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Kv1.3 potassium channels, expressed by proinflammatory central
nervous system mononuclear phagocytes (CNS-MPs), are promising
therapeutic targets for modulating neuroinflammation in Alzheimer’s
disease (AD). The molecular characteristics of Kv1.3-high CNS-MPs and
their cellular origin from microglia or CNS-infiltrating monocytes are
unclear. While Kv1.3 blockade reduces amyloid beta (Ag) burden in
mouse models, the downstream immune effects on molecular profiles
of CNS-MPs remain unknown. We show that functional Kv1.3
channels are selectively expressed by a subset of CD11b*CD45*
CNS-MPs acutely isolated from an Af mouse model (5xFAD) as well
as fresh postmortem human AD brain. Transcriptomic profiling of
purified CD11b*Kv1.3* CNS-MPs, CD11b*CD45™ Kv1.3"9 microglia,
and peripheral monocytes from 5xFAD mice revealed that Kv1.3-high
CNS-MPs highly express canonical microglial markers (Tmem119,
P2ry12) and are distinct from peripheral Ly6c"'9"/Ly6c'®" monocytes.
Unlike homeostatic microglia, Kv1.3-high CNS-MPs express relatively
lower levels of homeostatic genes, higher levels of CD11c, and in-
creased levels of glutamatergic transcripts, potentially representing
phagocytic uptake of neuronal elements. Using irradiation bone mar-
row CD45.1/CD45.2 chimerism in 5xFAD mice, we show that Kv1.3*
CNS-MPs originate from microglia and not blood-derived monocytes.
We show that Kv1.3 channels regulate membrane potential and
early signaling events in microglia. Finally, in vivo blockade of
Kv1.3 channels in 5xFAD mice by ShK-223 reduced Ap burden, in-
creased CD11c” CNS-MPs, and expression of phagocytic genes
while suppressing proinflammatory genes (IL7b). Our results con-
firm the microglial origin and identify unique molecular features
of Kv1.3-expressing CNS-MPs. In addition, we provide evidence for
CNS immunomodulation by Kv1.3 blockers in AD mouse models
resulting in a prophagocytic phenotype.
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M yeloid cells of the central nervous system (CNS) are
composed of resident microglia and a smaller proportion
of peripherally derived monocytes/macrophages that enter the
CNS (1-4). These two distinct cell types are collectively referred
to as CNS mononuclear phagocytes (CNS-MPs). CNS-MPs mediate
immune responses (e.g., neuroinflammation), which play critical and
causative roles in neurodegenerative disorders such as Alzheimer’s
disease (AD). Nearly 30% of genetic risk factors of late-onset AD
are immune genes that are expressed by CNS-MPs (5-8). Further-
more, modulation of immune genes such as Trem2 and Apoe in pre-
clinical mouse models of AD pathology have confirmed the complex
and seemingly opposing roles CNS-MPs play in neurodegeneration
(9-11). These include proinflammatory and neurotoxic responses
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which are counterbalanced by antiinflammatory, prophagocytic,
and neuroprotective responses (8, 12-14). The detrimental or
protective effects of CNS-MP-mediated neuroinflammatory
mechanisms are also highly context dependent and may be
influenced by age and stage of neurodegeneration (3, 4, 15-18).

Bulk brain tissue and single-cell transcriptomic studies have
provided molecular insights into microglial diversity and their
role in AD pathogenesis (19, 20). These studies have consistently
shown that homeostatic microglia seen in normal brain gradually
transform to disease-/damage-associated microglia (DAM),
which are characterized by high expression of Apoe, Axl, Cst7,
Clec7a, and several other core DAM genes (19, 21). The tran-
sition from homeostatic to DAM appears to be partly dependent
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on Trem2 and Apoe and lies downstream of amyloid beta (Af)
accumulation (22). DAM are typically found surrounding Ap
plaques, characterized by lipid inclusions and phagocytosed Af
and typified by large cell bodies and retracted processes (19, 23).
Whether DAM are protective, detrimental, or a dysfunctional
group of brain myeloid cells is unclear; although, we have pre-
viously suggested the existence of proinflammatory and antiin-
flammatory DAM subprofiles (2).

While the majority of DAM are likely to originate from
microglia, some contribution from the peripheral pool of blood-
derived monocytes and macrophages is still a possibility. Within
DAM, we recently identified a distinct proinflammatory subset
of CNS-MPs that express genes such as Hifla, Tlr2, and 111D as
well as the gene Kcna3, which encodes the Kv1.3 potassium
channel (2). Elevated Kv1.3 channel expression has been con-
firmed in human postmortem AD brain by immunohistochem-
istry as well as by electrophysiological methods in acutely
isolated CNS-MPs from mouse models of AD pathology (24, 25).
Kv1.3 is a voltage-gated K™ channel that was first described in
human T cells and suggested as a target for immunosuppression
in 1984 (26). Following T cell receptor engagement, Kv1.3 pro-
vides the counterbalancing K™ efflux that is necessary to sustain
calcium entry through calcium release-activated channels and to
initiate downstream signaling and cytokine production (27, 28).
Thus, while Kv1.3 was known to regulate membrane potential and
calcium signaling in peripheral lymphocytes, for decades, its role in
CNS-MPs was less clear. Pharmacologic inhibition of Kv1.3 chan-
nels is protective in mouse models of AD pathology by limiting Ap
accumulation potentially via increased clearance (2, 13, 25). In is-
chemic stroke mouse models, Kv1.3 channel expression by CNS-
MPs increases by day 3 poststroke and inhibition of Kv1.3 channels
limits infarct size (29, 30). Overall, inhibition of Kv1.3 channels
represents a promising therapeutic strategy to specifically inhibit
proinflammatory neuroinflammatory responses (25, 31).

The presence of Kv1.3 on freshly isolated CNS-MPs has cur-
rently only been demonstrated in mouse models of Af deposi-
tion (2, 25); however, the presence of Kvl.3-high CNS-MPs in
models of tau pathology or, more importantly, in human AD
brain has not been demonstrated. The distinct molecular fea-
tures of Kv1.3-high CNS-MPs are also currently unknown be-
cause comparative molecular profiling of these cells has not been
undertaken. It also remains unknown whether Kv1.3-high CNS-MPs
in AD are derived from microglia or from peripheral monocytes/
macrophages that enter the CNS. Addressing the cellular origin
of Kv1.3-high CNS-MPs in AD is critical to better design and deliver
Kv1.3 blockers to maximize treatment efficacy. Lastly, the ability of
Kv1.3 channel blockers to skew neuroinflammatory responses and
microglial profiles in mouse AD models is unknown.

In this study, we used flow cytometry to characterize Kv1.3
channel expression patterns in CNS-MPs isolated from AP and
tau models of AD pathology, experimental allergic encephalo-
myelitis (EAE) models, and postmortem human AD brains. In
AD models, we also undertook parallel transcriptomic profiling
studies to contrast Kv1.3-high CNS-MPs with Kvl1.3-negative
(neg) microglia as well as with peripheral blood monocyte sub-
sets. We used the irradiation bone marrow CD45.1/CD45.2
chimerism model (32) in an Ap mouse model (5XFAD) to con-
firm whether Kv1.3-high CNS-MPs observed in 5xFAD brain
originate from peripheral myeloid or from the brain-resident
microglial compartment. Electrophysiological and signaling
studies determined whether Kv1.3 channel function in microglia
is coupled with regulation of membrane potential and early im-
mune signaling events following activation. Lastly, we compared
the transcriptomic profiles of microglia after long-term treat-
ment of SXFAD mice with a systemically delivered Kv1.3 blocker
to investigate pharmacological targeting of Kv1.3 as a strategy to
modulate neuroinflammation in AD.
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Results

Kv1.3-High CNS-MPs Represent a Subset of CD11b* CD45* Myeloid
Cells in Mouse AD Models as well as in Postmortem Human Brain.
We recently found that voltage-gated Kv1.3 channels are
expressed by CNS-MPs in human AD brain and in mouse models
of AD pathology where they are coexpressed with proin-
flammatory genes such as 1l1b, Cox2, and Hifla (2). Further-
more, inhibition of Kv1.3 channels in AD models limits Ap
pathology (2, 25). We applied a validated flow cytometric assay
of functional Kv1.3 channels expressed on the cell surface to
rapidly phenotype acutely isolated CNS-MPs (Kv1.3-high CNS-
MPs) from wild-type (WT), Ap (5xFAD model), tau (P301S
model), and EAE mouse brains (Fig. 14) (2, 13, 33). We found
that Kv1.3 channels are detectable in only ~0.5 to 1% of WT
CNS-MPs but are expressed in 3 to 5% of 5XxFAD CNS-MPs
(Fig. 1 B and C). In the P301S model, there were ~0.2% of
Kv1.3-high CNS-MPs isolated from 10-mo-old mice with estab-
lished brain tau pathology (Fig. 1B) (34). Similarly, in the EAE
mouse model, we observed minimal (~0.4%) Kv1.3-high CNS-
MPs in the brain and spinal cord as compared to WT mice, al-
though a marginal increase in Kv1.3-high CNS-MPs was ob-
served in EAE spinal cord (Fig. 1C). In 5XFAD brain, Kv1.3-high
CNS-MPs were expressed (2.5%) speciﬁcallx by a subset of
CD45Me"Ly6c™ CNS-MPs (Fig. 1D). CD45™Me"Ly6cMieh CNS-
MPs, which represent inflammatory CNS-infiltrating mono-
cytes/macrophages, did not express Kv1.3 channels detectable by
flow cytometry (Fig. 1D). Within CD11b*CD45" CNS-MPs in
5xFAD mice, a greater proportion of Kv1.3-high CNS-MPs were
CD45"Me&" and CD11c* (25%) as compared to Kv1.3-low CNS-
MPs (Fig. 1 E and F), suggesting that Kv1.3-high CNS-MPs have
greater similarities to DAM. Immunohistochemistry also con-
firmed the presence of Kvl1.3 channel-positive CNS-MPs with
activated morphology exclusively in S5XFAD brains as compared
to their WT littermates (SI Appendix, Fig. S1). In contrast to
CNS-MPs, peripheral splenic and blood monocytes (Ly6c™E" or
Ly6c'™™) did not express any measurable Kv1.3 channels in WT
or 5xFAD mice (SI Appendix, Fig. S2). Overall, these mouse flow
cytometry and immunohistochemistry studies show that Kv1.3-
high expression is specific to CD11b*CD45""Ly6c'™™ CNS-MPs
appears to be unique to the CNS with AB pathology. Kv1.3-high
CNS-MPs may either represent Ly6c®” microglia that up-
regulate CD45 or CNS-infiltrating CD45"€" monocytes that
down-regulate Ly6c. The fact that peripheral monocytes and
resting microglia in WT mice do not express detectable Kv1.3
channel levels also indicates that unique factors in the CNS mi-
croenvironment of neurodegenerative disease may be responsible
for Kv1.3 up-regulation.

Previous studies have shown the presence of Kv1.3-high CNS-
MPs in postmortem human brain by immunohistochemistry (24,
25); however, proof of Kv1.3 channel expression by flow
cytometry is lacking due to limited access to fresh, unfrozen
postmortem human brain tissue. Therefore, we acutely isolated
CNS-MPs from fresh (3 to 12 h postmortem interval) postmor-
tem human frontal cortex (gray matter) from four individuals:
three cases with AD pathology and a fourth case with fronto-
temporal dementia with TDP-43 pathology (SI Appendix, Table
S1). Viability of CNS-MPs was >95% in all samples (Fig. 24).
Within CD11b"CD45" CNS-MPs, Kv1.3 channel expression was
observed in ~5 to 7% of cells (Fig. 2B, Microglia) while almost
no Kvl.3 ex%ression was detected in CNS lymphocytes
(CD11b~CD45™¢"CD3* or CD3") or cells that were CD11b"¢
and CD45"°¢ (Fig. 2B, P < 0.001). Using t-distributed stochastic
neighbor embedding (tSNE) to visualize our data, we confirmed
that the majority of Kv1.3-high cells were CD11b*CD45" CNS-
MPs, although a very small group of CD11b"°4CD45"°¢ CD3"°®
cells that highly expressed Kv1.3 were also detected in human
brain (Fig. 2C). Although we did not have a nondisease human
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Fig. 1.

Kv1.3 channels are highly expressed in CNS-MPs in a mouse model of Ap pathology. (A) Schematic of mouse models used to isolate CNS-MPs. This dem-

onstrates a representative gating strategy for CNS-MPs. (B) Kv1.3 channel expression in CD11b*CD45* CNS-MPs in WT (n = 8, age 6 to 8 mo), 5xFAD (n = 14, age 6
to 8 mo), and P301S (n =4, age 10 mo). Quantification is shown on the right. (C) Kv1.3 channel expression in CD11b*CD45" CNS-MPs from EAE brain (Br, n = 3) and
spinal cord (SC, n = 3). Quantification is shown on the right. (D) WT and 5xFAD CD45"i9hLy6chigh CNS-MPs (inflammatory CNS-infiltrating monocytes) did not
express detectable Kv1.3 channels, while only 5xFAD CD45M9"Ly6c'® CNS-MPs expressed Kv1.3. (E and F) Within CD11b*CD45* CNS-MPs in 5xFAD mice, a
greater proportion of Kv1.3-high CNS-MPs were CD45"9" and CD11c* (**P < 0.01, ***P < 0.001).

brain sample for comparison, our findings of Kv1.3 channel ex-
pression by subsets of human CNS-MPs closely mimic the ob-
servation in AD mouse models.

Kv1.3-High CNS-MPs in AD Models Closely Resemble CNS-Resident
Microglia rather than Peripheral Monocytes, although with Unique
Transcriptomic Features. Since flow cytometric immunophenotyp-
ing cannot definitively confirm the microglial or monocyte-
derived origin of Kv1.3-high CNS-MPs in AD models, we un-
dertook transcriptomic phenotyping of Kv1.3-high and Kv1.3-low
CNS-MPs and compared these to peripheral Ly6c™e" and
Ly6c'®Y monocytes from 7 to 8 mo old 5xFAD mice in which
Kv1.3 channel expression is apparent (Fig. 34). We sorted
~3,000 Kv1.3-high and 15,000 Kv1.3-low CNS-MPs per mouse
brain as well as 5,000 Ly6c™e" splenic monocytes, 4,000 Ly6¢'™
splenic monocytes, and Ly6g*Ly6c™™e44¢ neytrophils from
5xFAD mice. We preamplified using equal amount of RNA per
sample and performed neuroinflammatory transcriptomic pro-
filing by NanoString (770 neuroinflammatory gene panel) as
described earlier (35). Of 770 genes, 617 were included for
analysis (Dataset S1), and hierarchical clustering analysis showed
that both CNS-MP populations (Kv1.3-high and Kv1.3-neg) were
markedly different from peripheral monocytes, while the segre-
gation between Kv1.3-high and Kv1.3-neg and between Ly6c"e"
and Ly6c® monocytes was less apparent (Fig. 3B). Principal
component analysis (PCA) of expression data showed that nearly
65% of variance in the data were explained by two principal
components (PCs), of which PC1 explained 43% while PC2
explained 22% of variance (Fig. 3C). PCA showed three distinct
cell clusters: 1) CNS-MPs (Kv1.3-high and Kv1.3-neg), 2) peripheral
splenocytes (Ly6c™" and Ly6c™™), and 3) neutrophils (Fig. 3C).
Kv1.3-neg CNS-MPs, which are primarily CD11b*CD45™Ly6c'™™
microglia, and Kv1.3-high CNS-MPs shared high-level expression of
several canonical microglial genes, such as P2yri2, Tmeml19, and
Olfmi3, indicating microglia-like molecular features (Fig. 3D). Kv1.3-
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high and Kv1.3-low CNS-MPs also highly expressed genes such as
Trem2 and Cst7, indicative of DAM in 5xFAD mice (Fig. 3D).
Overall, these unbiased analyses show that Kv1.3-high CNS-MPs
resemble microglia and may originate from CNS-resident microglia
rather than peripheral monocytes. However, it also remains possible
that peripheral monocytes that take up residence in the CNS over a
long period of time adopt unique CNS-specific profiles, making them
transcriptomically indistinguishable from microglia.

Despite the molecular similarities between Kv1.3-high CNS-
MPs and Kv1.3-neg microglia, we also identified unique molec-
ular signatures of Kv1.3-high CNS-MPs in 5xFAD mice (48
differentially expressed genes). Differential expression analysis
showed higher expression of 12 genes and lower expression of 36
genes in Kv1.3-high CNS-MPs as compared to Kv1.3-low microglia
(Fig. 3E and SI Appendix, Fig. S34). Genes up-regulated in Kv1.3-
high CNS-MPs included Gria2 (GluA2), Bcasl, Mapkl0 (Jnk3),
Plekhml, Lingol, Irak3, and Clic4. Interestingly, Clic4 was previ-
ously reported to be highly coexpressed with the Kv1.3 gene in
proinflammatory DAM in AD models, supporting the overall val-
idity of our findings (36). Gene set enrichment analysis (GSEA)
(Dataset S2) showed enrichment of glutamatergic synaptic trans-
mission, serine/threonine protein kinase signaling, and ATP binding
(SI Appendix, Fig. S3C) in Kv1.3-high CNS-MPs. Genes with lower
expression in Kv1.3-high CNS-MPs as compared to Kvl.3-low
CNS-MPs included Jun, Pecaml, Sox4, and Cycs as well as known
homeostatic microglial genes Olfimi3, P2ix7, Iigam (CD11b), and
Tmemi19. GSEA showed down-regulation of transmembrane
transporter activity, cell development, mitochondrial outer membrane
proteins, and ribosomal protein-encoding genes in Kv1.3-high CNS-
MPs as compared to Kv1.3-low CNS-MPs (SI Appendix, Fig. S3D).

We contrasted transcriptomic signatures of Kv1.3-high and
Kvl.3-neg CNS-MPs with homeostatic and DAM gene signa-
tures identified by previous single-cell RNA sequencing (RNA-
seq) studies (19). Genes highly expressed in Kv1.3-low CNS-MPs
were selectively enriched for homeostatic microglial markers
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from fresh, unfrozen postmortem human frontal
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frontotemporal degeneration; see SI Appendix, Ta-
ble S1). Within live single mononuclear cells, there
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a dominant myeloid population. Kv1.3 expression was
limited mostly to CD11b*CD45" microglia (labeled
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(SI Appendix, Fig. S3E). We also contrasted our results with
microglial transcriptomic coexpression modules that we previously
identified (2). In this coexpression network analysis of microglial
transcriptomes, 19 distinct modules of genes were identified,
which were then classified as those associated with AD pathology
(homeostatic, proinflammatory DAM, and antiinflammatory
DAM) and those not associated with AD pathology. We found
that Kvl.3-low CNS-MPs were enriched for homeostatic genes
while Kv1.3-high CNS-MPs appeared to be enriched for proin-
flammatory DAM genes (SI Appendix, Fig. S3F). Accordingly,
several genes up-regulated in Kv1.3-high CNS-MPs are also key
members of the proinflammatory DAM module, including Kcna3
(Kv1.3), Clic4, and Irak3.

Of the genes uniquely up-regulated in Kv1.3-high CNS-MPs,
we characterized the expression of Gria2 (GluA2) in WT and
5xFAD mouse brains using immunofluorescence staining. In WT
mouse brain, Gria2 protein was expressed primarily by neurons,
both in the cell body as well as axons, but not by microglia (S/
Appendix, Fig. S44). Gria2 expression in SXFAD brain was in-
creased specifically in swollen axons in the white matter (S/
Appendix, Fig. S44, arrows) and minimal in plaque-associated
Ibal*-activated microglia (SI Appendix, Fig. S4B, arrows). In
human AD postmortem brain, compared to control brain, we
observed increased Gria2 immunoreactivity in axons compared
to control brain and minimal immunoreactivity in glia (SI Ap-
pendix, Fig. S4C). We stained 5xFAD mouse brains for Vglutl,
another glutamatergic target, and observed Vglutl immuno-
fluorescence at proximity to Ibal* microglia and axons (SI
Appendix, Fig. S4D), similar to Gria2 staining patterns. This
suggests that the higher expression of low-level glutamatergic
transcripts in Kv1.3-high CNS-MPs may reflect phagocytic uptake
of neuronal elements (37, 38) rather than proteins translated
within CNS-MPs.

Overall, Kv1.3-high CNS-MPs, despite their similarities to
Kv1.3-low microglia, also significantly differed from Kv1.3-low
microglia due to increased representation of glutamatergic and
proinflammatory DAM transcripts and decreased expression of
homeostatic microglial genes.
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represents relative expression (blue: low; red: high).

Confirmation of Microglial Origin of Kv1.3-Positive CNS Myeloid Cells
in Mouse AD Models. Our transcriptomic findings show that Kv1.3-
high CNS-MPs more closely resemble microglia than monocytes.
CD45 and Ly6c¢ expression is insufficient to assign microglia or
monocytic origin of CNS-MPs in the brain. Transcriptomic
similarities between microglia and Kv1.3-high CNS-MPs also do
not definitely confirm cellular origin, as residence of peripherally
derived cells in the brain itself could possibly induce a microglia-
like phenotype in this population. Thus, we created bone marrow
chimeras using total body irradiation and transfer of bone mar-
row from WT and 5xFAD mice into the reciprocal mouse strains,
leveraging the resistance of microglia but not peripheral myeloid
cells to myeloablative doses of irradiation (1, 39, 40).

First, we irradiated 3- to 4-mo-old WT and 5xFAD mice (n =
S/group) and then euthanized the mice 5 d after irradiation. We
observed equal weight loss in WT and 5xFAD mice and no
mortality prior to euthanasia. Peripheral blood monocytes and
splenocytes (lymphocytes, neutrophils, and monocytes) were
decreased >95% in irradiated WT and 5xFAD mice compared to
nonirradiated mice (SI Appendix, Fig. S5 A and B). In the brain,
mononuclear cells were unchanged between all animals (SI Ap-
pendix, Fig. S5 C, Top). Importantly, there were equal propor-
tions of CD11b* CD45™ microglia and an observable decrease in
CD11b*CD45™" infiltrating macrophages as well as CD45™
lymphocytes in irradiated WT and 5xFAD mice compared to
nonirradiated mice (SI Appendix, Fig. S5 C, Bottom). These
studies confirmed comparable radioresistance of microglia
and equal susceptibility of peripheral leukocytes to irradiation
in both WT and 5xFAD mice.

Next, 3-mo-old CD45.2+ WT and 5xFAD mice received total
body irradiation, and the hematopoietic system was reconstituted
with CD45.1+ WT donor bone marrow cells (Fig. 44). At day 30
posttransplant, we confirmed >95% of blood monocytes, and
blood lymphocytes were CD45.1% while only a small fraction of
blood monocytes and lymphocytes expressed CD45.2 (SI Ap-
pendix, Fig. S6A4). We maintained these mice till 8 mo of age, at
which time we expect Kvl.3 CNS-MPs to appear in the brain
myeloid compartment in 5XFAD mice. At 8 mo, the majority
of splenic monocytes and lymphocytes were CD45.1 positive,
indicating stable maintenance of peripheral immune chimerism
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Fig. 3. Kv1.3-high CNS-MPs resemble CNS-resident microglia rather than peripheral monocytes in the 5xFAD model. (A) Experimental workflow for
NanoString transcriptomic phenotyping of Kv1.3-high and Kv1.3-low CNS-MPs, peripheral Ly6c"9" and Ly6c'® monocytes, and neutrophils isolated from
5xFAD mice (n = 3, age 7 to 8 mo, females). (B) Hierarchical clustering differentiated peripheral Ly6c"'9" and Ly6c'® monocytes from Kv1.3-high and Kv1.3-low
CNS-MPs, although differences within the monocyte and CNS-MPs populations were less apparent. (C) PCA revealed a clear separation of three cell pop-
ulations: CNS-MPs (Kv1.3-high and -low), peripheral splenocytes (Ly6c-high and -low), and neutrophils. (D) Heatmap displaying the transcriptomic differences
between peripheral Ly6c"9" and Ly6c'®" monocytes, neutrophils, and Kv1.3-high and Kv1.3-low CNS-MPs. Color scale bar represents low (blue) to high (red)
log,-transformed normalized gene expression. (E) Log,-transformed normalized expression of top 20 down-regulated genes in Kv1.3-high CNS-MPs and

12 up-regulated genes in Kv1.3-high CNS-MPs.

(SI Appendix, Fig. S6B). In the brain, majority (95%) of CNS-
MPs were CD45.2 positive (host-derived) (Fig. 44). Like non-
irradiated mice, we observed that 4 to 5% CD11b*CD45™ CNS-
MPs were Kv1.3 high in irradiated, chimeric 5xFAD mice
while <1% of CNS-MPs in chimeric WT mice were Kv1.3 high
(Fig. 4B, P < 0.005). The burden of Ap pathology and plaque-
associated microglial response were equal in both irradiated/
chimeric and nonirradiated age-matched 5xFAD mice (SI Ap-
pendix, Fig. S7). In the chimeric 5XFAD mice, over 95% Kv1.3-
high CNS-MPs were CD45.2 positive (host/microglia) while only
3 to 4% of Kv1.3-high CNS-MPs expressed CD45.1 (donor/pe-
ripheral monocytes), confirming that Kv1.3-high CNS-MPs are
primarily of microglial origin (Fig. 4C).

Using unbiased tSNE-based visualization of data (Fig. 4D), we
observed almost no Kv1.3 expression in lymphocytic and pan-
negative CNS mononuclear cells, indicating that in 5XFAD adult
mouse brain, nearly the entire pool of Kv1.3-positive CNS-MPs is a
subset of microglia (Fig. 4D). We also observed increased CD11c*
DAM in 5xFAD mice compared to WT mice (Fig. 4E, 11% versus
2 to 3%, P < 0.05), and the proportion of CD11c* DAM in irra-
diated/chimeric SXFAD mice at 8 mo was similar to that observed in
nonirradiated 5XFAD mice. Additionally, tSNE of the CD11c*

Ramesha et al.
Unique.molecular. characteristics and microglial origin' of Kv1.3 channel-positive
myeloid cells in Alzheimer’s disease

DAM in irradiated SXFAD mice revealed a subset of Kv1.3-high
CNS-MPs that only expressed CD45.2 but not CD45.1, further
supporting their microglial origin (Fig. 4E).

Kv1.3 Is Highly Coexpressed with Proinflammatory Microglial Profiles
and Lies Downstream of the Trem2 Immune Checkpoint. To delin-
eate potential cellular mechanisms regulated by Kv1.3 channels
in proinflammatory DAM, we analyzed existing transcriptomic
data from mouse microglia to identify genes that are most
strongly positively and negatively correlated with Kcna3 expres-
sion. The top 50 genes positively correlated with Kv1.3 included
proinflammatory genes (I11b, Tlr2, Ifit2, Ptgs2, and Statl) as well
as DAM genes (Csfl, Tspo, and Slc16a3) based on reference
single-cell RNAseq data from mouse microglia (Fig. 54). Con-
versely, genes negatively correlated with Kcna3 included ca-
nonical microglial genes (e.g., P2ry12) primarily associated with
homeostatic phenotypes (Fig. 5B). GSEA showed that Kv1.3-
positively correlated genes were enriched terms related to im-
mune response, nitric oxide biosynthesis, response to infections,
regulation of Tnf production and cell migration, and pathways
involved in response to lipopolysaccharide (LPS), IL1 signaling,
NFxB pathway, and regulation of type 1 interferon production
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(8I Appendix, Fig. S8, Top). Kvl.3-negatively correlated genes
were enriched in gene ontology terms, including small GTPase-
mediated signal transduction, endocytosis, and regulation of
apoptosis (SI Appendix, Fig. S8, Bottom).

Since microglia transition from homeostatic to DAM states via
a Trem2-dependent checkpoint, we also asked whether Kv1.3
lies upstream or downstream of this Trem2 checkpoint. We in-
terrogated existing microglial transcriptomic datasets from WT,
Trem2-KO, and 5xFAD as well as 5XFAD-Trem2KO mouse
brain (41) and found that up-regulation of Kv1.3 in 5xFAD
microglia was suppressed in 5XFAD/Trem2KO mice while Apoe
was only partly suppressed by loss of Trem2 (SI Appendix, Fig.
S94). We then performed flow cytometric studies on acutely
isolated microglia from 7- to 8-mo-old WT and 5xFAD mice and
found that cell-surface Trem?2 expression was indeed increased in
5xFAD microglia as compared to WT microglia and that Kv1.3-
high CNS-MPs also expressed significantly higher Trem2 as
compared to Kvl.3-neg CNS-MPs (SI Appendix, Fig. S9 B and
(). Overall, these data suggest that Kv1.3 channel expression is
highly coexpressed with proinflammatory DAM genes and lies
downstream of the Trem?2 checkpoint (SI Appendix, Fig. SOD).

Kv1.3 Channels Regulate Microglial Membrane Potential and MAPK
Signaling in Response to Inflammatory Stimuli. Kv1.3 is a voltage-
gated K* channel that hyperpolarizes the cell membrane to al-
low sustained calcium influx in T cells in response to T cell re-
ceptor engagement and activating stimuli. Cytoplasmic domains
of Kv1.3 are also known to interact with proteins such as Kvp2
and scaffolding proteins involved in mitogen-activated protein
kinase (MAPK) signaling, potentially linking Kv1.3 channel func-
tion with signaling pathways (42). In LPS-stimulated microglia that
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EEE W CDp45.2* microglia but not CD45.1 CNS-MPs.

express high levels of Kv1.3 channels, Kv1.3 regulates membrane
potential and calcium entry from the plasma membrane (43) and
potentially downstream signaling cascades which may explain the
transcriptomic effects observed in vivo following Kv1.3 channel
blockade in AD mouse models. We used the MMC (mouse
microglial cell) line, which is more representative of primary mouse
microglia than the BV2 cell line, to investigate the importance of
Kv1.3 channels in regulating microglial membrane potential and
signaling mechanisms (44, 45). At baseline, MMCs did not express
detectable Kv1.3 channels on the surface as measured by both flow
cytometric detection by ShK-F6CA and patch-clamp electrophysi-
ology. Following LPS or interferon gamma (IFN-y) stimulation for
48 to 72 h, we observed a dose-dependent increase in surface Kv1.3
channel expression measured by flow cytometry (Fig. 5B) and
patch-clamp (Fig. 5C). Patch-clamp studies of MMCs stimulated by
Ap42 oligomer (100 nM) also showed increased Kv1.3 currents,
similar to LPS-stimulated MMCs (Fig. 5D) (46). Kv1.3 currents in
MMCs demonstrated typical features, including use-dependent in-
activation and blockade by ShK-223 (100 nM) (Fig. 5C). Following
blockade of Kv1.3 channels, we observed minimal residual K cur-
rents, suggesting that Kv1.3 is the dominant K channel expressed by
activated MMCs (Fig. 5SE) (47). Kv1.3 channel blockade by ShK-223
also resulted in membrane depolarization confirming the dependence
on Kv1.3 channels for maintenance of resting membrane potential
(Fig. 5F). These complimentary studies confirmed that Kv1.3 chan-
nels regulate membrane potential in proinflammatory microglia as
recently published by a group using primary neonatal microglia (43).

To assess whether Kv1.3 channels regulate shifts in membrane
potential when microglia face acute immune stimuli, we presti-
mulated MMC with LPS for 48h to up-regulate Kv1.3 channel
expression and then exposed the cells to the purinergic agonists
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ATP and BzATP (Fig. 5F). These were selected because BzZATP
activates P2X channels (e.g., P2 x 4 and P2 x 7), resulting in
calcium (Ca®*) entry and membrane depolarization, which should
subsequently activate Kv1.3 channels. P2 x 4 is also up-regulated by
DAM in AD models where it is coexpressed with Kv1.3 (2, 30),
raising the possibility that Kv1.3 and P2X-mediated Ca** entry
mechanisms are functionally coupled. BZATP transiently induced a
small membrane depolarization in LPS-stimulated MMCs while
ShK-223 mediated Kv1.3 blockade prior to BZATP exposure am-
plified this transient membrane depolarization (Fig. 5F). This
confirms that Kv1.3 channel function minimizes membrane depo-
larization induced by calcium entry via P2X in microglia. Collec-
tively, these in vitro studies align with recent observations made in
primary microglia regarding the importance of Kv1.3 channels in
regulating microglial membrane potential and their coupling
with Ca®* entry mechanism in LPS-activated conditions (43).

We next asked whether Kv1.3 channels regulate signaling
cascades when microglia are activated by immune stimuli. We
first primed MMCs with LPS (100 ng/mL) for 48 h to up-regulate
Kv1.3 channels and then exposed Kvl.3-expressing MMCs to
high dose LPS (1,000 ng/mL), IFN-y (1,000 ng/mL), and ATP
(200 pM) to activate both P2X channels for 5 min and 60 min
with or without ShK-223 (100 nM) pretreatment. Cell lysates
were analyzed by Luminex to measure phosphoproteins involved
in MAPK signaling pathways, including ERK, p38, and Jnk
cascades, as well as mTOR/Akt pathways, which are known to
play important roles in microglia-mediated neuroinflammatory
responses in AD (35, 48). LPS preconditioning increased levels
of pErkl/2, pStatl, and pcJun in MMCs, and ShK-223 pre-
treatment did not impact phospho-MAPK levels in the absence
of stimuli (Fig. 5G). Of the three stimuli at 5 min postexposure
timepoints (ATP, IFN-y, or LPS), ATP exposure increased p-p53
levels although ShK-223 pretreatment increased pMekl and
p-p53 levels in ATP-stimulated microglia (Fig. 5G). IFN-y in-
creased pStatl levels at 5 min while ShK-223 pretreatment did
not impact pStatl levels although ShK-223 pretreatment in-
creased pMek1 levels. LPS exposure increased pJnk, pStatl, and
pcJun levels, and ShK-223 pretreatment further increased pJnk
along with p-p38 levels but reduced p-p53 levels. At 60 min
postexposure, ATP decreased pErk1/2 and pMSK1 levels while
ShK-223 pretreatment had no effect. IFN-y increased pStatl
levels without any effect of ShK-223. LPS exposure increased
pcJun levels and decreased pMSK1 and p-p53 levels, and ShK-
223 pretreatment increased p-p53 and pMSKI1 levels (Fig. 5 G
and H). While LPS preconditioning for 48 h increased Akt,
GSK3p, PTEN, and mTOR levels, additional acute stimulation
with ATP, IFN-y, or LPS with or without ShK-223 pretreatment
did not affect levels of analytes in the Akt/mTOR signaling panel
(81 Appendix, Fig. S10). Overall, these signaling studies provide
evidence for regulation of early MAPK but not Akt/mTOR sig-
naling events by Kv1.3 channels in proinflammatory microglia.

Kv1.3 Blockade Reduces Ap Pathology, Increases CD11c" DAM, and
Impacts Neuroinflammatory Profiles of Microglia in Mouse AD Models.
Prior studies have shown that blockade of Kv1.3 channels by the
highly Kv1.3-selective 35-amino acid peptide ShK-223 decreased Ap
plaque burden in the S5XFAD brain and increased Ap phagocytosis
by microglia derived from ShK-223-treated mice (2). Previous
coexpression network analysis studies also predicted that Kv1.3
blockade should inhibit proinflammatory and potentially augment
antiinflammatory and prophagocytic gene expression (2). However,
direct evidence for immunomodulatory effects of Kv1.3 blockers on
microglial profiles in AD models is lacking. We treated 3-mo-old
5xFAD mice with ShK-223 or phosphate-buffered saline (PBS) for
a duration of 3 mo, after which mice were euthanized, and whole-
brain and fluorescence-activated cell sorting (FACS)-purified
CD11b"CD45" microglia were used for transeriptomics and im-
munohistochemical studies of fixed brain (Fig. 64).
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Consistent with prior studies (2), we found that Af plaque load
was significantly lower in ShK-223-treated SXFAD mice (Fig. 6B,
P =0.003). We also found that postsynaptic density protein PSD95
expression was higher in the brains of ShK-223-treated 5xFAD
mice as compared to vehicle-treated mice while pan-neuronal syn-
aptophysin was unchanged, suggesting a protective effect of ShK-
223 on synaptic health (Fig. 6C) (49). Transcriptomic analyses of
the whole-brain messenger RNA (mRNA) (NanoString glial pro-
filing panel) also showed concordant increased expression of neu-
ronal synaptic and carbohydrate metabolic genes (S Appendix, Fig.
S11 and Dataset S3). Flow cytometric analyses of acutely isolated
CNS-MPs showed no differences in microglial numbers but showed
a significantly increased CD11c* microglia in ShK-223-treated
mice compared to PBS-treated mice (Fig. 6D, P < 0.05), indicat-
ing increased presence of a DAM phenotype.

We next performed NanoString neuroinflammatory profiling
(551 genes) of FACS-purified CD11¢*CD45" microglia (Data-
set S4). PCA differentiated ShK-223—-treated from PBS-treated
5xFAD mice (Fig. 74) and 80 genes were differentially expressed
(P < 0.05) with 57 up-regulated and 23 down-regulated genes
following ShK-223 treatment (Fig. 7B). Of these, nine genes
were up-regulated and 18 genes were down-regulated by at least
1.5-fold (SI Appendix, Fig. S12 A and B). GSEA showed that
ShK-223 treatment increased expression of genes involved in
signal transduction (7gfbri, Pakl, and Ikbkb), antigen presenta-
tion and processing (Fcgrl, Fcgr3, and Ifi30), surface receptors
(Cxcrl, C3arl, and Ccr2), microglial phagocytosis (including Clgc,
Fc receptors, and [tgam), and ribosomal translational machinery
and transmembrane proteins (Fig. 7 C-F, SI Appendix, Fig. S12C,
and Dataset S5). ShK-223 treatment also suppressed genes involved
in proinflammatory signaling (/L1b), endocytosis (Dockl, Lsr, and
Pld2), and lipid metabolism (Pik3r5) (Fig. 7 C and F and SI Ap-
pendix, Fig. S12D). We identified miR-155, a well-known regulator
of proinflammatory responses, and ATF1 as potential upstream
regulators of genes increased by ShK-223 treatment. Con-
versely, EBF1 was predicted to be an upstream regulator of
genes decreased by ShK-223 treatment (Fig. 7 D and E).

We also explored sex differences between 5XxFAD mice and
identified 28 DEGs. Male 5xFAD microglia expressed higher
levels of Pilra (a receptor for herpes simplex virus type 1 [HSV1]
and complement 4a) and C3 while female microglia expressed
higher levels of proinflammatory genes such as Cxcl10, Ccl4, Ccl2,
Ccl3, and ILla (Dataset S4). These findings support greater
proinflammatory activation of microglia in females compared to
males, consistent with known increased Af plaque pathology and
neuroinflammation in AD models and in human AD (50-52). There
was no ovetlap between DEGs in response to ShK-223 and DEGs
based on sex, suggesting that the neuroinflammatory effects of Kv1.3
blockade are independent of sex. Overall, these in vivo and tran-
scriptomic studies provide evidence for the ability of a Kv1.3 channel
blocker (ShK-223) to modulate neuroinflammatory profiles of
microglia toward a more phagocytic state with increased expression
of translational machinery, transmembrane receptors, and protective
gene signatures while decreasing proinflammatory IL1-related sig-
naling (Fig. 7F).

Discussion

Selective inhibition of proinflammatory CNS-MP responses has
emerged as a promising therapeutic approach for disease modifica-
tion in neurodegenerative diseases, ischemic stroke, and neuro-
inflammatory disorders (25, 29, 30, 33, 53, 54). Among potential
therapeutic targets, the voltage-gated potassium channel Kv1.3 has
been identified as a regulator of proinflammatory CNS-MP re-
sponses (25, 29, 30, 55), and in mouse models of AD pathology and
ischemic stroke, selective Kv1.3 channel blockers have shown
pathological and behavioral efficacy (2, 25, 29). Electrophysiological
and immunohistochemical studies have demonstrated increased
functional Kv1.3 channel expression by CNS-MPs in AD (2, 25),
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although specific subtypes of CNS-MPs that up-regulate Kv1.3 have
not been characterized in mouse models of AD pathology or in human
AD brain. To better define the peripheral monocyte-versus-microglial
origin of Kv1.3-high CNS-MPs in neurodegenerative diseases, molec-
ular phenotyping and chimerism strategies are necessary. While the
presence of Kv1.3-high CNS-MPs has been shown in mouse models of
AP deposition (2, 25), the presence Kv1.3-high CNS-MPs in tau pa-
thology models or other models of chronic neuroinflammation has
also not been confirmed. Furthermore, the ability of Kv1.3 channel
blockers to skew neuroinflammatory responses and microglial profiles
in mouse AD models was unknown.

Transcriptomic and proteomic studies fail to detect Kv1.3 at
high levels due to the low abundance of Kv1.3 transcript and
protein in microglia, despite its critical functional roles. Thus,
patch-clamp has been the gold standard for electrophysiological
characterization of functional Kv1.3 channel expression; although,
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the limited sampling of this method cannot easily identify differ-
ences in Kv1.3 level expression by cell subpopulations (56, 57). In
this study, we used a validated flow cytometry approach to detect
functional, cell-surface Kv1.3 channels in CNS-MP subsets from
mouse models of Af pathology (5XFAD), tau pathology (P301S),
and EAE as well as from fresh unfrozen human AD brain. This
flow cytometric assay leverages the ability of ShK-F6CA (33), a
fluorescent-tagged peptide blocker of Kv1.3 channels, to bind cell-
surface functional Kv1.3 channels with a detection limit of more
than 500 to 600 Kv1.3 channels per cell (33, 58). Thus, ShK-F6CA
is an excellent Kv1.3-selective probe to easily measure functional
cell-surface Kv1.3 channels and detect immune cells with high
Kv1.3 channel expression, allowing phenotyping of large pop-
ulations and subsets of CNS-MPs acutely isolated from the adult
brain including fresh human postmortem brain (2, 30, 58). Using
this approach, we confirmed that Kv1.3 channel expression is
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restricted to a subset of CD45"°"Ly6c'® CNS-MPs in 5xFAD
mice but not in P301S or EAE mice. This pattern of Kv1.3 ex-
pression is similar to that observed in Kv1.3-high CNS-MPs fol-
lowing transient middle cerebral artery occlusion (30). We also
found that Kv1.3-high CNS-MPs in 5XFAD mice express relatively
higher levels of CD45 as well as CD11c, a DAM marker, sug-
gesting that Kv1.3-high CNS-MPs may have DAM-like properties.
Importantly, we also show that Kv1.3 expression is restricted to a
subpopulation of CNS-MPs in human AD brain with patterns of
expression that resemble the 5XFAD mouse model. Since we
found Kv1.3-high CNS-MPs in A but not tau mouse models and
also in human AD which exhibit both in Ap and tau pathologies,
we suspect that up-regulation of Kv1.3 expression might be driven
primarily by progressive A} accumulation. Indeed, AB42 fibrils in
prior studies (25) and Ap42 oligomers as shown in this study up-
regulate Kv1.3 channels in primary microglia.

To directly contrast the molecular features of Kv1.3-high and
Kvl.3-low CNS-MPs with peripheral myeloid cells, we sorted
Kv1.3-high and Kvl1.3-low CNS-MPs along with peripheral
monocyte Ly6c™e" and Ly6c'™ subsets from 5XFAD mice. At the
transcriptomic level, Kv1.3-high CNS-MPs more closely resem-
ble resident microglia via shared expression of canonical
microglial markers such as Tmem119, Cx3crl, and P2ry12, albeit
at relatively lower levels. Despite these similarities, we observed
some differences between Kv1.3-high and Kv1.3-low CNS-MPs
in 5XFAD mice. The relatively lower homeostatic microglial gene
expression along with higher expression of proinflammatory
DAM genes in Kv1.3-high CNS-MPs suggest that Kv1.3-high
CNS-MPs may represent a proinflammatory subset of DAM.
This conclusion is further supported by prior coexpression net-
work analyses of microglial transcriptomes which showed that
Kv1.3 (gene Kcna3) is a member of a proinflammatory gene
module in AD models and is coexpressed with genes such as
Hifla, IL1b, Ptgs2, Tlr2, and Irak4 while being highly anti-
correlated with homeostatic genes such as Tmeml119, Olfml3,
and P2ry12 (2). Another unique feature of Kv1.3-high CNS-MPs
is their higher levels of glutamatergic transcripts such as Gria2.
Given this overall low relative abundance of glutamatergic
mRNAs in Kv1.3-high CNS-MPs and our observed lack of Gria2
protein expression by CNS-MPs in SXFAD brain, we suspect that
the presence of these glutamatergic and synaptic transcripts in
Kv1.3-high CNS-MPs may be indicative of phagocytosed neu-
ronal and synaptodendritic components (59) rather than de novo
transcription and translation in CNS-MPs. "Whether Kv1.3-high
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223-treated groups. The housekeeping protein was
p< Gapdh. Quantitative analysis is shown on the right. (D)
Increased CD11c* cells within CD11b* CNS-MPs in ShK-
223-treated mice as compared to PBS-treated 5xFAD
and untreated WT mice. *P < 0.05, ***P < 0.001.

WT  5xFAD 5xFAD
PBS  ShK-223

CNS-MPs exhibit higher synaptic phagocytic activity needs to be
clarified in future studies.

Kv1.3 blockers have displayed promising treatment effects in
mouse models of AD pathology and other neurologic diseases (2,
25, 29). Given this, it is imperative to determine the cellular
origin of Kv1.3-high CNS-MPs as this may impact future thera-
peutic approaches to inhibit their cellular function more defini-
tively. If peripheral monocytes give rise to Kv1.3-high CNS-MPs,
this would raise the possibility for their modulation before en-
tering the CNS. Alternatively, their microglial origin would in-
dicate that factors specific to the CNS mediate Kv1.3 up-
regulation and would indirectly imply CNS bioavailability of
ShK toxin-based peptide blockers of Kv1.3 channels (2, 25, 29).
Our transcriptomic findings indicate that Kv1.3-high CNS-MPs
closely resemble resident microglia in AD models; however,
these data do not confirm the microglial origin of Kv1.3-high
CNS-MPs because blood monocyte—derived CNS-MPs also re-
semble microglia at the transcriptomic level after residing in the
CNS over a long period of time. Previous irradiation bone
marrow chimeric studies showed that blood-derived myeloid
cells adopted microglial morphology and microglia-like tran-
scriptomic states three months after total body irradiation and
bone marrow transplantation while retaining some distinctions
from microglia (60). It is also possible that microglia, in response
to progressive neuropathology, adopt features that resemble
peripheral myeloid cells. Furthermore, our flow cytometry data
show that Kv1.3-high CNS-MPs are CD45"&" but are Ly6c™®"¥,
providing conflicting evidence regarding their origin from microglia
(CD45™ and Ly6c™™) or from CNS-infiltrating brain macro-
phages/monocytes (CD45"¢" Ly6c™"). To definitively clarify the
cellular origin of Kv1.3-high CNS-MPs in AD models, we used the
irradiation bone marrow CD45.1/CD45.2 chimerism model in
S5xFAD mice and show that more than 90% of Kv1.3-high CNS-
MPs are derived from microglia and not from bone marrow—
derived CNS-infiltrating monocytes/macrophages. While this does
not exclude the possibility of some contribution of peripheral
monocytes to the Kv1.3-high CNS-MP pool in the AD brain, the
majority of Kv1.3-high CNS-MPs are derived from microglia. Since
peripheral monocyte populations in SXFAD mice express nearly no
Kv1.3 channels and Kv1.3-high CNS-MPs are a subset of microglia,
the observed therapeutic effects of Kv1.3 blockers in mouse AD
models must be mediated via direct CNS effects.

While we found that microglia, not monocytes, represent the
cellular origin of Kv1.3-high CNS-MPs in mouse AD models,
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higher levels of Kvl.3 mRNA have been reported in human
monocytes as compared to postmortem human microglia in the
aging brain (2, 24). One explanation could be that Kvl.3 mRNA
levels do not correlate well with protein-level or functional-
channel expression. Another possibility is that Kv1.3 expression
patterns are different in mouse and human brain such that
Kv1.3-high CNS-MPs in mouse models are microglia derived,
while in human AD, they are monocyte derived. The third pos-
sibility is that accumulating AD pathology activates a unique
transcriptomic program in microglia which up-regulates Kv1.3
expression. In support of this idea, several genes that are not
highly expressed by homeostatic microglia in the brain are up-
regulated following build-up of AP pathology. Here, we also
show that Kv1.3 channel up-regulation lies downstream of the
Trem2 immune checkpoint which is critical for microglial state
transition from homeostatic to DAM profiles in response to Af
accumulation (22). While the expression level of Kv1.3 in post-
mortem microglia from human AD jas compared to controls is
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unknown, our flow cytometric data show a discrete population of
Kv1.3-high CNS-MPs in human AD cases and confirm lack of
Kv1.3 expression by infiltrating macrophages and lymphocytes in
the brain. Future transcriptomic and proteomic characterization
of Kv1.3-high CNS-MPs from human brain will determine
whether our findings are valid in human AD. Our work also
provides mechanistic insights into the role of Kv1.3 channels in
regulating membrane potential and stimulus-induced early cel-
lular signaling events in microglia. Using the MMC line, we show
that Kv1.3 channels regulate membrane potential of microglia
when activated by proinflammatory stimuli. When microglia
were exposed to BzATP to activate calcium entry via P2X
channels, we found that Kv1.3 blockade accentuated BzATP-
induced membrane depolarization, suggesting that K efflux via
Kv1l.3 helps maintain the membrane potential in a hyper-
polarized state. This observed functional coupling between P2X
and Kv1.3 agrees with recent work in primary microglia (43). In
addition to regulating membrane potential and calcium influx,
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Kv1.3 channels are known to interact with signaling proteins
(e.g., MAPKS), raising the possibility that Kv1.3 function may be
functionally coupled with early signaling events. Consistent with
this idea, we found that Kv1.3 blockade suppressed LPS-induced
p53 phosphorylation and increased MEK/ERK activation with-
out impacting Akt/PI3k/mTOR signaling. While demonstrating
the ability of Kv1.3 channels to fine tune early MAPK signaling
events, further investigation is warranted to understand the
molecular basis and consequences of this observed functional
coupling between Kv1.3 channel function and MAPK signaling.

From a translational perspective, our in vivo studies with ShK-
223 in 5xFAD mice validate prior studies demonstrating reduc-
tion in AP plaque pathology in 5XFAD mice and APP/PS1 mice
via Kv1.3 channel blockade by peptidergic (ShK analogs) and
small molecules (PAP1) (2, 25). This validation is important as it
strengthens the preclinical rationale to pursue Kv1.3 channel
blockade as a human AD-relevant therapeutic target. We addi-
tionally show that reduction in AP plaque burden by ShK-223
treatment is associated with increased postsynaptic protein PSD95
expression with concordantly increased synaptic gene expression in
5xFAD brain, consistent with an overall neuroprotective effect of
Kv1.3 blockade. We also present evidence for cell-surface Kv1.3
channel expression by a subpopulation of acutely isolated CNS-MPs
with microglial properties from fresh postmortem human AD brain,
confirming immunohistochemistry studies that showed Kvl1.3
channel protein expression in CNS-MPs in AD brain (24). Since a
Kv1.3 channel-blocking peptide belonging to the ShK analog family
(ShK-186 or Dalazatide) has already completed early-phase human
studies of safety for systemic autoimmunity (61), our preclinical
findings provide a compelling rationale to develop Kv1.3 blockers as
potential therapeutics for human AD.

The CNS harbors multiple subfamilies of Kvl channels
expressed across various cell types. Targeting microglial Kv1.3
channels with high specificity could assist us in modulating their
neuroinflammatory effects in AD. Therefore, in our studies, we
used ShK-223 because of its higher selectivity for Kv1.3 over
other Kvl channels (expressed in neurons) and its superior sta-
bility and suitability as a therapeutic peptide. Future pharma-
cokinetics and pharmacodynamics studies of ShK-223 and
related analogs are now needed to facilitate translation of our
findings. In addition to neuropathological effects of ShK-223 in
5xFAD mice, we also show that Kv1.3 blockade can impact the
molecular profile of microglia by increasing surface expression of
CDl11c and increased expression of several genes encoding sur-
face receptors (Cx3crl, Mertk, Itgam, and Tgfbrl) that are highly
expressed by homeostatic microglia and required for their ability
to sense the CNS microenvironment (62). ShK-223 treatment
also increased expression of phagocytic genes that are part of the
Tyrobp causal network of AD (8) and up-regulated protective
genes (Tnfsf13b, ItgbS5, and Pi3kcg) that are downstream of miR-
155 (63) while suppressing proinflammatory genes such as I/1b
and others involved in Il1-related signaling. The ability of ShK-
223 to modulate the immune profile of microglia is an important
proof of concept that Kv1.3 blockers can inhibit proinflammatory
microglial responses in vivo and augment potentially protective
responses (2). For example, ShK-223-treated 5XFAD mouse
microglia showed higher expression of Ccr2 and lower expression
of Hdac2. Ccr2 is a chemokine receptor expressed by CNS-MPs
involved in chemotaxis to sites of inflammation. In AD mouse
models, loss of Ccr2 accelerated disease progression and Ap
accumulation while impairing microglial accumulation and Ap
clearance, suggesting that increased Ccr2 by Kv1.3 blockade is a
protective and pro-Ap clearance effect of ShK-223 (64). Con-
versely, we found that Hdac2 expression was significantly re-
duced in ShK-223-treated S5xFAD microglia. Interestingly,
Hdac2 loss in mouse AD models resulted in increased microglial
phagocytosis of Ap and decreased neuropathology (65), sug-
gesting that lower Hdac2 in ShK-223-treated| mice is also a
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beneficial effect of Kv1.3 blockade. Another gene up-regulated
by ShK-223 was Tmem173, which encodes the protein STING
that mediates type 1 interferon responses that reduce microglia-
mediated neuroinflammation (66). Collectively, our observations
based on whole-brain and microglia-specific transcriptomics and
histological studies support the idea that the microglial immune
profile induced by Kv1.3 blockade is protective.

A limitation of our transcriptomics studies is the relatively
narrow scope of the NanoString neuroinflammatory panel, which
is restricted to ~700 genes; however, these are highly represen-
tative of inflammatory, homeostatic, and DAM genes as well as
risk genes associated with late-onset AD. Future studies will
assess global and single-cell transcriptomic along with proteomic
changes in microglia and whole brain in conjunction with cyto-
kine profiling in brain, plasma, and cerebrospinal fluid to identify
the neuroinflammatory effects and their corresponding biofluid
biomarkers of therapeutic efficacy and target engagement. Fu-
ture studies using conditional Kv1.3 deletion in microglia are
also necessary to better define the role of Kv1.3 channels in
regulating microglial function in AD pathology since low-level
Kv1.3 channel expression below the detection limit of our flow
cytometric assay has been reported in other brain cell types.

In conclusion, our results demonstrate that microglia, but not
infiltrating macrophages, express Kv1.3 channels in AD in an
Ap- rather than a tau-dependent manner. Kv1.3-high microglia
have a unique transcriptomic signature that distinguishes them
from Kv1.3-negative microglia, and long-term Kv1.3 blockade in
AD mouse models inhibits proinflammatory gene expression
while promoting a prophagocytic signature in microglia. These
results strengthen the preclinical rationale for targeting micro-
glial Kv1.3 channels as a therapeutic approach for AD.

Methods

A detailed list of all reagents used for our experiments is provided in S/
Appendix, Table S2. Experimental details on animals, acute isolation of adult
mouse CNS-MPs (2, 13, 67), PBMCs and splenocytes and human CNS-MPs,
irradiation bone marrow chimerism (32), long-term in vivo Kv1.3 channel
blockade (2, 13, 68), flow cytometry studies (2, 13, 67) and fluorescence-ac-
tivated cell sorting, RNA extraction and Nanostring analyses (41, 67, 69),
whole-cell patch-clamp studies (43, 47), immunostaining and image analysis,
Western blotting, Luminex studies, mouse microglia cultures, Netscreen
analysis (2), and statistical considerations are described in detail in SI Ap-
pendix, SI Methods.

Ethics Approval and Consent to Participate. Approval from the Emory Uni-
versity IACUC was obtained prior to all animal-related studies (IACUC pro-
tocol number 300123). Human postmortem brain samples were obtained at
time of brain autopsy for experiments within the scope of an IRB-approved
study at Emory University.

Data Availability. All study data are included in the article and/or supporting
information.
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