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1 | BACKGROUND

Alzheimer’s disease (AD) is the most prevalent chronic neurodegen-
erative disorder among the elderly.! By 2050, an estimated 152.8
million people will suffer from dementia,2 with AD accounting for
approximately 50 to 70% of cases.> The most prominent pathologi-
cal features in the brains of patients with AD are the deposition of
insoluble amyloid beta (AB) peptides in senile plaques, the formation
of neurofibrillary tangles composed of hyperphosphorylated tau pro-
tein, and neuroinflammation driven by activated microglia.*®> While
sporadic AD is the most common form, some AD cases are inherited in
an autosomal-dominant manner, which are termed “familial AD.” Symp-
toms of familial AD typically manifest at an earlier age than sporadic
AD.¢ Genetic studies have identified pathogenic mutations in the genes
that encode amyloid precursor protein (APP), presenilin 1 (PSEN1), and
presenilin 2 (PSEN2), which result in the overproduction of toxic Aj
peptides and, hence, familial AD. This forms the foundation of the “amy-
loid hypothesis,” which posits that the accumulation of Ag triggers AD
pathogenesis.”8

Animal models are crucial tools for studying human diseases and
developing treatments. To understand the pathogenesis of AD, trans-
genic mice that express gene mutations in proteins associated with AD
pathogenesis, such as APP, PSEN1, PSEN2, and tau, are widely used
as animal models of AD.?10 Meanwhile, novel, humanized, knock-in

AD mouse models (eg, humanized APP and apolipoprotein E) are also
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monkeys. Blood transcriptome and proteome profiling revealed early changes in
inflammatory and immune molecules in juvenile PSEN1-AE9 cynomolgus monkeys.

DISCUSSION: PSEN1 mutant cynomolgus monkeys recapitulate AD-related patholog-
ical protein changes, and reveal early alterations in blood immune signaling. Thus,
this model might mimic AD-associated pathogenesis and has potential utility for

developing early diagnostic and therapeutic interventions.

Alzheimer’s disease, amyloid 8, cynomolgus monkey, inflammation and immune response, phos-
phorylated tau, plasma proteome, PSEN1

* A dual-guide CRISPR/Cas9 system successfully mimics AD PSEN1-AE9 mutation by
genomic excision of exon 9.

e PSEN1 mutant cynomolgus monkey-derived fibroblasts exhibit disrupted PSEN1
endoproteolysis and increased AS secretion.

* Blood transcriptome and proteome profiling implicate early inflammatory and
immune molecular dysregulation in juvenile PSEN1 mutant cynomolgus monkeys.

e Cerebrospinal fluid from juvenile PSEN1 mutant monkeys recapitulates early
changes of AD-related pathological proteins (increased AB., and phosphorylated

being developed to better mimic the molecular pathways and patho-
physiological changes associated with AD.'! However, because of the
substantial differences in the genetic background, brain structure, cog-
nitive behavior, and immune system between humans and mice, the
development of treatment methods based on mouse models remains
unsatisfactory.

Compared to rodents, non-human primates are more evolutionar-
ily similar to humans, possessing similar brain structures and higher
cognitive functions.?2 Meanwhile, the use of gene-editing technologies
in non-human primates can recapitulate human brain disease mecha-
nisms at the gene level, making them ideal animal models for studying
neurological diseases such as autism.13-1% Regarding AD, the develop-
ment of non-human primate models may provide new opportunities to
better recapitulate the full spectrum of the disease, which would help
characterize the dynamics of the molecular networks that underlie AD
pathogenesis and develop potential early diagnostic and intervention
strategies.

Current AD monkey models were established by injecting AS or
tau protein into the brain or deleting PSEN1 exon 9 in marmosets
using TALEN technology.16-18 Previous gene-edited marmoset mod-
els considered homozygous deletion of PSEN1 exon 9 to be lethal.!®
Marmosets generally exhibit A deposits in the brain around 7 years of
age and have several benefits, including small size, multiple births, and
ease of feeding and operation.’? However, marmosets do not have an
immune response to phosphorylated tau, and only approximately 6% of



ssa | Alzheimer’s &Dementia’

LIET AL.

THE JOURNAL OF THE ALZHEIMER’S ASSOCIATION

animals survive to old age (ie, >7 years).1? Meanwhile, Old World mon-
keys, such as cynomolgus monkeys (Macaca fascicularis), exhibit both
AB deposition and tau accumulation and have a longer lifespan, making
them more useful for observing the progress of AD during aging.'?

In this study, we generated a cynomolgus monkey model with
familial AD mutation using CRISPR/Cas9 (ie, Streptococcus pyogenes
Cas9 [SpCas?]) technology to delete PSEN1 exon 9 and confirmed the
model’s viability. Skin fibroblasts derived from PSEN1 mutant mon-
keys exhibited signatures of familial AD, including disrupted PSEN1
endoproteolysis as well as increased AB,, secretion and AB4y/40 ratio.
Blood transcriptome and proteome profiling suggests early alterations
of key inflammatory and immune molecules in juvenile PSEN1 mutant
monkeys. Meanwhile, early changes in AD-related pathological pro-
teins (increased cerebrospinal fluid [CSF] AB4, and p-tau217) can be
observed in juvenile PSEN1 mutant cynomolgus monkeys. Thus, our
model might be a robust supplement to existing AD models, with broad
potential applications for studying the mechanisms of AD as well as

developing preclinical diagnostic and intervention strategies.

2 | METHODS

2.1 | Animals

This study utilized cynomolgus monkeys as donors of ovulation-oocyst
mother cells. The selected monkeys were 4 to 12 years old and weighed
3.2 to 5.8 kg. We performed embryo transplantation using genetic
engineering techniques.’® To ensure fertility, we chose three healthy
male monkeys aged 5 to 11 years and weighing 6.7 to 9.3 kg as sperm
donors. We conducted all animal experiments in strict accordance
with institutional animal care and use guidelines, which were approved
by the Institutional Animal Care and Use Committee (IACUC) of the
Shenzhen Institute of Advanced Technology, Chinese Academy of Sci-
ences (approved case ID: SIAT-IACUC-230111-NS-LZH-A1094). We
housed the monkeys in a temperature-controlled facility maintained at
22 + 1°C and 50 + 5% relative humidity. A 12-h light-dark cycle was
set with light illumination from 0700 h. We provided the monkeys with
commercial monkey grains (Beijing Keao Xieli) twice daily and water ad
libitum. We provided one treat of seasonal fruit daily. Experienced vet-
erinarians carefully monitored the monkeys twice daily to evaluate and
maintain their health status. The primate facility used in this study is
accredited by AAALAC International.

2.2 | Cas9 mRNA production, zygote injection, and
embryo transplantation

To prepare CRISPR mRNAs for embryonic injection, we performed in
vitro transcription as previously described.!® Briefly, we linearized and
utilized the SpCas9 plasmid as a template for in vitro transcription
using an mMMESSAGE mMACHINE T7 ULTRA kit (Life Technologies).
We subsequently purified the resultant SpCas? mRNA using a MEGA

Clear kit (Life Technologies) and eluted it in RNase-free water.

RESEARCH IN CONTEXT

1. Systematic review: The authors evaluated the use
of a non-human primate model for studying familial
Alzheimer’s disease (AD). While there are reports of
successful non-human primate models of AD involving
injection of pathological proteins into the brain, deletion
of PSEN1 exon 9 in marmosets, and transgenic expres-
sion of mutant APP in monkeys, there is a need for amore
accurate Old World monkey model that mimics disease
progression in AD.

2. Interpretation: Our results suggest the successful gen-
eration of cynomolgus monkeys with familial AD muta-
tion. Juvenile PSEN1 mutant cynomolgus monkeys reca-
pitulate early changes of AD-related pathological pro-
teins (increased cerebrospinal fluid AB4, and phosphory-
lated tau). Blood transcriptome and proteome profiling
revealed early changes of inflammatory and immune
molecules in PSEN1 mutant monkeys.

3. Future directions: Future research should focus on
expanding the cohort of PSEN1 mutant monkeys and lon-
gitudinally monitoring dynamic changes in key molecules
(eg, inflammatory and immune molecules, A and tau
species), pathologies (eg, amyloid plaques and tau tan-
gles), brain structures, and behaviors at different devel-
opmental stages. Such efforts will provide critical insights
into the molecular mechanisms that underlie AD patho-
genesis and progression, thereby facilitating the devel-
opment of potential early diagnostic and therapeutic

strategies.

For gene editing, we performed laparoscopic procedures to obtain
oocytes approximately 32 to 36 h after human chorionic gonadotropin
administration. We sourced the oocytes from follicles 2 to 8 mm in
diameter and cultured them in prematuration medium. We selected
metaphase Il oocytes for intracytoplasmic sperm injection and con-
firmed successful fertilization by the presence of two pronuclei. Seven
to eight hours after sperm injection, we exposed the embryos to a mix-
ture of mRNAs comprising 50 ng/uL SpCas9, 25 ng/uL guide RNA 1,
and 25 ng/pL guide RNA 2. We cultured the resultant embryos in a
cleavage medium. On day 3, we transferred them to the oviducts of
stage-matched recipient female monkeys. We employed ultrasonogra-
phy 4 weeks after the transfer to assess the implantation success and
pregnancy of the recipient.

2.3 | Fibroblast culture

We obtained skin samples from the outer auricles using skin

punches. We immediately placed the tissues in prechilled fibrob-
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last medium (DMEM containing 15% FBS, 1% GlutaMAX, and 1%
penicillin/streptomycin) and quickly transferred them to a tissue cul-
ture hood. We then sterilized the tissues by immersion in 75% ethanol
for approximately 3 min, cut them into small pieces, and seeded
them onto Matrigel-coated plates. We subsequently covered the skin
pieces with sterile coverslips and slowly added fibroblast medium.
Spindle-shaped fibroblasts typically appeared after incubation for
approximately 4 to 7 days in a CO, incubator at 37°C. When the
primary cells reached approximately 90% confluence (typically after
10 to 15 days), we passaged the cells at a ratio of 1:3 to 1:6 using
0.125% trypsin/EDTA (marked as Passage 1). We further expanded

and cryopreserved these fibroblast cells for subsequent experiments.

2.4 | Genotyping of embryos and monkeys
To evaluate the editing efficiency of our gene-editing strategy,
we collected 17 embryos 3 days after injection. We performed
whole-genome amplification for embryos using a Discover-sc
Single Cell WGA Kit (Vazyme) according to the manufacturer’s
instructions. We subsequently performed polymerase chain
reaction (PCR) to amplify fragments of approximately 800 bp
from genomic DNA using primers targeting the sequences up-
and downstream of PSEN1 exon 9. We then analyzed the frag-
ments on a 1.5% agarose gel. The forward and reverse primer
sequences for PCR were 5'-TTGAATTATAATCACCATCTGAGGC-3'
and 5’-AGGTTCTTACTTTTACATGTTTGGA-GAGAG -3’, respectively.
To analyze the exon 9 genotype of the PSEN1-edited monkeys,
we extracted genomic DNA separately from each monkey’s umbili-
cal cord, blood, and skin-derived fibroblasts by using a QlAamp DNA
Mini Kit (QIAGEN, 51306), Rapid Blood Genomic DNA lIsolation Kit
(Sangon Biotech, B518223), and QuickExtract DNA extraction solution
(Epicenter, QE09050), respectively, according to the manufacturers’
instructions. Each genomic PCR (50 pL) contained 25 puL 2X KAPA
HiFi HotStart ReadyMix (Roche, KK2602), a 200- to 500-ng DNA
template, and 20 pmol of each primer. The forward and reverse
primer sequences were 5’-ATTGCCTGCCTGGTTTCTGTTA-3’ and 5'-
ACTCTGGCCATGTTAGACAAGAAGT-3/, respectively. The annealing
temperature was 62°C. After agarose gel electrophoresis, we pho-
tographed the PCR products using a Gel Dox XR+ (Bio-Rad) and then

submitted them to Sanger sequencing.

2.5 | Gene expression analysis

We extracted total RNA from the fibroblasts using TRIzol. We
reversed-transcribed 500 to 1000 ng total RNA using Hifair Il
1st Strand cDNA Synthesis SuperMix (YEASEN, 11141) accord-
ing to the manufacturer’s instructions. To genotype exon 9 in
PSEN1 mRNA by RT-PCR, we amplified amplicons spanning
exons 8 to 10 using DreamTag Green PCR Master Mix (Thermo
Fisher Scientific, K1082). Each 25-uL PCR contained 12.5 pL

DreamTaq Green PCR Master Mix, 10 pmol forward and reverse
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primer each, and 0.2 uL cDNA template. The forward and reverse
primer sequences were 5-GTGGCTGTTTTGTGTCCGAA-3’ and
5’-CAGCAAGGATGCTGCTGGAA-3’, respectively. The annealing
temperature was 58°C. We photographed the PCR products using a
Gel Dox XR+ (Bio-Rad) and validated them by Sanger sequencing.

To quantify the total PSEN1 mRNA in fibroblast using qRT-PCR,
we amplified amplicons spanning exons 4 and 5 of PSEN1 mRNA
using Power SYBR Green PCR Master Mix (Thermo Fisher Scientific,
4367659) on a QuantStudio 7 Flex System. To quantify blood mRNA
from 5-month-old control and mutant monkeys, we extracted total
RNA using the PAXgene Blood miRNA Kit (Qiagen, 763134), and the
reverse transcription and qRT-PCR procedures were the same as for
fibroblasts. We used ACTB as an internal control. The gRT-PCR primers
are shown in Table S1.

2.6 | Off-target analysis

To evaluate off-target effects, we tested the genomes of the five
mutant monkeys and their respective parents. The off-target sites of
the two single-guide RNAs were predicted using CRISPOR (http://
crispor.tefor.net/), and we designed corresponding primers for the top
five potential sites (Table S2). We used DreamTaq Green PCR Master
Mix for the first nine PCRs and Q5 DNA Polymerase (NEB, M0491)
with GC Enhancer for the last one because of the high GC content in the
target region. We then submitted the PCR products of the predicted

sites to Sanger sequencing.

2.7 | Biomarker measurement

When the fibroblasts reached ~90% confluence, we replaced the
media with fresh culture medium. After 48 h, we harvested the media
and stored them at —80°C. We also collected protein lysates for the
normalization of AB. We subsequently measured the AS concentrations
in the media using a V-PLEX AB Peptide Panel 1 (6E10) Kit (Mesoscale,
K15200E-2). CSF samples were collected from PSEN1 mutant and con-
trol monkeys at around 1.5 years of age. Briefly, CSF samples were
withdrawn from the cistern magna under general anesthesia between
9:00 and 11:00 a.m. CSF samples were then centrifuged, and the super-
natants were aliquoted and stored at —80°C until further analysis. We
collected blood samples in EDTA tubes (BD Vacutainer) between 9:00
and 10:00 a.m. from 1.5-year-old control and mutant monkeys and
centrifuged them at 1500 x g for 10 min at 4°C. We then collected,
aliquoted, and stored the plasma at —80°C until further analysis. The
levels of AB, p-tau81, p-tau217, total tau, NfL, and glial fibrillary acidic
protein (GFAP) were measured by Mesoscale V-PLEX Ag Peptide Panel
1 (6E10) Kit (K15200E-2), S-PLEX NHP tau (pT181) Kit (K156AGMS-
1), S-PLEX NHP tau (pT217) Kit (K156APFS-1), and S-PLEX Neurology
Panel 1 (NHP) Kit (K15640S-1), respectively, according to the instruc-
tions. It should be noted that these kits use human standards for
standard curve plotting, which may have some effect on the calculated

absolute values when we detect the corresponding monkey proteins.
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2.8 | Western blotting

We lysed fibroblasts with 2% SDS sample buffer on ice and trans-
ferred them to a 1.5-mL Eppendorf tube for brief sonication as
previously described.?? We separated the protein samples by 8% SDS-
PAGE and transferred them to 0.22-pm nitrocellulose membranes
(at 0.2 A for 90 min). We blocked the membranes with 5% non-
fat dry milk in Tris-buffered saline with 0.05% Tween20 (TBST). We
then incubated the membranes with the following primary antibod-
ies on a shaker overnight at 4°C: presenilin 1 (D39D1) antibody (CST,
5643S, 1:1000); anti-presenilin 1 antibody (loop amino acids 275-
367),CT (MilliporeSigma, MAB5232, 1:500); anti-presenilin 1 antibody
(amino acids 21-80), NT (MilliporeSigma, MAB1563, 1:500); purified
anti-presenilin 1 (N terminus) antibody (BioLegend, 823401, 1:500);
N-cadherin monoclonal antibody (Thermo Fisher Scientific, 33-3900,
1:1000); and a-tubulin antibody (Sigma, T6199, 1:1000). After wash-
ing three times in TBST for 10 min, we incubated the membranes for
1 h with anti-mouse/rabbit/rat 1gG, HRP-linked antibody (1:2000) at
room temperature, rinsed them three times with TBST for 10 min, and
developed them using an ECL reagent (SuperSignal West Pico Plus

Chemiluminescent Substrate, Thermo Fisher Scientific).

2.9 | Whole-genome sequencing

For whole-genome sequencing, we collected the ear skin tissues of
five mutant monkeys and their parents using skin punches. Novogene
performed genomic DNA extraction, DNA library preparation (NEB-
Next Ultra DNA Library Prep Kit for lllumina, NEB), and sequencing
(lllumina NovaSeq platform with the PE150 strategy). We obtained
approximately 60x coverage for whole-genome sequencing of raw data
and filtered the data by using an in-house script to remove paired
reads that met the following criteria: (a) either read contains >10
nucleotide adapter sequences; (b) either read contains >15 N bases;
and (c) either read contains >75 low-quality bases (Phred quality < 5).
Next, we mapped the high-quality reads to the reference genome
of Macaca_fascicularis_5.0 (GCF_000364345.1) with Burrows-Wheeler
Aligner (BWA) software2! and removed the dislodged duplication with
SAMtools?? and Picard software (https:/github.com/broadinstitute/
picard). Finally, we performed single-nucleotide polymorphism and
insertion and deletion calling with SAMtools software (parameters: -C
50 - mpileup -m2 -F 0.002 -d 1000), retained the variations with map-
ping quality >20 and depth >4x, and performed functional annotation
using ANNOVAR software.23

2.10 | RNA sequencing

We collected blood samples (1 to 2 mL) from 5-month-old control and
mutant monkeys into PAXgene RNA tubes. Novogene performed total
RNA extraction, removal of globin mRNA (GLOBINclear-Human Kit,
Invitrogen), cDNA library preparation (NEBNext Ultra RNA Library

Prep Kit for [llumina, NEB), and sequencing (lllumina NovaSeq platform
with the PE150 strategy). Similar to the whole-genome sequencing
data filtration, we removed the paired reads containing adapter, poly-
N, and low-quality reads from the raw data. We then mapped the
high-quality reads to the reference genome of Macaca fascicularis with
Hisat2 software, predicted the novel transcripts with StringTie soft-
ware, and quantified the gene expression level with featureCount
software. Finally, we normalized gene expression among all samples
using the edgeR package in R2* performed differential expression
analysis with the DESeq2 package in R, and detected the enriched
Kyoto Encyclopedia of Genes and Genomes (KEGG) categories for the

differentially expressed genes with the clusterProfiler package in R.2°

2.11 | Plasma protein measurement

We collected blood samples (approximately 1 mL) from 4-month-old
control and mutant monkeys in EDTA tubes (BD Vacutainer) and
centrifuged them at 1500 x g for 10 min at 4°C. We then collected,
aliquoted, and stored the plasma at —80°C. The levels of 1162
plasma proteins were quantified by Olink Proteomics using proximity
extension assay. The following 13 Olink target 96 panels were mea-
sured: Neurology (91501), Neuro exploratory (91502), Inflammation
(91301), Oncology Il (91402), Oncology Il (91403), Cardiovascular
Il (91202), Cardiovascular Il (91203), Immune response (91701),
Cardiometabolic (91802), Development (91703), Metabolism (91801),
Cell regulation (91702), and Organ damage (91901). Detected plasma
protein levels were presented in normalized protein expression units
and were further analyzed as previously described.?é For validation
of plasma proteins, we used the enzyme-linked immunosorbent
assay (ELISA) to detect CD160 (CUSABIO, CSB-EL004881HU) and
C1QA (CUSABIO, CSB-EL003637HU) in the plasma of 1.5-year-old
monkeys.

2.12 | Statistical analysis

We used GraphPad Prism 6 for statistical analysis and data visu-
alization. We analyzed the data from qRT-PCR, Western blot, and
AB measurement experiments using unpaired Student’s t tests for
comparisons between two groups.

We used t tests to detect the differentially expressed genes between
groups, adjusted the multiple test results with the false discovery rate
method, and plotted heatmaps of the differentially expressed genes
with the pheatmap package in R. We calculated the fold changes of the
gene expression among the groups, retained the genes with p < .05,
and plotted the volcano plot with the ggplot2 package in R (]logs(fold
change)| > 0.585 and p,q; < .05). To present the KEGG enrichment
results, we used the ggplot2 package in R.2” We used STRING software
to predict the corresponding proteins for the differentially expressed
genes, calculated the interactions among the proteins, and assembled

the protein network.28
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3 | RESULTS
3.1 | CRISPR/Cas9-mediated genome editing in

cynomolgus monkey embryos

We utilized CRISPR/Cas9, a highly precise and efficient tool for
targeted genome manipulation, to generate a novel monkey model
harboring PSEN1 exon 9 deletion (PSEN1-AE9). To achieve this, we
designed a dual-guide CRISPR/Cas9 system to flank the target exon
with distances of 270 and 211 bp (Figure 1A). We detected PCR prod-
ucts lacking exon 9 at approximately 250 bp, while amplicons with exon
9 appeared at approximately 800 bp. Remarkably, our analysis revealed
the occurrence of nine homozygous and four heterozygous mutants
out of the 17 tested embryos (Figure S1A), highlighting the superb effi-
ciency of the dual-guide CRISPR/Cas? system for mediating targeted

gene editing in monkey embryos.

3.2 | Generation of cynomolgus monkeys with
PSEN1-AE9 mutation

To generate PSEN1-AE9 cynomolgus monkeys, we mixed SpCas9 mRNA
with the two single-guide RNAs and injected them into metaphase Il
zygotes (Figure 1B). Following zygote injection, we successfully trans-
ferred 198 out of 220 injected zygotes to 33 surrogate females. Twelve
pregnancies were established, for an overall success rate of 36.36%
(Figure 1C). Four of these pregnancies were lost after embryo trans-
fer. Ultimately, eight pregnancies were successfully carried to full term
(~155 days), and 10 live births were delivered via natural birth or
cesarean section (Figure 1C). Genotyping of multiple tissues identified
five PSEN1-AE9 mutant monkeys (Figures 1D,E, S1B), which tended to
gain weight faster than those without the mutation (Figure S1C-S1E).

3.3 | Off-target analysis of PSEN1 mutant
cynomolgus monkeys

We amplified the top five potential off-target sites of each guide
RNA from the genomic DNA of the umbilical cord of five PSEN1-AE9
monkeys, and no off-target effects were observed at these predicted
sites (Table S3). We also performed whole-genome sequencing on
these five PSEN1-AE9 monkeys and their respective parents to sys-
tematically assess genome-wide off-target effects. Compared to the
Macaca_fascicularis_5.0 reference genome, the total variants of PSEN1-
AE9 monkeys and their parents ranged from 16,307,815 to 16,529,540
(Figure S2A-S2E). More specifically, 312,199 to 342,881 de novo
variants were specific to PSEN1-AE9 monkeys compared to their cor-
responding parents (Figure S2A-S2E), which is comparable to that in
a recently reported PSEN1 mutant marmoset model.'8 Venn diagram
analysis revealed that only 78 PSEN1-AE9 monkey-specific variants
were shared by all mutant monkeys, whereas no variants were located
in coding regions (ie, exons) (Figure S2F, S2G). These results indicate
that our dual-guide CRISPR/Cas9 system for PSEN1 exon 9 skipping

THE JOURNAL OF THE ALZHEIMER'S ASSOCIATION

is highly specific and has minimal off-target effects in PSEN1 mutant
cynomolgus monkeys.

3.4 | Precise exon 9 deletion in PSEN1-AE9
cynomolgus monkey-derived fibroblasts

To evaluate the functional outcome of PSEN1-AE9 mutation in
cynomolgus monkeys after genome editing, we cultured primary
fibroblast lines from the ear lobes of control and PSEN1-AE9 cynomol-
gus monkeys (Figure 2A). We first validated the precise exclusion of
exon 9 from PSEN1 mRNA in cynomolgus monkey fibroblasts using
RT-PCR. The exon 9 genotypes at the mRNA level suggested that two
heterozygous and three homozygous PSEN1-AE9 cynomolgus mon-
keys were generated, indicating that the exon 9 genotypes at the
mRNA level were consistent with the genomic genotype (Figures 2B,
S3A, S3B; Table 1). Of note, one of the three homozygous PSEN1-
AE9 monkeys, M5, carried two exon 10 copies at one of the two
PSEN1-AE9 alleles (Figure 2B); further confirmation is required to
determine the functional effects of this alteration. Quantification of
PSEN1 mRNA by gRT-PCR suggested no significant effect of exon
9 deletion on total PSEN1 mRNA expression in cynomolgus monkey
fibroblasts (Figure 2C).

Exon 9 encodes the main endoproteolysis site of PSEN1 protein,
which can be cleaved into C- and N-terminal fragments by an undefined
mechanism(s) (Figure 2D). PSEN1-AE9 mutations are reported to abol-
ish PSEN1 protein cleavage.2?39 Western blot analysis of cynomolgus
monkey fibroblasts with C- and N-terminal antibodies against PSEN1
showed that full-length PSEN1 underwent proteolytic cleavage while
the absence of exon 9 abrogated this biological event, resulting in fewer
C- and N-terminal fragments and increased full-length PSEN1 produc-
tion with dose-dependent effects (Figure 2E-1). These effects were
corroborated by other C- and N-terminal antibodies against PSEN1
(Figure S3C, S3D). Moreover, these PSEN1-AE9-induced changes in
PSEN1 protein expression are consistent with previous studies involv-
ing induced pluripotent stem cells and marmoset models.!831 Thus,
our analysis of cynomolgus monkey-derived fibroblasts indicates that
our dual-guide CRISPR/Cas9-mediated genomic excision of exon 9
successfully mimics AD-related PSEN1-AE9 mutations.

3.5 | PSEN1-AE9 cynomolgus monkey-derived
fibroblasts exhibit an elevated secreted AB42/40 ratio

To further investigate the downstream biological effects of PSEN1-AE9
mutation on the key pathological features of AD, we examined the
protein substrates of the y-secretase complex, for which PSEN1 serves
as a core catalytic subunit.32-3% APP undergoes sequential cleavage
by -secretase and y-secretase to produce AB.* Compared to culture
media from control fibroblasts, we observed increased Af4, secretion
and AB42/40 ratio in PSEN1-AE9 fibroblast culture media; meanwhile,
ABa4o levels were not significantly affected (Figure 3A-C). In addition,

the AB4z/40 ratio was strongly correlated with the degree of exon
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FIGURE 1 Generation of cynomolgus monkeys with PSEN1 exon 9 deletion. (A) Schematic representation of dual-guide CRISPR/Cas9 system
used to generate cynomolgus monkeys (Macaca fascicularis) with PSEN1 exon 9 deletion (PSEN1-AE9). The exonic coding sequences in PSEN1
mRNA are indicated in green and red. Excision of exon 9 using two guide RNAs (ie, sgRNA1 and sgRNA2, with scissor icons indicating cutting sites)
located in the flanking introns results in exon 9 being deleted from the genome. (B) Schematic representation showing generation of PSEN1-AE9
cynomolgus monkeys. (C) Summary of animal generation. (D) Genomic PCR of PSEN1 exon 9 from cynomolgus monkey umbilical cord. (E) Photo of
founder PSEN1-AE9 monkeys. Monkey C2 died at 5.5 months of age.
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FIGURE 2 Precise deletion of exon 9 disrupts PSEN1 endoproteolysis in cynomolgus monkey-derived fibroblasts. (A) Representative images
of fibroblast lines cultured from cynomolgus monkey ear skin tissue. Scale bar: 50 um. (B) PCR genotyping of PSEN1 exon 9 from cynomolgus
monkey fibroblasts at genome and RNA levels. Upper: DNA gel of PSEN1 genomic PCR products from cynomolgus monkey-derived fibroblasts.
Lower: DNA gel of PSEN1 mRNA RT-PCR products from cynomolgus monkey fibroblasts. Monkey M5 carries two copies of exon 10 at one of the
two PSEN1-AE9 alleles; its gel electrophoresis band is larger than the other lanes (asterisk). (C) Quantification of total PSEN1 mRNA levels by
gRT-PCR in cynomolgus monkey-derived fibroblasts. Data are normalized to those of fibroblasts from monkey C1 (n = 4 independent
experiments). (D) Schematic diagram of PSEN1 endoproteolysis site encoded by exon 9. (E) Western blot analysis of PSEN1 protein from fibroblast
lysates detected by PSEN1 C-terminal antibody (CST, 5643S). FL-PS1, uncleaved full-length PSEN1 with exon 9 deletion; PS1 CTF, C-terminal
fragment by endoproteolysis of PSEN1. Asterisk indicates uncleaved full-length PSEN1 with exon 9 deletion and exon 10 duplication. (F) Western
blot analysis of PSEN1 protein from fibroblasts lysate detected by PSEN1 N-terminal antibody (Millipore, MAB1563). PS1 NTF, N-terminal
fragment by endoproteolysis of PSEN1. Single asterisk indicates uncleaved full-length PSEN1 with exon 9 deletion and exon 10 duplication. Double
asterisk indicates an uncharacterized protein band. (G) Quantification of PS1 CTF with reference to tubulin normalized to levels of C1 fibroblasts
in (E) (n = 3 independent experiments). (H) Quantification of PS1 NTF with reference to tubulin and normalized to levels of C1 fibroblasts in (F)

(n = 3 independent experiments). (1) Quantification of FL-PS1 with reference to tubulin and normalized to levels of M1 fibroblasts in (F) (n=3
independent experiments). Error bars indicate SEM (**p < .01, ****p < .0001 vs. control; n.s., not significant; unpaired t test).
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TABLE 1 Summary of PSEN1 exon9-edited cynomolgus monkeys in this study.

Animal code Date of birth (y/m/d)
C1 2022/07/18
c2° 2022/07/25
C3 2022/07/25
C4 2022/08/17
C5 2022/08/17
M1 2022/08/15
M2 2022/08/31
M3 2022/10/13
M4 2022/08/17
M5P 2022/08/19

Gender
M

F

F

M

F

M

F

M

F

M

Exon 9 genotype AExon 9in mRNA
Wild type -

Wild type -

Wild type -

Wild type -

Wild type -

Mutant 452+ 1.3%
Mutant 51.6 +3.2%
Mutant ~ 100%
Mutant ~100%
Mutant ~100%

Note: The percentage of AExon 9 in mRNA was calculated as the ratio of the normalized band intensity between RT-PCR amplicons without and with exon 9
in cynomolgus monkey-derived fibroblasts. Data were presented as means + SD from three independent experiments.

Abbreviations: F, female.; M, male; y/m/d, year/month/day.

C2 and C3: same biological parents and same surrogate monkey.
C4 and C5: same biological parents and same surrogate monkey.

M4 and M5: same biological parents and different surrogate monkeys.

2Died of natural cause.
bExon 10 duplication in one of the two AExon 9 alleles.
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9 deletion, further suggesting the presence of exon 9 genotype-
dependent core AD phenotypic changes (Figure 3D). These results are
also similar to observations in PSEN1-AE9 marmosets and isogenic
human stem cells.’®31 Taken together, these results indicate the
successful generation of pathogenic PSEN1-AE9 mutant cynomolgus
monkeys that recapitulate AD-associated amyloid pathology.

3.6 | Blood transcriptome analysis of PSEN1-AE9
cynomolgus monkeys

Given the widespread protein expression of PSEN1 and substrate
diversity (~150 reported membrane protein substrates®4) of y-
secretase - of which PSEN1 is a key subunit - early molecular changes
may have occurred in young PSEN1-AE9 monkeys. Therefore, we
performed blood transcriptome analysis on 5-month-old control and
PSEN1-AE9 monkeys to evaluate the potential effects of PSEN1-AE9 on
young monkeys (Figure 4A; Table S4). Compared to the control mon-
keys, there were 943 and 325 down- and upregulated genes, respec-
tively, in homozygous PSEN1-AE9 monkeys (p < .05; Figure 4A,B).
In addition, the downregulated genes are enriched in KEGG path-
ways related to primary immunodeficiency and intestinal immune
network pathway, whereas the upregulated genes are enriched in path-
ways associated with immune response, type 1 diabetes, cell adhesion
molecules, and endocytosis (Figures 4C,D, S4A, S4B). These results
suggest that familial AD mutations may lead to widespread immune
signal dysregulation at a very early stage. Of note, diabetes mellitus is
strongly associated with the risk of AD, such that AD has been referred
to as “type 3 diabetes.”®>=37 The enrichment of KEGG pathways
related to type 1 diabetes due to PSEN1-AE9 in this monkey model
implicates a potential shared mechanism between diabetes and AD.
Furthermore, STRING network analysis of the down- and upregulated
genes depicts a potential core function of Proto-oncogene tyrosine-
protein kinase Src and chemokine ligands and receptors (eg, CCL2,
CCL3, CCL4, and CCR3) in PSEN1-AE9-mediated cellular dysregula-
tion (Figure 4E,F). Notably, STRING network analyses also indicated
that the Ag functional receptor FPR2383? may be an important node
protein that interacts with the core chemokine ligands and receptors
(Figure 4F). The increased expression of blood FPR2, chemokine lig-
ands, and receptors in PSEN1-AE9 monkeys was validated by gRT-PCR
(Figure S4C) and may be an indicator of the enhanced blood toxic

effects of amyloidogenic peptides.

3.7 | Characteristics of plasma proteome in
PSEN1-AE9 cynomolgus monkeys

To reveal potential early blood proteomic changes in PSEN1-AE9 mon-
keys, we performed plasma proteome profiling on the 4-month-old
control and PSEN1-AE9 monkeys by high-throughput proximity exten-
sion assay. Among the 1162 plasma proteins examined, 144 were
differentially expressed in PSEN1-AE9 monkeys compared with the

control group (p < .05) - the expressions of 127 and 17 of which were
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up- and downregulated, respectively (Figure 5A). Moreover, the blood
RNA levels of eight of the 127 upregulated plasma proteins were also
upregulated (Figure S5A). Cell-type enrichment analysis showed that
approximately 86.8% and 68.06% of the 144 plasma proteins were
expressed in peripheral blood cells and endothelial cells, respectively
(Figure S5B). Biological function classification unveiled the involve-
ment of plasma proteins in the Inflammation, Oncology, Cardiovascular
diseases, and Neurology panels (Figure S5C). To gain further insights
into the functional significance of these plasma proteins, we employed
Gene Ontology (GO) annotation, which revealed prominent enrich-
ment of upregulated proteins in functional categories associated with
inflammatory and immune responses as well as adhesion molecule-
related biological processes (Figure 5B). Indeed, inflammatory and
immune response-associated molecules, such as CD160, CXCL10,
MCP-2,CXCL9, CLEC4G, and CLEC10A, were among the top 20 differ-
entially expressed plasma proteins in PSEN1-AE9 cynomolgus monkeys
(Figure 5C; Tables 2, S5). Of note, elevated blood levels of CXCL9
and CXCL10 are strongly associated with AD.%° In addition, activation
of CXCL9/CXCL10-CXCR3 signaling promotes both plaque forma-
tion and behavioral deficits in AD mouse models*! and modulates
CD8* T-cell infiltration and neurodegeneration in an AD neuroim-
mune axis model.*2 Meanwhile, several other differentially expressed
plasma proteins associated with inflammation and immune response,
including IL12RB1, C1QA, IL-17A, and IL3RA, are also reported to be
closely associated with AD pathogenesis (Table S5), suggesting that this
non-human primate model may develop the early molecular changes
of inflammatory and immune signaling similar to that in AD patho-
genesis. Meanwhile, cell adhesion molecules, such as NINJ1, CYR61,
PTPRM, and PECAM1, are another functional feature of the top 40
differentially expressed plasma proteins in PSEN1-AE9 cynomolgus
monkeys (Figure 5D; Tables 2, S5). It is also noteworthy that cell adhe-
sion molecules may be intimately associated with inflammatory and
immune responses.*® For example, the plasma adhesion molecules
NINJ1 and PECAM1 are reported to promote the trans-endothelial
migration of immune cells under inflammatory conditions.*44> We
also observed perturbed blood expression of the y-secretase and APP
downstream molecules, CNTNAP2 and WASF1,%647 in PSEN1-AE9
monkeys (Figure 5E); to some extent, this may reflect the altered
activity of y-secretase containing mutant PSEN1. Selected immune-
associated plasma proteins (CD160 and C1QA) were further validated
by ELISA in PSEN1 mutant monkeys (Figure S5D, S5E). Taken together,
profiling of the plasma proteome of suggests that juvenile PSEN1-
AE9 mutant monkeys may begin to develop abnormal peripheral
inflammatory and immune signaling.

Subsequent investigation of the intercorrelations among the PSEN1-
AE9 monkey-associated proteins yielded seven co-regulated clusters
(Figure 5F). Within the co-regulation network, we further identified
nine hub proteins, including TNF-R2, WWP2, and NTRK2, which play
critical roles in maintaining network stability (Figure 5G). Notably,
six, two, and one of these hub proteins belonged to clusters 1, 3,
and 4, respectively, suggesting their significance in representing alter-
ations of the plasma proteome in the PSEN1-AE9 monkeys (Figure 5G).

Furthermore, we explored the plasma proteins that exhibited similar
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expressed genes (DEGs) (p < .05) from blood RNA sequencing of monkeys with PSEN1 exon 9 deletion (PSEN1-AE9, M1 to M5) and controls (C1 to
C5). (B) Volcano plot showing DEGs between homozygous PSEN1-AE9 mutant monkeys (M3 to M5) and controls (C1 to C5). Horizontal gray line
represents —log40(0.01); vertical gray lines represent log,(0.67) and log,(1.5), respectively. (C, D) KEGG pathway analysis of downregulated (C)
and upregulated (D) genes between homozygous PSEN1-AE9 mutant monkeys (M3 to M5) and controls (C1 to C5). (E, F) STRING assembly for
functional network analysis of downregulated (E) and upregulated (F) DEGs between homozygous PSEN1-AE9 mutant monkeys (M3 to M5) and
controls (C1 to C5). In the networks, downregulated DEGs (p < .01) and upregulated DEGS (p < .01, fold change > 2) are shown. Nodes and edges

represent predicted proteins and interactions, respectively.
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FIGURE 5

Early plasma inflammatory and immune molecular dysregulation in PSEN1-AE9 cynomolgus monkeys. (A) Volcano plot of plasma

proteome in mutant monkeys with PSEN1 exon 9 deletion (PSEN1-AE9, M1 to M5) and controls (C1 to C5). The top five down- and upregulated
plasma proteins are labeled. (B) Gene Ontology (GO) terms of differentially expressed plasma proteins between mutant and control monkeys.
(C-E) Representative inflammatory and immune-related (C), cell adhesion-related (D), and y-secretase- and APP-related (E) differentially
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TABLE 2 Top 10significant differentially expressed plasma
proteins between PSEN1-AE9 and control cynomolgus monkeys.

Protein Description Effect size p

CD160 Cell surface receptorson NK  1.31335 0.00006
and T cells

CXCL10  C-X-C motif chemokine 1.04437 0.00013
ligand

MCP-2 C-C motif chemokine ligand  1.46795 0.00026

CXCL9 C-X-C motif chemokine 1.46890 0.00035
ligand

NINJ1 Homophilic transmembrane 0.81718 0.00050
adhesion molecule

GLB1 Beta-galactosidase 0.57322 0.00054
catalyzing degradation of
galactosylceramide

FURIN Endoprotease involved in 0.77216 0.00060
cerebral amyloid angiopathy

CYR61 Secreted protein that -0.70882 0.00108
promotes adhesion of
endothelial cells

LEPR Leptin receptor involved in 0.36351 0.00116
fat metabolism

CLEC4G  C-type lectininvolved in 0.99321 0.00136

immune response

Note: NPX values of plasma proteins of PSEN1-AE9 and control monkeys
were compared by t tests and differentially expressed plasma proteins were
ranked by p value.

regulatory patterns in both PSEN1-AE9 monkeys and human patients
with AD.2® We identified six proteins (C1QA, CSF-1, DPEP1, FGF-5,
SPINK4, and VCAM1) that were upregulated in both PSEN1-AE9 mon-
keys and patients with AD (Figure S5F), which were associated with the
functional categories of aging (p = .022) and inflammatory response
(b = .064) (Figure S5F). Thus, the characteristics of plasma proteins
in the PSEN1-AE9 monkey model may indicate the early features of
plasma protein changes in patients with AD, highlighting the value and
potential of this non-human primate model for disease modeling and
translational research on AD.

3.8 | Characteristics of AD-related pathological
proteins in PSEN1-AE9 cynomolgus monkeys

Fluid biomarkers (eg, AD biomarkers Af and p-tau) have the potential

to diagnose or predict the likelihood of developing AD. Cross-sectional

analyses of autosomal-dominant AD mutation carriers suggest a higher
CSF AB4, level in the very early disease process (estimated to be
approximately 20 to 30 years prior to the onset of symptoms) than non-
carriers and then, as the disease progresses, significantly lower than
non-carriers, about 10 to 20 years before symptom onset.*8->0 To con-
firm whether PSEN1 mutant monkeys recapitulated key early features
associated with AD, we examined AD- and neurodegeneration-related
biomarkers in the CSF of PSEN1-AE9 monkeys. We found that A3, was
significantly elevated in homozygous PSEN1-AE9 monkeys, whereas
the AB45/40 ratio showed a AE9 genotype-dependent increase in PSEN1
mutant monkeys (Figure 6A-C). For tau biomarkers, it has been esti-
mated that in human studies, increases in p-tau217 and p-tau181
(p-tau/total tau ratio) precede insoluble tau aggregates (tau positron
emission tomography [PET] positivity) by several years, even before
the threshold for amyloid PET positivity.”1~>3 We found that CSF from
homozygous PSEN1-AE9 monkeys exhibited a significantly elevated p-
tau217/total tau ratio (p = .044), while p-tau181/total tau (p = .054)
also tended to be elevated (Figure 6D-I). It appears that p-tau/total
tau trends in PSEN1 mutant monkeys match with the changes of CSF
AB4p/40 ratios (Figure 6C/Fl), supporting the notion that the CSF p-
tau217 and p-tau181 may begin to increase almost simultaneously
with the initial AB changes.”’>2 Meanwhile, total tau, neurofilament
light (NfL), and GFAP, biomarkers associated with neurodegeneration
and inflammation, were less affected in CSF at this age (Figure 6J-L).

We also assessed plasma samples from PSEN1-AE9 monkeys for
tau species, NfL, and GFAP biomarkers. In PSEN1-AE9 monkeys, the
overall pattern of plasma AD-related pathological protein changes was
similar to that in CSF, but to a lesser extent, and females appeared
to be relatively more affected, which needs to be further confirmed
due to the small sample size (Figure S6A-S6I). Taken together, early
changes in AD-related pathological proteins (increased CSF Af4, and
p-tau217/total tau ratio) were observed in the CSF of juvenile PSEN1
mutant monkeys, highlighting the potential of using this cynomolgus
monkey model for AD modeling and translational research.

4 | DISCUSSION

In this study, we generated five PSEN1 mutant cynomolgus mon-
keys using a dual-guide, RNA-mediated, CRISPR/Cas9 genome-editing
approach. Our approach demonstrated a remarkable editing efficiency
of 76.5% in zygotes and 50% in live newborns. This high efficiency
can be attributed to the use of two guide RNAs that target the 3’
and 5’ intronic sequences of PSEN1 exon 9.54 |n addition, this dual-

guide approach resulted in the permanent removal of the entire PSEN1

expressed plasma proteins in PSEN1-AE9 cynomolgus monkeys. Blue dots, light red triangles, and red squares indicate control monkeys,
heterozygous PSEN1-AE9 mutant monkeys, and homozygous PSEN1-AE9 mutant monkeys, respectively. Error bars indicate SD (*p < .05, **p < .01,
***p <.001, ****p < .0001 vs. control; unpaired t test). (F) Correlation heatmap of differentially expressed plasma proteins. Each row and column
represent a differentially expressed plasma protein in the mutant monkeys. Red and blue indicate positive and negative correlations between
protein pairs, respectively. (G) Correlation network of the differentially expressed plasma proteins. Each node represents a protein, and node size
is proportional to the p value (log4q scale). Pink and green edges indicate positive and negative relationships between proteins, respectively. Hub

proteins and their corresponding clusters are labeled.
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FIGURE 6 Characteristics of AD-related pathological proteins in cerebrospinal fluid of PSEN1-AE9 cynomolgus monkeys. (A-C) CSF AB4o
level (A), AB4o level (B), and AB4o/40 ratio (C) from 1.5-year-old cynomolgus monkeys. (D-F) CSF p-tau181 level (D), CSF p-tau181 level plotted by
sex (E), and CSF p-tau181/total tau (F) from cynomolgus monkeys. (G-1) CSF p-tau217 level (G), CSF p-tau217 level plotted by sex (H), and CSF
p-tau217/total tau (l) from cynomolgus monkeys. (J-L) CSF total tau level (J), CSF NfL level (K), and CSF GFAP level (L) from cynomolgus monkeys.
Cont, control monkeys; Heter, heterozygous PSEN1-AE9 monkeys; Homo, homozygous PSEN1-AE9 monkeys. Unpaired t test. Error bars show
SEM.
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exon 9 sequence from the genome rather than destroying the exon
9 splicing site by the single-cut TALEN approach.!® In contrast to
the random insertions or deletions induced by the single-guide RNA
approach, another advantage of this dual-guide approach is that it
can generate monkey models with defined in-frame deletions for
exon skipping®® or defined frameshifting mutations for targeted gene
knockout.>® Alternatively, base editing - a genome-editing technol-
ogy that enables the direct conversion of one base to another without
double-stranded DNA cleavage®’ - has been used to generate mon-
key models of Hutchinson-Gilford progeria syndrome and STXBP1
encephalopathy.®8°? However, in our case, such base editing would
likely induce bystander editing on the genomic sequence surround-
ing the PSEN1 exon 9 splicing sites, which may result in unintended
effects.6061

PSEN1 mutations are the most common cause of familial AD.62
PSEN1-AE9 mutations are well characterized in multiple families car-
rying genomic deletion of exon 9 or point mutations of the splicing
sites.634% Therefore, these mutations are suitable for precise and
efficient introduction by genome-editing-mediated exon deletion or
disruption of splicing sites.”® In the human and cynomolgus monkey
genomes, PSEN1-AE9 mutations lead to the in-frame deletion of the
exon 9-coding auto-endoproteolysis site in addition to an amino acid
change (ie, 5290C, TCA to TGC) at the junction between exons 9 and 10.
However, in the mouse genome, PSEN1-AE9 mutations lead to a prema-
ture stop codon mutation (ie, 5290X, TCA to TGA) and PSEN 1 knockout,
which are expected to result in embryonic lethality in not only mice
but marmosets as well.186%66 Notably, we generated one male and
one female monkey carrying nearly pure homozygous PSEN1-AE9
mutations, demonstrating the tolerance of the homozygous PSEN1-
AE9 mutation during normal development in monkeys. These findings
highlight the species differences between primates and rodents and
underscore the advantages of using monkey models to recapitulate AD
genetics and pathogenesis more accurately. More importantly, by dou-
bling the chance of generating offspring carriers, we anticipate that
these homozygous monkeys will greatly accelerate the generation of
amutant monkey cohort for translational research.

The mutant monkeys in this study exhibited disrupted PSEN1 endo-
proteolysis. This led to the presence of full-length PSEN1 protein in
fibroblasts derived from the mutant monkeys, which resembles the
characteristics of human neuronal models with PSEN1 mutations.3!
Meanwhile, these fibroblasts exhibited signatures of familial AD patho-
genesis, including increased AB,4, secretion and AB4y/40 ratio. These
findings align with the increased presence amyloid plaques in the brain
and are inversely correlated with AB4, levels in the plasma and CSF of
human patients with AD. Furthermore, blood transcriptome profiling of
mutant monkeys revealed molecular dysregulation associated with AD.
The dysregulated pathways involve immune genes, diabetes mellitus,
endocytosis, and phagocytosis, implicating their roles in the patho-
genesis of AD. Notably, protein-protein interaction network analysis
further identified chemokine ligands and receptors (eg, CCL2, CCL3,
CCL4, and CCR3) as potential hub genes among the differentially
expressed genes. Interestingly, CCL2 (also known as MCP-1) level is

associated with faster cognitive decline during the early stages of AD,

and the rs1799864 allele is associated with a higher CCL2 level in
patients with AD or mild cognitive impairment.”¢8 STRING network
analysis also suggests that FPR2 may be animportant node protein that
interacts with these hub chemokine ligands and receptors. Given that
FPR2is animportant receptor of immune cells that mediates the proin-
flammatory and neurotoxic activities of AB4,, it may be a promising
anti-inflammation therapeutic target for AD.383 Whether blockade
of FPR2 can delay the onset of AD symptoms in non-human primate
models awaits confirmation.

The natural occurrence of typical A3 plaques and immunoreactive
deposits of PHF-tau (AT8) has been observed in cynomolgus monkeys
over 20 years of age.®?7% Human carriers of the PSEN1-AE9 mutation
typically develop symptoms between the ages of 45 and 57 years.63¢4
Based on the estimated timing of neuroimaging change in familial
AD studies,”>71 it is likely that A deposition (amyloid PET) in het-
erozygous PSEN1-AE9 monkeys may begin to be obvious around the
equivalent ages of 7 to 11 years, with AD-related symptom onset in
mid-life (around the age of 15 years). Given the current young age of
the PSEN1 mutant monkeys, we focused on characterizing the early
molecular changes in the blood and CSF in this study.

Our investigation of the plasma proteome and CSF proteins in a
monkey model with familial AD mutation revealed the early changes
of immune proteins and AD-related pathological proteins in juvenile
monkeys. Some of these inflammatory- and immune-related molecules,
such as C1QA, IL12RB1, CXCL9, and CXCL10, have been reported to
play key roles in AD pathogenesis.*1*272 C1QA is a subunit of serum
complement subcomponent C1q. The brain region-specific upregula-
tion of C1q precedes pre-plaque synaptic loss, and depletion of C1QA
reduces microglia-mediated early synaptic loss in AD mouse models.”?
Meanwhile, the chemokines CXCL9, CXCL10, and CXCL11 share the
same receptor: CXCR3.4! Blood levels of CXCL9 and CXCL10 are
strongly associated with AD,*® and activation of CXCL9/CXCL10-
CXCR3 signaling promotes plaque formation and behavioral deficits
in AD mouse models.*? A recent study also demonstrates the impor-
tant role of the CXCL10-CXCR3 signaling in modulating CD8* T-cell
infiltration and promoting neurodegeneration in an AD neuroimmune
axis model.*243 Elevated CSF AB4,/40 and p-tau217/total tau ratios in
juvenile PSEN1-AE9 cynomolgus monkeys may indicate a similar patho-
logical protein change to the early stages of the AD process.#8:>1.52.73
Taken together, our findings suggest that, although we examined our
mutant monkeys at a much younger age than when disease symp-
toms appear, the mutant monkeys may already exhibit AD-associated
peripheral immune molecular dysregulation as well as elevation in
pathological proteins in the CSF during the developmental stage.”*

Transgenic cynomolgus monkeys and rhesus monkeys that overex-
press mutant APP have been developed as non-human primate models
to study AD.”>7¢ These models display elevated levels of A3 and
accelerated development of AS plaques, respectively. In the transgenic
cynomolgus monkeys, the ratio of plasma AB4, to AB4o was approx-
imately 20-fold higher than that in control monkeys, whereas in our
PSEN1-AE9 monkeys, the CSF AB42/40 ratio was increased about three-
fold compared to controls. CSF total tau levels were significantly higher

in the mutant APP transgenic rhesus monkey than in control mon-
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keys at 2 years of age, whereas CSF total tau levels appeared to be
unchanged in our 1.5-year-old PSEN1-AE9 monkeys. The PSEN1-AE9
gene-edited monkey model reported in this study represent a single
mutation knock-in model, where the mutant PSEN1 gene is expressed
and regulated in the endogenous context. In light of previous stud-
ies comparing APP transgenic mice with knock-in mice,”” gene-edited
cynomolgus monkeys offer a valuable and complementary approach to
enhance the modeling of AD pathogenesis.

To comprehensively investigate the emergence and progression of
AD-related molecular changes and pathologies in this PSEN1 mutant
monkey model, we will continuously monitor early changes in blood
molecules and AD-related fluid biomarkers through annual assess-
ments of blood transcriptome, plasma proteome, and plasma and
CSF biomarker levels prior to symptom onset. As the monkeys grow
and age, we will initiate regular pathological, structural, and behav-
joral tests, such as annual amyloid PET, fluorodeoxyglucose PET, tau
PET, magnetic resonance imaging, and assessments of spatial working
memory and associative learning ability.”® These assessments will be
performed in conjunction with changes in biomarkers and according
to the estimated timing of the corresponding pathology. Additionally,
brain tissue samples will be considered for further analyses, such as
staining to determine amyloid deposition and single-cell sequencing,
at the appropriate time. By longitudinally monitoring the full pre-
symptomatic lifecycle of molecular, biomarker, pathological, and struc-
tural changes in PSEN1 mutant monkeys, we aim to develop a more
comprehensive understanding of the pathophysiological roadmap of
AD. In conjunction with the PSEN1 mutant marmoset models,'87? this
newly developed gene-edited PSEN1-AE9 cynomolgus monkey model
can greatly contribute to the improvement or development of diag-
nostic tools for AD, enabling earlier and more accurate diagnosis and
intervention.

In conclusion, our study demonstrates the high efficiency of a
dual-guide, RNA-mediated, CRISPR/Cas9 genome-editing approach
for generating genomic deletions in monkey models. We used this
approach to successfully generate cynomolgus monkeys with the
PSEN1-AE9 mutation, which displayed key characteristic features of
familial AD pathogenesis. Notably, our findings revealed early dys-
regulation of blood inflammatory and immune molecules associated
with AD. These results provide evidence supporting the notion that
systemic immune dysregulation may play a pivotal role in the patho-
genesis of AD.80 In addition, AD-related pathological protein changes
(increased CSF AB4, and p-tau217) were observed in juvenile monkeys
with PSEN1 mutation. Hence, our gene-edited PSEN1 mutant monkey
model may be a valuable tool for investigating the early pathogene-
sis of AD and developing potential early diagnostic and therapeutic

interventions.
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