagnosis or increasing AGER expression while con-
trolling for sex and testing for any potential interactions
within the model [64]. Significant differentially expressed
genes with log, fold changes with absolute values of >
0.5 used as the input for evaluation of overrepresenta-
tion of KEGG gene sets and for all IPA analyses as per
the murine data analysis described above. Competitive
gene set testing via CAMERA, and rotational gene set
testing via ROAST were both completed using edgeR
3.24.3 to evaluate KEGG and Gene Ontology (GO) gene
sets [55, 57—-60, 65—68]. Testing for linear correlation
was completed by first normalizing AGER expression
using the TMM method and generating counts per mil-
lion mapped reads (CPM) with edgeR 3.24.3 as above. A
linear model was generated with normalized AGER CPM
as the predictor of either age at death/tracheostomy or
age at onset within the base R environment 3.5.1.

Statistics

Data are shown as mean +SEM or as indicated. Normal-
ity of the data was assessed using the Shapiro-Wilk’s
normality test. If normality assumption was met, data
were subsequently evaluated by independent two-sample
¢ tests, two-way ANOVA with post-hoc Tukey’s test, one
way ANOVA with post-hoc Holm-Sidak multiple com-
parisons test, or mixed effects analysis with Geisser-
Greenhouse correction with post-hoc Holm-Sidak’s mul-
tiple comparisons test, as indicated. Non-parametric
Mann—Whitney tests were implemented instead to as-
sess differences if normality assumption was violated.
Survival data were visualized by Kaplan—Meier curve
and the Logrank test (Mantel-Cox) was used to evaluate
differences in the survival distributions between groups.
All analyses were performed with GraphPad Prism 9
(GraphPad Software, San Diego, CA) and R 3.6.1 using R
package “nlme” [56, 69]. p values < 0.05 were used to de-
note statistical significance.

Results

Evaluation of AGER expression in human amyotrophic
lateral sclerosis spinal cord

Previous studies have documented increased RAGE ex-
pression in human ALS spectrum motor neuron disease
(ALS) spinal cord [25, 26]; however, detailed assessments
of roles for RAGE in ALS are lacking [41]. To address
this key point, we obtained bulk RNA-seq data from
ALS and control patient cervical spinal cord tissue from
the Target ALS Multicentered Postmortem Tissue Core,
the New York Genome Center for Genomics of Neuro-
degenerative Disease, Amyotrophic Lateral Sclerosis
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Association and TOW Foundation. We limited our ana-
lysis to RNA-seq samples with RIN > 6. In total, 76 ALS
and 11 non-neurological control cervical spinal cord
data met these criteria and were eligible for analysis.

Expression of the gene encoding RAGE, AGER, was
not significantly different (FDR = 0.78) between ALS pa-
tients and non-neurological controls (Fig. 1A). However,
when we examined gene set differences in expression be-
tween the ALS patients and non-neurological controls
with rotational gene set testing (ROAST) and competi-
tive gene set testing (CAMERA) analyses, we observed
significant enrichment of the “AGE-RAGE signaling
pathway in diabetic complications” which was visualized
by a barcode enrichment plot for the pathway (Fig. 1B,
see Additional Files 1 and 2, Supplemental Table 1.1-
1.3). Altogether, these analyses suggest upregulation of
the AGE-RAGE signaling pathway gene set in ALS pa-
tients relative to control patients.

Further analysis revealed that there was a spectrum of
AGER expression (normalized counts) in the cervical
spinal cord across ALS patients (Fig. 1A). Thus, it was
logical to determine if the level of AGER correlated with
available ALS patient phenotypic metadata. The ALS pa-
tients had a median onset of 60.5 years of age (range
32-80), median age at death of 65 years (range 32—80),
and a median disease duration (onset to death) of 36mo
(range 6—156 months), and the majority had no identifi-
able family history of ALS (see Additional Files 1 and 2,
Supplemental Tablel.4). We found normalized AGER
counts per million (CPM) was negatively correlated with
the age at disease onset (coefficient = —2.449, p = 0.07,
adjusted 7> = 0.032) and the age at death or tracheos-
tomy (coefficient = -2.609, p = 0.037, adjusted P =
0.045) in the ALS patients (Fig. 1C, D). We obtained a
randomly-selected and available subset of tissue sections
from the patients displaying highest vs. lowest 10% of
AGER RNA values, that is, the extremes (Fig. 1E). We
demonstrated that the difference in AGER RNA was also
present at the protein level (Fig. 1F, G).

We next sought to examine genes and pathways that
may be modulated with increasing AGER expression in
ALS patients. We tested for differential expression using
AGER as the predictive variable and found that there
were many significantly differentially expressed genes as-
sociated with AGER expression (see Additional Files 1
and 2, Supplemental Table 1.5). Importantly, there were
no differential genes related to AGER expression that
differed significantly by sex. We narrowed subsequent
analyses to differential genes with >0.5 |Log,| fold
change; it is important to note that Log, fold changes
represent the degree to which each gene changes per
change in AGER expression. KEGG pathway enrichment
results indicate upregulation of cell-cell communication
and extracellular matrix remodeling pathways with the
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extent of AGER expression (see Additional Files 1 and 2,
Supplemental Table 1.6). Ingenuity pathway analysis
(IPA) indicated several enriched canonical pathways of
genes including hepatic fibrosis/hepatic stellate cell acti-
vation (Table 1). Altogether, these data support roles for
RAGE in human ALS.

However, as these analyses are from bulk RNA-seq
data of cervical spinal cord tissue, it was not possible to
discern which cell type(s) may be expressing RAGE and
if this too differs across the spectrum of AGER-express-
ing ALS patients. To address this point, we sought to
co-localize RAGE expression with several cell type
markers within the subset of patients with the extremes
of RAGE expression. We performed a series of immuno-
histochemistry (IHC) experiments to determine which
cell types in the ALS cervical spinal cord were express-
ing RAGE and if that differed between these ALS pa-
tients. We found that there were no differences in
microglia (ionized calcium-binding adapter molecule 1,
IBA1) or astrocyte (glial fibrillary acidic protein, GFAP)
staining area in either the ventral horn gray matter or
associated white matter between high and low AGER pa-
tients (Fig. 2A—C). However, there were significantly
higher levels of RAGE overlap with IBA1 in both areas,
but not with GFAP in either area, in high vs. low AGER
patients (Fig. 2A, D, E). Furthermore, there was no dif-
ference in the overlap of RAGE with a neuronal marker,
neuronal nuclei antigen (NeuN), within the ventral horn
between high and low AGER patients (Fig. 2A, F). How-
ever, additional RAGE signal was detected, which was
not localized to any of these cell-type markers and the
cellular or extracellular nature remains unclear. These
data support the recent spatial transcriptomic analyses
that indicated enrichment of the AGE-RAGE pathway in
a glia module associated with disease progression in the
SOD1%** murine ALS model and in a corresponding
module in human ALS patient tissue [12]. Altogether,
these data suggest that AGER expression may be associ-
ated with (1) ALS pathology and (2) glial perturbation.

SOD1°%*# mice exhibit increased RAGE-expressing
microglia during pathology progression

Based on these analyses in human ALS and the accumu-
lating evidence that microglia are dysfunctional early in
the SODI19°*4 murine model, which may promote/
propagate astrocytic and neuronal dysfunction and that
RAGE is known to regulate in vitro microglia-like cell
responses to several ligands increased in SOD1%%** mice
[25, 33, 34, 70-73], we sought to examine if microglia
expressed RAGE in a prototypic murine model of ALS,
the SODI°*** model. There are currently no mouse
models of “sporadic” ALS; however, murine models of
familial ALS provide a means to model and test funda-
mental mechanisms of motor degeneration and reduced
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survival in these animals vs. their unaffected littermate
controls. Hence, we began by performing IHC in
SODI1*** and WT mice (all in the C57BL/6] back-
ground) lumbar spinal cord tissue at age 120 days. The

overlap area of RAGE with the myeloid marker, integrin
subunit alpha m (CD11B), was higher in SODI G934 mice
vs. littermate WT control mice (Fig. 3A, B). While
RAGE is expressed in multiple cell-types in spinal cord;
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Table 1 Overrepresentation analyses dependent on AGER expression within ALS patient cervical spinal cord RNA-seq

Ingenuity canonical pathways FDR KEGG pathways FDR
Hepatic fibrosis/hepatic stellate cell activation 6.46E-08 Protein digestion and absorption 3.71E-07
GPé6 signaling pathway 2.69E-07 ECM-receptor interaction 2.79E-05
Agranulocyte adhesion and diapedesis 7.08E-03 Cell adhesion molecules 2.27E-02
Apelin liver signaling pathway 7.08E-03 Calcium signaling pathway 4.21E-02
Sperm motility 9.55E-03 PI3K-Akt signaling pathway 4.21E-02
Atherosclerosis Signaling 1.58E-02

Genes that were input into these analyses were significantly differentially-expressed genes with FDR < 0.05 with absolute log, fold change values of > 0.5.

Enriched pathways, FDR < 0.05

the findings that RAGE overlap with microglia is in-
creased in SODI19?** mice and in a subset of human pa-
tients with higher AGER expression, alongside the
spatial transcriptomic analyses, implicating the AGE-
RAGE pathway alteration in glia, suggested it was logical
to probe potential roles for microglia RAGE in ALS-like
pathology in the SOD1*** mouse model.

Microglia Ager deletion extends survival in male SOD7%%34
mice

As accruing evidence has suggested stage-specific roles
for microglia in the context of ALS and other neurode-
generative diseases, we sought to assess whether micro-
glia RAGE affects the pathological progression of
SOD1%*4 mice [14]. We employed a tamoxifen (TAM)-
inducible model in which microglia expressed Ager dur-
ing development and early life and administered TAM
to all mice at the age of 90 days to induce Ager deletion
in SOD19%3* Ager™™ Cx3cr1<"'*, and SOD1°%* Ager*'*
Cx3cr1<"™/* mice to evaluate potential roles for RAGE in
the progression of pathology (Fig. 4A). We confirmed
knock-down of Ager expression in primary CD11B cell
isolates from central nervous system (CNS) tissues (Fig.
4B). The area of RAGE overlap with IBA1l, but not
GFAP, was significantly lower in the SOD1°%*4 Ager™"
Cx3cr1“"™* lumbar spinal cord tissue relative to Cre-
expressing controls at the end of the study, suggesting
Ager knock-down in microglia was maintained (Fig. 4C,
D, Supplemental Figure 1A-B). The area of RAGE over-
lap with the pan neuronal marker microtubule-
associated protein 2 (MAP2) at the age of 120 days did
not differ between the two genotypes, suggesting that
neuronal Ager was not modulated by this approach in
this study (Supplemental Figure 1C-D).

As Cx3crl Cre-expressing mice, regardless of the ad-
ministration of TAM, or not, are heterozygous for the
Cx3crl locus, we evaluated SODI1%%4 Ager” +
Cx3crI®™* (microglia Ager-expressing, Cx3crl Cre-
expressing) and SODI19* Ager™ Cx3cr1“"/* (micro-
glia Ager deficient, Cx3cr1-Cre expressing) mice [37]. As
expected, there were no differences in the age of disease
onset between any groups, as defined as the age at which

the mouse reached maximum weight (Supplemental Fig-
ure 2A-B, see Additional file 1; p > 0.05). We found that
male SOD19%* Ager™™ Cx3cr1“**'* mice displayed sig-
nificantly longer survival relative to SODI1*** Ager*’*
Cx3cr1“™* mice, median lifespan of 159 (range 149-
175 days) days vs. 152 days (range 136-171 days), re-
spectively (Fig. 5A; p < 0.05). We did not observe differ-
ences in lifespan between the female mice groups (Fig.
5B; p > 0.05). Altogether, these data suggested that
microglia RAGE may contribute to pathology progres-
sion in male SOD1°%** mice.

Male SOD1%*4 Ager™ Cx3cr1<™®'* mice displayed reduced
pathology during disease progression

We next investigated if microglia Ager contributed to
the progressive motor function decline experienced by
SODI1%%*4 mice [4, 5, 38]. Mixed effects analysis of
motor function data indicated a significant interaction
between time and genotype in male but not female mice
(p = 0.038) suggesting that male but not female
SODI1%%** Ager™ Cx3cr1“"’* mice had time-dependent
protection in motor function (Fig. 6A, B). However,
there were no significant differences in motor function
at any one time point after multiple corrections in either
male or female mice (Fig. 6A, B).

As SOD1%3* mice experience pronounced weight loss
with disease progression, we next examined if microglia
Ager expression modulated this weight loss [4, 5, 38].
Mixed effects analysis of body weight data normalized to
weight at tamoxifen administration indicated significant
interactions between time and genotype in male and fe-
male mice (p = 0.0067, p = 0.0134 respectively) suggest-
ing that in SOD1%** Ager™™ Cx3cr1“**/* mice there are
time dependent alterations in body weight (Fig. 6C, D).
However, there were no significant differences in nor-
malized body-weight measures at any single time point
after multiple corrections in male or female mice (Fig.
6C, D). As female mice did not display any significant
differences in survival, or motor function, these mice
were not investigated further (Figs. 5B and 6B, D).

While no significant differences in motor function or
body weight were noted at any single time point, there
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were time-dependent reductions in the rate of motor
function decline and weight in male SOD1*** Ager™"
Cx3crI1“™’* mice suggesting a slower rate of disease pro-
gression. This led us to consider the possibility that
microglia Ager deletion may have affected the numbers
of surviving motor neurons within the lumbar ventral
horn. We examined the number of surviving motor

neurons by IHC at the age of 120 days in male mice and
found significantly higher numbers of motor neurons, as
labeled by NeuN, DAPI, and choline acetyltransferase
(ChAT), in the lumbar ventral horn in the SOD1%%*4
Ager™™ Cx3cr1“™®* mice relative to the Cre-recombinase
expressing controls (Fig. 6E, F). Altogether, these data
suggest that deletion of microglia Ager may reduce/delay
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Fig. 3 SOD7%%" mice exhibit increased RAGE" microglia at the age of 120 days. a Representative images of CD11B and RAGE staining in the
ventral horn of SOD1%* mouse lumbar spinal cord. Scale bar: 50 um. b Quantification of overlap of CD11B* RAGE™ area. N = 3 male WT mice, N
= 4 male SOD19”** mice, N = 4 female WT mice, and N = 4 female SOD1°?** mice. Mean + SD. Two-way ANOVA with post-hoc Tukey's test. *p =

0.0192, ****p < 0.0001
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neuron death in male SOD19*** mice. These findings
led us to perform additional experiments to provide
insight into the mechanisms by which this protection
may occur.

Microglia Ager deletion does not impact skeletal muscle
macrophages

Next, we considered that deletion of Ager from Cx3crl
expressing cells at 90 days of age may have modulated
skeletal muscle pathology either by direct or indirect ef-
fects on skeletal muscle macrophages and/or peripheral
monocyte-derived macrophages. We evaluated end-stage
and day 120 gastrocnemius muscle for macrophage con-
tent, as labeled by F4/80 and CD68, which revealed no
differences between groups at either time point (Supple-
mental Figure 3A-D, 4A-D). Altogether, these data

suggest the beneficial effects of microglia Ager reduction
were likely restricted to the nervous system.

Male SOD1%*4 Ager™™ Cx3cr1<™®* mice lumbar spinal

cord exhibits transcriptomic alterations suggestive of
improved homeostatic function

Hence, to uncover cell intrinsic and cell-cell communi-
cation pathway mechanisms underlying the benefits of
microglia Ager deletion in male SOD1%** mice, we per-
formed RNA-seq on isolated lumbar spinal cord tissue
from male SODI®** Ager™ Cx3cr1“* mice and
SODI%* Ager*’* Cx3crI“™'* mice at humane endpoint
(end-stage). We identified 78 differentially expressed
genes between the two genotypes (Fig. 7, Supplemental
Table 1.7, see Additional Files 1 and 2). Overrepresenta-
tion analysis of the differential gene list indicated enrich-
ment for several KEGG Pathways (Table 2,
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Fig. 4 Study design and validation of microglia Ager deletion. a Timing of Tamoxifen (TAM) administration and behavioral assessments of
animals. b Quantification of Ager transcripts in primary CD11B" isolates by RT-qPCR thirty days after TAM administration. ¢ Representative images
of IBA1 and RAGE staining in the ventral horn of SOD1°*** mouse lumbar spinal cord at end-stage. Scale bar: 50 um. d Quantification of IBAT and
RAGE overlap area. Mean + SD. In b, N = 3 Age”™ Cx3cr1*/* mice and N = 4 Ager™™ Cx3cr1®®* mice. In ¢, d, N = 6 SOD19%* Ager™ Cx3cr1©e/*
mice, N = 8 SOD19%" Ager”’* Cx3cr1“®* mice. Independent two sample two-sided t test. **p = 0.0031, *p = 0.0437
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Fig. 5 Microglia Ager deletion exerts sex-dependent effects on survival in SOD1T
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Cx3cr1"* mice. The Logrank test was performed to compare the survival distributions between groups. *p = 0.0496
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Supplemental Table 1.8, see Additional Files 1 and 2).
Enriched KEGG pathway gene sets included “Cardiac
muscle contraction,” “Calcium signaling pathway,”
“PPAR signaling pathway,” “Regulation of actin cytoskel-
eton,” and “Cholesterol metabolism”. Furthermore, ca-
nonical pathway analysis using IPA indicated
enrichment of several pathways within the differential
gene list including “Calcium signaling,” “Actin cytoskel-
eton signaling,” and “Integrin signaling” among others
(Table 2, Supplemental Table 1.9, see Additional Files 1
and 2) [62]. Altogether, these data suggest genotype-
dependent effects on cell-cell crosstalk mechanisms, as
exemplified by alterations of lipid, metabolic, and integ-
rin signaling gene sets.

To further address this concept, we analyzed poten-
tial causal networks that may be modulated in our
dataset, which could explain the observed transcrip-
tomic changes [62]. As Ager was deleted solely in
Cx3crl-expressing cells, we limited our analysis to po-
tential cytokines that could originate from microglia
and cause transcriptomic alterations across multiple
cell types which would be present in the bulk RNA-
sequencing data. We identified several significant pu-
tative causal networks belonging to numerous cyto-
kine  families, including interleukin-1 (IL1),
interleukin-3, interferon-a (IFN-a), and interferon-§
(IFN-B) (Table 3, Supplemental Table 1.10, see Add-
itional Files 1 and 2).

To evaluate potential roles of microglia RAGE in me-
diating cytokine expression changes, we turned to an
in vitro system. We first conducted a commercially avail-
able cytokine screen to evaluate RAGE-dependent effects

of RAGE ligand carboxymethyllysine (CML)-AGE, a lig-
and increased in SODI19*** spinal cords and in human
patient tissues, on BV2 microglia-like cells (Supplemen-
tal 5A) [25, 28, 29, 46]. An interesting candidate discov-
ered by this approach was Illa, as this was also
predicted by the RNA-seq causal network analysis (Sup-
plemental Figure 5A, Table 3, Supplemental Table 1.10).
In fact, in validation experiments, CML-AGE signifi-
cantly induced Illa expression, which was significantly
reduced by pre-treatment with a RAGE inhibitor in BV2
cells (Supplemental Figure 5B) [32]. Furthermore, lenti-
viral transduction of BV2 cells with short hairpin RNA
to significantly reduce Ager expression in BV2 cells pre-
vented the CML-AGE associated increase in I/1a expres-
sion (Supplemental Figure 5C-D). Interestingly,
expression of Malatl, a differentially expressed
inflammation-associated IncRNA in the microglia Ager-
deficient spinal cord, exhibited a RAGE-dependent in-
crease in BV2 cells in response to CML-AGE (Supple-
mental Figure 5E, Supplemental Table 1.7) [74].

Collectively, these results point to significant modula-
tion of intrinsic microglia inflammation. In one or more
cell types, prompted by microglia Ager deletion, funda-
mental changes in general cellular health are observed,
as exemplified by alterations in actin cytoskeleton and
calcium related pathways, both of which would be pre-
dicted to fundamentally alter cell intrinsic and intercel-
lular communication properties in the spinal cord. To
verify the implications of these transcriptomic alter-
ations, we examined these points specifically in end-
stage tissues.
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Fig. 6 SOD1°” mice with microglia Ager deletion exhibit sex-dependent effects on pathology. a Latency to fall as measured by hanging wire
test in male mice. b Latency to fall as measured by hanging wire test in female mice. ¢ Normalized body weight to weight at tamoxifen
administration of male mice. d Normalized body weight to weight at tamoxifen administration of female mice. Dashed lines indicate age at

tamoxifen administration. Mean + SEM. e Representative images of NeuN and DAPI staining in the lumbar spinal cord ventral horn. Scale bar: 50
um. f Quantification of NeuN"™ DAPI™ cell number. Mean + SD. In a, ¢ (male mice): N = 16 SOD1°%* Ager™™ Cx3¢r1“* mice, and N = 13 SOD 1%
Ager™” Cx3cr1®* mice. In b, d (female mice): N = 15 SOD1%% Agerﬂ/ﬂ Cx3cr1* mice, and N = 14 SOD19%* Ager™’* Cx3cr1“®* mice. In e, f
(male mice): N = 4 SOD1%% Ager™ Cx3cr1<®* mice, and N = 5 SOD1%%* Ager'”* Cx3cr1“"®/* mice. In a-d: independent two-sample two-sided t
test was used to assess the group difference at each time point. Mixed effects analysis was utilized to evaluate effects of genotype, time,
and the interaction between genotype and time. In a: genotype*time interaction effect: p = 0.0378. In c: genotype effect: p = 0.0157,
genotype*time interaction effect: p = 0.0067. In d: genotype*time interaction effect p = 0.0134. In f: independent two sample two-sided
t test. In f: *p = 0.0224




MacLean et al. Journal of Neuroinflammation (2021) 18:139

70
Page 15 of 24

*Tmem1i181b—ps

20-
©
=
< Significance
g,- « FDR <005

« Not Significant
‘§)10- Tbx15 Myom2 ,Myh4 o
T ;.Atp281
,Dynit1b
O-
00 25 50 75
log2FC

Fig. 7 Differential expression analysis between male SOD1°%** mice with microglia devoid of Ager and Cre-expressing controls. Volcano plot

displaying differentially expressed genes between SOD1%% Agel™ Cx3cr1<™®* and SOD1°%* Agert”* Cx3cr1“®* mice. The y-axis is —logo(p value)
and x-axis is the Log, fold change of each gene analyzed. Red colored genes are significantly differentially expressed with an FDR < 0.05. The top

twenty significant genes are labeled. N = 4 independent mice/group

Microglia Ager deletion reduces the accumulation of

damage-associated microglia in male SOD7%%*4 mice

The RNA-seq data analysis suggested that microglia
Ager deletion resulted in reduction in IL1 and IFN sig-
naling (Table 3), both of which were previously sug-
gested to be dysfunctional in ALS models and in
patients [75-79]. In fact, in vitro experiments supported
microglia RAGE affecting /l1a and Malatl expression
(Supplemental Figure 3). Beyond the number and dens-
ity of microglia, their specific gene expression patterns
aid in designation of these cells as pro-damage vs.

homeostatic phenotype. Specifically, the c-type lectin do-
main containing 7a protein (CLEC7A) is an established
marker of pro-damage/disease-associated microglia,
which has been shown to be highly upregulated in
SODI°*** microglia [23]. By IHC, at end-stage, we
found that there was a significant reduction in CLEC7A"
area, and CLEC7A" cell number in SOD1%%4 Agerﬂ/ﬂ
Cx3crI™"* vs. SOD1%** Ager*’* Cx3cr1“™’* mice (Fig.
8A-C), suggesting that an attenuated or altered DAM
phenotype was induced by deletion of microglia Ager.
These key findings raise the possibility that RAGE

Table 2 Overrepresentation analyses of differentially expressed genes between SODT%* Ager™™ Cx3¢cr1“®* and SOD1%** Ager™*

Cx3cr1<* mice

Ingenuity canonical pathways FDR

Calcium signaling 1.82E-05
Actin cytoskeleton signaling 8.91E-05
Cellular effects of sildenafil (Viagra) 1.07E-04
Epithelial adherens junction signaling 7.24E-04
ILK signaling 7.24E-04
RhoA signaling 141E-03
Protein kinase A signaling 141E-03
Tight junction signaling 2.82E-03
Hepatic fibrosis/hepatic stellate cell activation 2.95E-03
Agranulocyte adhesion and diapedesis 347E-03

KEGG pathway FDR
Cardiac muscle contraction 2.02E-05
Hypertrophic cardiomyopathy 2.02E-05
Dilated cardiomyopathy 2.02E-05
Calcium signaling pathway 1.2E-3
Apelin signaling pathway 1.6E-3
Adrenergic signaling in cardiomyocytes 2.39E-2
Arrhythmogenic right ventricular cardiomyopathy 261E-2
PPAR signaling pathway 344E-2
Focal adhesion 4.35E-2

Significantly differentially expressed genes, FDR < 0.05 were used as input into each analysis. Top ten enriched pathways, FDR < 0.05
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Table 3 Causal network analysis utilizing SOD19%* Ager™"

Cx3cr1<"®* and SOD1%* Ager™™ Cx3cr1="®* differentially
expressed genes

Cytokine Z-Score (activation score) FDR

CXCL1 3464 548E-05
CXCLo 3317 1.24E-04
IL3 3.286 1.98E-08
TSLP 3.266 5.78E-12
IL5 2985 4.36E-07
IFNAT/IFNAT3 2.837 4.26E-08
IL22 2.828 4.09E-06
D70 2828 8.82E-05
ILTA 24 9.75E-06
IL15 1.569 9.70E-08
WNT1 1414 6.43E-12
IFNB1 1183 1.29E-11
TNFSF10 0.365 8.95E-09
IL6 0.333 2.89E-04
TNFSF12 -1 9.70E-04

Results of IPA predicted causal network regulators, which are labeled as
“cytokine”. Positive values indicate predicted activation in SOD1%%*A Ager™’*
Cx3cr1<®* mice

contributes to a cell-intrinsic transition of microglia
from a homeostatic to a dysfunctional phenotype.

Microglia Ager deletion reduces accumulation of reactive

astrocytes at the end-stage of disease in SOD7%°** mice

The RNA-seq results indicated reduction of a putative
causal network involving IL1 (Table 3). In this context,
accumulating evidence suggests that microglia-secreted
molecules complement component 1q (Clq), IL1a, and
TNF can induce astrocyte reactivity and promote neuro-
toxicity [70, 71]. Prompted by this consideration, we
thus investigated if the SOD19%** Ager™ Cx3cr1“/*
mice displayed alterations in astrocytes. At end-stage, we
found that GFAP" area was significantly lower in
SODI%** Ager™™ Cx3cr1“*’* mice relative to Cre-
expressing controls (Fig. 9A, B). Recent work has sug-
gested distinct reactive astrocyte phenotypes and identi-
fied markers of those states [70, 80]. AMIGO2, adhesion
molecule with Ig-like domain 2, was proposed as a
marker of “A1” reactive inflammatory astrocytes induced
specifically by Clq, IL1la and TNF [70]. Although it is
acknowledged that this classification likely does not illu-
minate the breadth of astrocyte properties and contribu-
tions to ALS operative in vivo, we nevertheless
examined if the GFAP alterations were concomitant
alongside alterations in “Al1” astrocytes to begin to de-
fine if microglia RAGE might impact astrocyte gene ex-
pression. Indeed, we found that GFAP® AMIGO2*
overlap area was significantly reduced in SODI%**

71
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Ager™™ Cx3cr1“"’* mice vs. the Cre-expressing controls
(Fig. 9A, C). Altogether, these data suggest that micro-
glia Ager deletion may reduce astrocytic dysfunction
likely through altered cytokine expression.

Microglia Ager deletion reduces microgliosis at an earlier
stage in male SOD1%%** mice

We next considered that it was important to also exam-
ine microglia and expression of CLEC7A at a time point
within the progression phase, but short of end-stage ana-
lysis. It is important to note that microglial CLEC7A ex-
pression increases over time in this model, and not all
microglia may have notable expression of CLEC7A at
120 days of age [20]. Thus, we addressed this point by
examining the expression of both CD11B and CLEC7A
at day 120. The results indicated significant reductions
in the amount of CD11B" cells and CD11B" area in
SOD1%3* mice devoid of microglia Ager (Fig. 10A-C).
Similar to the end-stage tissue analysis, we observed re-
duced CLEC7A* area at day 120 (Fig. 10D, E).
Altogether, these data suggested that RAGE expression
on microglia may contribute to the promotion of micro-
gliosis (Fig. 10A-D), and may affect CLEC7A expression
at a stage within the microglia phenotypic transition but
prior to frank end-stage tissue pathologies (Figs. 8A—C
and 10D, E). As such, we surmised that the overall
RAGE-dependent mechanisms in microglia in SOD1%%
mice were likely through alterations in microglia cell in-
trinsic and cell-cell communication pathways between
microglia and other cell-types.

Finally, we considered the possibility that the processes
affected by microglia Ager deletion in SODI*** mice
might relate to the processes accompanied by increasing
human AGER expression in ALS patients. Accordingly,
we compared the results of both RNA-seq analyses and
found that half of the ingenuity canonical pathways
identified in the human data analysis overlapped be-
tween the two data sets: “Hepatic fibrosis/Hepatic Stel-
late Cell Activation,” “Atherosclerosis Signaling,” and
“Agranulocyte Adhesion and Diapedesis” (Tables 1 and
2, Supplemental Figure 6-8). Collectively, although it is
acknowledged that the human and mouse spinal cord se-
quencing experiments were not identically designed,
these analyses nevertheless suggest that RAGE may
modulate extracellular matrix composition, cell-cell
communication and lipid metabolism in ALS spinal cord
tissues in patients and in SOD1%%** mice.

Discussion

Our study sought to uncover potential RAGE-dependent
roles in ALS by utilizing human patient cervical spinal
cord RNA-seq data and the SODI1°*** mouse model of
ALS-like pathology. Although RAGE expression was not
significantly different between human ALS patients
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Fig. 8 Microglia Ager deletion in male SOD7%**

mice reduces the accumulation of disease-associated microglia at end-stage. a Representative
images of CLEC7A staining in the lumbar spinal cord ventral horn of the indicated mouse groups. Scale bar: 50 um. b Quantification of CLEC7A*
area. ¢ Quantification of CLECZA* DAPI™ cell number. Mean + SD. N = 7 SOD1°%* Ager™™ Cx3cr1“'®/* mice and N = 9 SOD1%% Ager’* Cx3cr1<®/”
mice. Independent two sample two-sided t test. In b, **p < 0.0048. In ¢, *p = 0.0154

relative to non-neurological controls, this might have
been accounted for, in part, by the unexpected observa-
tion that ALS patients displayed a range of AGER mRNA
in the spinal cord. Accordingly, our analysis revealed up-
regulation of the “AGE-RAGE pathway in diabetic com-
plications” within cervical spinal cord RNA-seq data of
ALS vs. control patients. We found that the amount of
AGER negatively correlated with age at onset and age at
death or tracheostomy in ALS patients’ cervical spinal
cord. If and to what degree the stratification of ALS pa-
tients by spinal cord AGER expression may be useful in
prediction of prognosis, putative responsiveness to
pharmacological interventions and/or the identification
of ALS predictive biomarkers, for example, is an import-
ant subject for future investigation.

Furthermore, analysis of the consequences of varied
degrees of AGER expression across patients’ transcrip-
tomic analyses, using AGER expression as a continuous
variable, indicated enrichment in pathways involved in
lipid metabolism, extracellular matrix, and cell-cell

communication. In fact, microglia displayed increased
RAGE protein overlap within both the anterior white
matter and the ventral horn in high AGER patients rela-
tive to low AGER patients. Of note, our data in human
ALS did not suggest sex-dependent differences in
AGER-related gene expression patterns. In parallel, the
present work in the murine model indicated that there
was a significant increase in overlap of RAGE with
microglia in SOD1%%** mice at the age of 120 days.
Beyond microglia, other cell-types express RAGE in
the spinal cord of both SOD1°*** and human ALS pa-
tients. In fact, the roles of RAGE expression in astrocytes
are not clear either in homeostasis or in neurodegenera-
tion. RAGE expression in motor neurons has been pos-
ited to play a role in the cell-death pathways induced by
conditioned media from SODI%***-expressing astrocytes
[81, 82]. A recent report indicated that global constitu-
tive Ager deletion caused a decrease in survival of
SOD1%%3* mice, while administering a CNS-permeable
RAGE antagonist, FPS-ZM]1, starting at 60 days of age,
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Fig. 9 Reactive A1 astrocytes are reduced in male SOD1%*

sample two-sided t test. In b, *p = 0.0132. In ¢, **p = 0.0076
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mice by microglia Ager deletion. a Representative images of GFAP and AMIGO2
staining in the lumbar spinal cord ventral horn of the indicated mouse groups. b Quantification of GFAP* area. ¢ Quantification of GFAP* and
AMIGO2" overlap area. Mean + SD. N = 7 SOD1°%* Ager™™ Cx3cr1=®/* mice, and N = 9 SOD1%4 Ager™* Cx3¢r1“"®* mice. Independent two

Secondary Only

reduced gliosis, and increased motor neuron number at
130 days; but did not alter survival in either sex [82].
However, the authors reported a potential sex-
dependent impact on the progression of weight loss and
time to death following 10% weight loss [82]. In a separ-
ate report, another global constitutive Ager deleted
SOD19*4 mouse line exhibited increased survival; how-
ever, this Ager deleted mouse line has been reported to
harbor a large genomic duplication, which may have
confounded the results and explained the discrepancy
between the two studies [83, 84]. However, both studies
suggested RAGE inhibition reduced gliosis and improved
motor function. Treatment of SOD1°*3** mice with sol-
uble RAGE (sRAGE), which sequesters RAGE ligands,
reduced motor pathology, and extended lifespan in
SODI19%** mice [41]. As there was no significant blood-

brain permeability of SRAGE when administered periph-
erally [85], the mechanism by which sRAGE exerted pro-
tective effects remains elusive. It is possible that
circulating soluble factors, modulated by sRAGE treat-
ment, entered the CNS and exerted beneficial effects.
Altogether, these studies suggest RAGE could exert
complex protective and deleterious effects in a time- and
location-dependent manner but cell-types responsible
for any of these effects are unclear and warrant further
study.

Our findings revealed that deletion of microglia Ager
improved survival and motor function in male but not
female SOD19%** mice. In this context, in the mouse
model employed in our study, the “knock-in” of the Cre
recombinase into the Cx3crl locus results in an obligate
heterozygous deletion of this gene in all mice, that is
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Fig. 10 Microglia Ager deletion in male SODT mice reduces microgliosis at 120 days of age. a Representative images of CD11B staining in the
lumbar spinal cord ventral horn of the indicated mouse groups. b Quantification of CD11B* area. ¢. Quantification of CD11B* DAPI* cell number.
d Representative images of CLEC7A staining in the lumbar spinal cord ventral horn of the indicated mouse groups. e Quantification of CLEC7A"
area. Mean + SD. N = 4 SOD1°% Ager™™ Cx3cr1®®* mice, N = 6 SOD1%% Ager™* Cx3cr1®®* mice. In b, ¢, independent two sample two-sided ¢
test. In e, Mann-Whitney U test. In b, * p = 0.0253. In ¢, *p = 0.0212. In e, *p = 0.0381
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fully independent of tamoxifen administration. Thus, all
Cre-expressing mice in our study are susceptible to the
effects of hemizygous deletion of Cx3crl. After the initi-
ation of the present work, recent studies have independ-
ently implicated Cx3crl in the pathogenesis of several
neurodegenerative diseases, including ALS. For example,
heterozygous deletion of Cx3crl induces changes within
microglia reminiscent of aged cells [86—88]. In fact, in a
model of Alzheimer disease (AD), heterozygosity of
Cx3crl in male mice resulted in reductions of pathology
[87]. In contrast, homozygous global deletion of Cx3crl
in male but not female SOD1°*** mice reduced survival
[86]. Altogether, these considerations led us to conclude
that it was critical to directly compare our findings in
microglia Ager-deleted mice to the Cx3crI-Cre-control
mice to account for the obligate allelic loss of Cx3crl.
As we only observed differences in the male mice, we fo-
cused further investigation into these groups to deter-
mine what may drive the observed phenotypic
differences.

Skeletal muscle macrophage content was not signifi-
cantly different between the genotypes suggesting the
beneficial effects of microglia Ager deletion were likely
restricted to the nervous system. Accordingly, transcrip-
tomic analysis of male SODI** Ager™™ Cx3cr1“/*
and Cre-control lumbar spinal cord tissues indicated
microglia Ager deletion reduced gene expression in path-
ways related to lipid metabolism, actin cytoskeleton,
extracellular matrix, and cell-cell communication. Pre-
dicted cytokine regulators of these effects included cyto-
kines, such ILla, C-X-C motif chemokine ligand 1
(CXCL1), C-X-C motif chemokine ligand 9 (CXCL9),
TNF superfamily member 10 (TNFSF10), and IFNs. Sev-
eral of these cytokines are known to be dysregulated in
the context of ALS in murine models and in patients
[75-77]. IEN was recently linked to the acquisition of
the damage/disease-associated (DAM) microglia pheno-
type [89]. DAM are known to accumulate in the
SODI1%%** mouse model and are thought to both pro-
voke and ameliorate disease-related pathways [20, 21,
23]. The transition of microglia to this dysfunctional
state is theorized to occur in at least several stages with
later stages being TREM2-dependent [21]. Critically,
CLEC7A, a marker of DAM highly upregulated over
time by SODI®®* microglia [23], was significantly
downregulated via microglia Ager deletion at day 120
and in end-stage tissues. Furthermore, the number of
CLEC7A" microglia reduced by microglia Ager deletion
suggested that microglia Ager deletion reduces the acti-
vation/acquisition of the DAM phenotype or, alterna-
tively, shifts microglia to a novel phenotype. In fact, BV2
microglia-like cells treated with CML-AGE, a canonical
RAGE ligand present in the ALS spinal cord, demon-
strated a RAGE-dependent increase in //1a and the DEG
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identified by RNA-seq Malatl. Malatl has been linked
to the regulation of pro-inflammatory responses of per-
ipheral macrophages. Malat1-deficient macrophages dis-
play reduced LPS responsiveness and altered fibrotic
phenotypes [74]. Altogether, these considerations sug-
gest that microglia RAGE may amplify this dysfunctional
state, at least in male mice.

Recent work has implicated microglia-sourced ILlq,
TNEF, and Clq in inducing astrocyte dysfunction and
promoting their neurotoxicity in neurodegeneration [70,
90]. In this context, and the considerations that we ob-
serve less DAM and that IL1a activity was predicted to
be downregulated by microglia Ager deletion, we exam-
ined the impact of microglia Ager deletion on the accu-
mulation of GFAP+ “pan” reactive astrocytes as well as
the overlap of GFAP with an “Al” reactive astrocyte
marker, AMIGO?2 [70, 80]. Consistent with the predicted
downregulation of ILla activity in the transcriptomic
data and reductions in DAM, we observed lower GFAP*
area and lower overlap area of GFAP' and AMIGO2".
These data indicate that microglia RAGE signaling may
contribute to transformation of astrocytes to a more
neurotoxic phenotype.

As we had performed bulk RNA-seq on the murine
lumbar spinal cords at sacrifice, we compared the results
between the analysis of the ALS patients and the murine
dataset. This exercise revealed that half of the ingenuity
canonical pathways overlapped between the two analyses
and suggests that microglia RAGE may modulate extra-
cellular matrix composition, cell-cell communication,
and fatty acid metabolism in ALS and that this may in-
fluence disease pathology.

It is important to note that we are unable to distin-
guish if microglia Ager deletion interacted with potential
Cx3crl-mediated sex-dependent impacts on pathology,
or if microglia RAGE has sex-dependent roles in micro-
glia. In support of the latter, male microglia exhibited an
enrichment of the RAGE receptor binding Gene Ontol-
ogy term relative to female microglia isolated from cor-
tical tissues [91]. Furthermore, recent work indicated
sex-dependent actions of HMGBI, a known RAGE lig-
and, on spinal cord microglia in a model of hypersensi-
tivity [92]. Additionally, recent work indicated
unexplained sex-dependent effects of FPS-ZM1 treat-
ment on several measures of progression in SODI%4
mice [82]. Yet, the transcriptomic signature we observed
in human ALS patients related to AGER expression was
independent of sex. However, the human patient data
analyzed were obtained almost entirely from sporadic
ALS patients with no known family history of illness;
thus, the generalizability of our sex-dependent findings
in this model of familial ALS is unclear. Finally, it is also
possible that the observed sex-dependent effect in mice
is a result of a complex interaction between roles of
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RAGE within microglia that were altered due to the de-
velopmental loss of one allele of Cx3crl. Further study
in distinct models of ALS will be required to discern if
microglia RAGE has sex-dependent effects in the patho-
genesis of ALS.

Hence, although we may not be able to fully disentan-
gle the effects of the Cx3crl heterozygosity on survival
from potential roles for RAGE in pathology the
SOD19%*4 mouse model, the direct comparison to the
Cre-control reflects the most rigorous design for this
work. Importantly, it is known that monocytes also ex-
press Cx3crl; however, these cells replenish from Cx3crl
deficient pre-cursors within a few days, and monocyte
recruitment into the SODI19%*# spinal cord has been a
point of contention within the field. Recent tracing stud-
ies have suggested that recruitment is limited until late
states of pathology [93]. While we cannot entirely rule
out early incipient roles for monocytic RAGE in the con-
text of SODI*** pathology, we predict that the largest
benefits were from microglia Ager reduction within the
CNS. Hence, future studies require testing the RAGE hy-
pothesis in distinct models of ALS, and in a model
employing Cre-recombinase mice in which expression of
native microglia genes is not affected, and is more spe-
cific to microglia, such as the recently developed
Tmem119-2A-CreERT2 mouse model [94].

Altogether, these data demonstrate that microglia
RAGE expression may contribute to microglia dysfunc-
tion and ultimately to the disruption of communication
with multiple cell types including astrocytes and neurons
in the diseased ALS spinal cord. Our findings that motor
neuron numbers were higher in lumbar spinal cords of
male mice devoid of microglia Ager vs. controls at day
120 indicate that such communications emitted from
microglia cues were, ultimately, aligned with neuronal
survival in the pre-morbid/end-stage state. Collectively,
our findings implicate microglia and RAGE in human
ALS and provide mechanistic evidence that microglia
RAGE contributes to pathology in male SOD1%%** mice.

Conclusions

In summary, our findings suggest microglia RAGE may
impact human ALS and contribute to ALS-like path-
ology in male SODI®*** mice. Male SOD1°*** mice
bearing microglia Ager deficiency from the age of 3
months exhibited reduced gliosis, neuronal and motor
function loss, and reduced dysfunctional transcriptomic
signatures in lumbar spinal cord tissue. Critically, the
observation of a spectrum of AGER and RAGE expres-
sion in human ALS spinal cord unveils a myriad of areas
for research with respect to implications for ALS vulner-
ability, severity of disease, and, perhaps, responsiveness
to RAGE-directed therapeutics. In this very context, the
observed overlap between the human and murine
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dataset analyses indicate that the pathways altered in
mice may be relevant in human patient pathologies. In
conclusion, these data provide novel evidence that
microglia-specific RAGE expression is a disease-
modifying factor in ALS, potentially through modulation
of the molecular switch from homeostatic microglia to
dysfunctional microglia.
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