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Abstract.

Background: Macrophages of healthy subjects have a pro-resolution phenotype, upload amyloid-@ (A) into endosomes, and
degrade A3, whereas macrophages of patients with Alzheimer’s disease (AD) generally have a pro-inflammatory phenotype
and lack energy for brain clearance of Af3.

Objective: To clarify the pathogenesis of sporadic AD and therapeutic effects of polyunsaturated fatty acids (PUFA) with
vitamins B and D and antioxidants on monocyte/macrophage (MM) migration in the AD brain, MM transcripts in energy
and AP degradation, MM glycome, and macrophage clearance of Ap.
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Methods: We followed for 31.3 months (mean) ten PUFA-supplemented neurodegenerative patients: 3 with subjective cog-
nitive impairment (SCI), 2 with mild cognitive impairment (MCI), 3 MCl/vascular cognitive impairment, 2 with dementia
with Lewy bodies, and 7 non-supplemented caregivers. We examined: monocyte migration in the brain and a blood-brain
barrier model by immunochemistry and electron microscopy; macrophage transcriptome by RNAseq; macrophage glycome
by N-glycan profiling and LTQ-Orbitrap mass spectrometry; and macrophage phenotype and phagocytosis by immunofluo-
rescence.

Results: MM invade A3 plaques, upload but do not degrade A, and release AR into vessels, which develop cerebrovas-
cular amyloid angiopathy (CAA); PUFA upregulate energy and A} degradation enzyme transcripts in macrophages; PUFA
enhance sialylated N-glycans in macrophages; PUFA reduce oxidative stress and increase pro-resolution MM phenotype,
mitochondrial membrane potential, and A phagocytosis (p <0.001).

Conclusion: Macrophages of SCI, MCI, and AD patients have interrelated defects in the transcriptome, glycome, A3 phago-
cytosis, and AR degradation. PUFA mend macrophage transcriptome, enrich glycome, enhance AP clearance, and benefit
the cognition of early-stage AD patients.

Keywords: Alzheimer’s disease, amyloid-3, cerebrovascular amyloid angiopathy, coenzyme Q2, glycome, macrophage,

mitochondrial membrane potential, phagocytosis, polyunsaturated fatty acids, transcriptome

INTRODUCTION

Amyloid-B1-42 (AB) and P-tau accumulation in
the brain is a proximal cause of Alzheimer’s disease
(AD) neuropathology. The original amyloid hypoth-
esis explained the neuropathology by A3 deposition
in plaques as the primary cause through disruption of
neuronal connections [1]. Subsequent work showed
that soluble low molecular weight A3 oligomers are
the toxic species damaging synapses and inducing tau
hyperphosphorylation, and A3 oligomers and aggre-
gated P-tau are synergistically toxic at synapses [2].

The accumulation of AR and P-tau in the brain
induces central nervous system (CNS) and systemic
immune and vascular pathologies.

Brain clearance depends upon the innate immune
system’s macrophages and microglia [3] and the
glymphatic system [4]. Microglial chemokines attract
peripheral monocytes into the CNS [5]. Macrophages
target both soluble and aggregated AP and release
soluble fragments in contrast to microglia, which
are limited in the uptake and degradation of AP
in endosomes [6]. Healthy macrophages upload and
degrade AP [7], but AD patients’ macrophages fail
A clearance due to defective glycoproteins [7], low
energy [8], inflammatory M1 phenotype [8], defec-
tive unfolded protein response (UPR) [9], and other
defects. In the AD brain, macrophages participate in
the formation of microaneurysms in the most severe
cases of cerebrovascular amyloid angiopathy (CAA)
[10].

In AD patients, both brain cells and macrophages
are defective in energy. The AD brain has a reduc-
tion in glucose metabolism of the temporoparietal

cortex detected by fluorodeoxyglucose positron emis-
sion tomography (FDG PET) associated with reduced
expression of nuclear genes encoding the subunits of
the mitochondrial electron transport chain [11].

In the process of AP phagocytosis, reactive oxy-
gen species (ROS) cause oxidative and nitrosative
damage to nuclear and mitochondrial DNA in energy
enzymes in glycolysis, tricarboxylic acid cycle
(TCA), and OX-PHOS genes. In addition, carbony-
lation of proteins and peroxidation of lipids increase
toxic molecule 4-hydroxy-2-nonenal, endoplasmic
reticulum (ER) stress, and intracellular calcium rise
[12].

In this study, we highlight the key role of blood-
borne macrophages in brain clearance and examine
the pathways of monocyte migration from vessels to
plaques and back to vessels. We analyze the patchy
repair of macrophage transcriptome and glycome
by polyunsaturated fatty acid (PUFA) supplementa-
tion in a cohort of 10 neurodegenerative patients [5
mild cognitive impairment (MCI), 3 subjective cogni-
tive impairment (SCI), 2 dementia with Lewy bodies
(DLB)] supplemented by PUFA for 22-56 months.
Our objective has been to identify the defects in
macrophage transcriptome, glycome and functions,
and the effects of PUFA together with anti-oxidants
and vitamins D and B on these defects.

MATERIALS AND METHODS

Study design and diagnostic studies

We performed a prospective study since 2012 of 10
independently-living patients (6 females and 4 males)
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Demographic information and dates of samples collected from patients and control caregivers and time elapsed since the onset of SMF

supplementation
Pt# Sex Age at Diagnosis SMF supple- Date of Time Control Age at onset, MMSE
onset (y) mentation sample elapsed caregiver for  sex
start date collection between each patient

supplemen-

tation and

sampling

(mo)
2 M 78 MCI/VCI 9/2013 8/2015 23 wife 70,F 30
8 F 64 SCI 6/2014 8/2015 14 -
9 M 79 DLB 6/2014 512015 11 wife 71,F 30
10 F 61 SCI 6/2014 52015 11 -
18 F 71 SCI 6/2016 1/2017 6 -
22A F 82 MCI/AD - - 5 daughter 51,F 30
14 F 87 MCI/VCI 9/2014 8/2015 11 son 63, M 30
28 F 81 MCI/AD 10/2017 6/2021 50 son 53, M 30
33 M 65 MCI/VCI 1/2019 6/2021 30 wife 56, F 30
37 M 71 DLB 5/2019 3/2021 22 wife 65, F 30

M/F=0.6 Mean=73.9 M/F=0.4 Mean=61.2

with the complaints on admission of memory loss and
declining cognitive state despite the cholinesterase
inhibitor (CI) therapy in five patients (Table 1). All
of these patients and/or their caregivers requested and
received PUFA supplementation by the Smartfish®
(SMF) drink and their caregivers (spouse or child)
were enrolled as non-supplemented controls. Mean
age: Patients 73.9 years; controls 61.2 years and M/F
ratios 0.66 and 0.4.

The patients received PUFA supplementation by
nightly intake of the SMF drink five days per
week (omitting the weekend to prevent saturation
of macrophage receptors; Note: In our preceding
study, we found that daily supplementation with
SMF resulted after several months in a decrease in
macrophage phagocytosis of AB. We instruct the
patients “Supplement five days a week and omit
the weekend”). The SMF drink contains in a 200 ml
carton marine docosahexaenoic acid (DHA) 1.1 gm
and eicosapentaenoic acid (EPA) 0.9 gm per drink
from the fish oil (Vesteraalens Co. Norway), the
botanical antioxidants pomegranate and chokeberry,
10 pg vitamin D3, and 150 mg resveratrol. Lipidomic
analysis of the SMF drink showed, in addition to
DHA and EPA, other lipids, including omega-6
fatty acids and phospholipids, cholesterol esters, and
ceramides, lysophosphatidylcholine, and lysophos-
phatidylethanolamine. In addition, the patients were
supplemented daily by a B complex vitamin tablet.

Following each patient’s entry, we made the diag-
nosis using Petersen criteria [13], the Mini-Mental
State Examination (MMSE), and clinical and radi-
ological criteria, as: a) SCI with the MMSE test

score > 28 (patients 8,10,18), b) MCI with the MMSE
score 20-28 (patients 22 and 28), ¢) MCI/VCI
with a history of stroke(s) (patients 2,14, 37); e)
DLB (patients 9 and 33). We established a specific
diagnosis according to the FDG PET scan (not pro-
vided to SCI patients per insurance) as AD or MCI
(hypometabolism in temporo-parietal areas), or DLB
(diffuse hypometabolism) (Table 2).

We collected 20 cc of anticoagulated blood
and 10ml of coagulated blood, isolated periph-
eral blood mononuclear cells (PBMC) and prepared
macrophage cultures, as described [8]. We exam-
ined phagocytosis of FITC-Af, oxidative stress,
mitochondrial membrane potential (MMP), and
sequenced macrophage transcriptome. The Glyco-
Analytics core at UCSD tested the PBMC glycome by
monosaccharide analysis and N-glycan profiling. The
UCLA Institutional Review Board (IRB) approved
the conduct of this study. The study subjects signed
Informed Consent in accordance with the Code of
Ethics of the World Medical Association.

Isolation of PBMC and preparation of
macrophage cultures

We isolated PBMC from heparin-anticoagulated
venous blood by centrifugation (3,000 RPM, 25 min)
on a Ficoll-Hypaque gradient. We placed 500,000
PBMC into the wells of an 8-well T.C. plate in
Iscove’s modified Dulbecco’s medium (IMDM) with
12% autologous serum and cultivated the cells at
37°C in a CO2 incubator for one to two weeks
when typical macrophages became differentiated
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Table 2
Diagnosis, radiology, history, PUFA supplementation, and cognitive results. Patients are listed by accession number and show clinical
diagnosis (Dx), radiology (PET and MRI), history and symptoms, cholinesterase inhibitor (CI) (Aricept) and NMDA blocker (Namenda)
therapy, MMSE score at the first and the last visit, onset of dementia, and duration of PUFA supplementation by the Smartfish® drink (SMF)
(months)

Subjective Cognitive Impairment

Months on MMSE Score
AD Therapy
Pt# Dx Radiology History CI NMDA First Visit Last Visit Onset of PUFA
Dementia supple-
(mo p ment
onset) (mo)
8 SCI N/D Memory 0 0 30 30 neg 24
loss
10 SCI N/D Memory 0 0 29 30 neg 24
loss,
familial
alcoholism
18 SCI N/D Concussion, 2 2 30 30 neg 56
low exec.
function
Mild Cognitive Impairment (MCI)
22 MCI N/D Memory 24 24 22 24 neg 25
loss
28 MCI No stenosis Memory 24 0 16 25 neg >19
(MRA) loss
MCI/Vascular Cognitive Impairment (VCI)
2 VCI Regional Repeated 0 24 24 27 Neg 44
hypo minor
metabolism strokes
(PET)
14 VCI Post Repeated 24 0 25 27 60 49
cingulate minor
hypometabolism strokes
(PET)
37 VCI Assymetric Depression 0 0 30 30 Neg 36
temporal
hypometabolism
Dementia with Lewy Bodies (DLB)/ VCI
9 DLB Cortical Paranoia 0 0 26 25 24 22
hypometabolism
(PET)
33 DLB Parieto- Major 12 12 26 30 Neg 36
temporal, depression
cingulate
and visual
cortex
hypometabolism
(PET)

with expression of CD54, CD80, CD163, CD206, and
iNOS markers.

the supernatant with shaking at 250 RPM at 37°C.
Fibril formation was confirmed by negative-staining
electron microscopy.

Fluorescent fibrillary A
YFP fibrillary P-tau
FAM-AB (Anaspec) was dissolved in 1x PBS

to achieve a final concentration of 1 mg/ml. Insol-
uble material was removed by centrifugation at
10,000 rpm for 10 min, and fibrils were prepared from

We thank Dr. Paul Seidler, UCLA-DOE Insti-
tute, for providing purified fibrils of phosphorylated
4R1 N tau (P-tau) fused at the C-terminus to an EYFP
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reporter from HEK293 tau biosensor cells. HEK293
cells stably expressing 4R1 N tau P301 S tau-EYFP
were seeded with recombinant fibrils of 4R2 N tau.
Seeded cells were expanded from a 96-well plate
sequentially to T25, T75, and finally T225 flasks
maintained in DMEM (Life Technologies) supple-
mented with 10% FBS to yield a 1.7-gram cell pellet
from which insoluble tau fibrils were extracted. Cells
were resuspended in 5 ml of the Sucrose buffer (0.8
M NaCl, 10% sucrose, 10mM Tris—HCI, and pH
7.4) supplemented with 1 mM EGTA were lysed in a
polytron and clarified by centrifugation at 13,000 rpm
for 20 min. The supernatant was incubated with 1%
sarkosyl for 1h at 37°C with gentle shaking, and
sarkosyl insoluble fibrils of tau were isolated by ultra-
centrifugation at 95,000 rpm for 1 h. The pellet was
resuspended in 1ml of the sucrose buffer supple-
mented with 5 mM EDTA and 1 mM EGTA and spun
at 13,000 RPM for 20 min. The supernatant was spun
at 95,000 RPM for 1 h, and the pellet resuspended in
0.5 ml of 20 mM Tris—HCl pH 7.4 and 100 mM NaCl.
Fibrils were confirmed by negative stain electron
microscopy and protein concentration was quantified
using the bicinchoninic acid (BCA) assay.

In vitro macrophage assays

Live cell staining: Macrophages were treated as
indicated in the IMDM medium, washed and stained.
Cells were stained for 30 min with Lysotracker for
lysosomes, Cell ROX Orange for ROS, Mito Tracker
Red Cell ROX for mitochondrial membrane poten-
tial, and Nucl Blue Live for nuclei (all from Fisher
Scientific) and examined by immunofluorescence.

Phagocytosis assay: We incubated macrophages
with HiLyte fluor 488 amyloid-Bi-42 (FAM-AP)
(Anaspec, Fremont, CA) (18 h, 2 pwg/ml in DMSO)
and Omega FF-100-1 (Vesteraalens, Oslo, Norway)
containing 50 uM DHA and 36 uM EPA in the
IMDM, as indicate. After incubation, we washed,
fixed, stained with phalloidin-tetramethylrhodamine
(Sigma-Aldrich, St. Louis, MO), and examined by
fluorescence microscopy for FAM-AB phagocytosis
in Olympus BX60 microscope and Image-Pro Soft-
ware.

Omega-3 fatty acids: In vitro, we treated
macrophages with a final dilution of omega fatty acids
in the medium.

Epoxyeicosatrienoic acid (EET) methyl esters: The
EET methyl esters were synthesized from arachi-
donic acid methyl ester according to the method
previously reported [14] and stored at —20°C as a

1 mM DMSO solution [15]. We treated macrophages
with 50 pM concentrations of EET methyl esters in
IMDM.

Dual cyclooxygenase-2/soluble epoxide hydrolase
inhibitor: The COX-2/sEH dual inhibitor (4-(5-ph-
enyl-3-3-[3-(4-trifluoromethyl-phenyl)-ureido]-pro-
pyl-pyrazol-1-yl)-benzenesulfonamide =~ (PTUPB)
was synthesized according to the methods reported
previously [15]. We treated macrophages with
50 uM concentrations of PTUPB.

RNA sequencing

We extracted RNA from 40,000 macrophages
using Quick-RNA Miniprep kit (Zymo Research,
http://www.zymoresearch.com). Total RNA quality
was assessed on a TapeStation 2200 (Agilent Tech-
nologies) using an RNA HS ScreenTape Assay; the
concentration was measured with Qubit RNA HS
Assay (ThermoFisher Scientific). Libraries were pre-
pared with the KAPA mRNA HyperPrep kit (Roche
Sequencing) according to the manufacturer’s recom-
mendations on a custom Janus G3 Liquid Handler
(Perkin-Elmer). Briefly, 200ng of total RNA were
used as starting input for the library preparation; poly-
A RNA was captured and fragmented to 200-300 nt.
Reverse transcription, second-strand synthesis, and
A-tailing were performed according to the protocol.
KAPA Dual Index Adapters (cat #KK8722) were
used for the ligation and the reaction was purified
twice using KAPA Pure beads. Twelve cycles of PCR
amplification and subsequent purification were per-
formed according to the protocol. Final libraries were
quantified using the Qubit dSDNA BR Assay and the
average size calculated with a D1000 ScreenTape
Assay on a 2200 TapeStation (Agilent Technolo-
gies). Libraries were diluted and sequenced on a
NovaSeq 6000 (Illumina, Inc.) SP lane 2x50 bp. The
RNA-sequencing data were first processed to remove
adapter sequences and low-quality reads followed by
the alignment to the human genome GCHr38 using
STAR (v2.6) [16]. Count data from HTSeq were
calculated and normalized using DESeq2’s median
of ratios method [17]. We compared the normal-
ized counts of treated and untreated macrophage
samples for each of the samples used. An unsuper-
vised analysis was performed to assess statistical
significance of omega fatty acid supplementation
on macrophage transcriptome using the “pheatmap”
package in R. This package was used to generate
microarray heatmaps of normalized RNASeq data.
A supervised analysis of individual genes was per-
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formed using R packages “ggplot2”, and “ggprism”.
An unpaired two-tailed #-test was used to calculate
the p-value applied to bar charts.

Isolation of N-glycans

PBMC were homogenized with ultra-pure water
in presence of a protease inhibitor and total protein
content was assayed using BCA-assay kit. The total
protein amount was used as normalizing factor for
subsequent analysis. N-linked glycans were isolated
under reduced denaturing condition using PNgaseF
enzyme. Further purification of N-glycans were done
using C18 and PGC cartridge and used for following
analysis [18].

Monosaccharide analysis

Purified N-glycans were hydrolyzed using 2N
TFA at 100°C for 4h followed by removal of
acid. Analysis of monosaccharides was done on
high-performance anion-exchange chromatography
with pulsed amperometric detection (HPAEC-PAD)
(Dionex ICS-3000) using CarboPac PA-1 column
(Thermo Fisher). An isocratic solvent mixture of
19 mM NaOH containing 1.33 mM NaOAc was used
to separate the monosaccharides followed by detec-
tion using a PAD detector [19]. We quantified the
constituent monosaccharides fucose, N-acetyl glu-
cosamine, galactose and mannose by comparing with
known concentration of each standard (Sigma).

Sialic acid composition analysis

Sialic acids were measured in purified N-
glycans using ultra performance liquid chromatog-
raphy (UPLC) (Acquity, Waters) attached with an
online fluorescent detector. Briefly, samples were
hydrolyzed using 2M HOAc at 80°C for 3 h, fol-
lowed by removal of the acid in speed vac. The
samples were then reacted with 1, 2-diamino-4, 5-
methylenedioxybenzene (DMB) and injected on a
BEH-C18 column (Waters). The elution solvent was a
gradient mixture consisting of 7% aqueous methanol
and ACN both containing 0.1% TFA. The excitation
and emission wavelength for fluorescence detector
was at 373 nm and 448 nm respectively. Sialic acids
were quantified by comparing with authentic standard
of N-acetyl neuraminic acid (Sigma).

N-glycan profiling

Known amount of N-glycans were tagged with
fluorescent tag 2-aminobenzamide (2-AB) and/or
procainamide (Sigma) and profiled using BEH-
Amide column using Waters Acquity UPLC system
equipped with online fluorescence detector. The exci-
tation and emission wavelengths were set at 320 nm
and 420nm for 2AB and 310nm and 370nm for
procainamide, respectively. We used a gradient mix-
ture of 100 mM ammonium formate buffer at pH
4.5 and acetonitrile as running buffer for UPLC.
The peaks eluted were compared with highly sia-
lylated N-glycans isolated from bovine fetuin. We
confirmed the structures by off-line mass spectral
identification of the procainamide tagged N-glycans
using LTQ-Orbitrap mass spectrometry (Thermo Sci-
entific) in negative ionization mode. Briefly, selected
N-glycan peaks were collected from UPLC, dried
down by speed-vac, reconstituted in 50% aque-
ous methanol containing 10 mM ammonium formate
(pH 4.5) and injected directly into ion-source from
external syringe pump at a flow rate of 5 uL/min.
We confirmed by Mass Spectrometry the structural
assignment given to each peak from UPLC-FL.

Neuropathology

We investigated monocyte migration in the
frontal and temporal lobe tissues of a patient with
AD (from the UCLA ADRC Brain Bank). After
antigen retrieval, the issues were stained using
DAKO EnVision Doublestain System or by indirect
immunofluorescence, as described previously [20].

Immunofluorescence microscopy

Tissues and macrophage cultures were stained with
primary mouse anti-CD68 and Rb anti-AB; nuclei
with DAPI; secondary donkey anti-mouse Alexa fluor
488 and donkey anti-Rb Alexa fluor 568 (In Vitro-
gen). The preparations were examined in Olympus
BX60 microscope or Leica TCS SP laser scanning
confocal microscope (Heidelberg, Germany).

RESULTS

Enrollment of neurodegenerative patients and
control caregivers

We enrolled 10 neurodegenerative patients (6
females and 4 males, mean age on entry 73.9 years)
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20
..
10 parieto-temporal — STACKiSH® supplement
hypometabolism « = = + No Sactfish® supplement
0
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=
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0 o \/
20 T
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0
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MMSE score MMSE score

MMSE score

30 Pt #2: MCI/VC

—~— M /

20 hospitalized,
“ hypomsisholian i hip fracture
front cingulate and
thalamus
0
9/29/13 7/29/14 5/29/15 3/29/16
20 Pt. #14: MCI/VCI
-
20 e
- Heart attack
hospitalized, mild parietotemporal and posterior

% hip fracture  cingulate hypometabolism

9/14/2014 12/14/2015 3/14/2017 6/14/2018
Pt. #9: DLB

20 iffuse cortical i
hypometabolism with abnormalities in

10 preservation of visual blood pannel
cortex consistent with

0 advanced DLB
5/26/2014 1/26/2015 9/26/2015 5/26/2016

Fig. 1. Disease course on and off PUFA supplementation. Note a cognitive decline (off PUFA) and cognitive recovery (on PUFA) (Patients
#28, 2, 14). Note a cognitive stabilization of MCI patients for 3 years but a decline of the DLB patient after one year.

into the study of PUFA supplementation by the nutri-
tional supplement SMF [8] (Table 1). The entry
criteria involved a loss of memory, confusion, depres-
sion, cognitive decline in the MMSE score, and
failing CI therapy (CI therapy is not authorized in SCI
patients per health insurance). Note: Because each
patient and/or caregiver requested PUFA supplemen-
tation due to failing CI therapy, no patient received
a placebo. Five patients treated by CI therapy con-
tinued CI therapy in our study. In the follow-up, the
diagnoses were established as SCI (3 patients), MCI
(2 patients), MCI with vascular cognitive impairment
(VCI) (3 patients), and DLB (2 patients). The diag-
noses were confirmed by imaging (PET scan) in 5
patients (Table 2). These patients supplemented by
SMF drink and non-supplemented care givers served
as controls at visits with cognitive evaluation by
MMSE test at 1- to 3-monthly intervals. The con-
trol caregivers had normal results of MMSE testing.
The results of MMSE testing (Fig. 1) show that a
lack or an interruption of supplementation therapy
(patients #28, 2, and 14) were associated with a cog-
nitive decline.

Anatomical pathways of monocyte migration
from vessels to plaques, back to vessels, and
release of AB into vessels with CAA

To identify the pathways of monocytes target-
ing AP in the AD brain parenchyma, we performed
a series of tissue staining of the brain microvas-
culature and AP plaques in the brain sections
of an AD/CAA patient who was supplemented
with the SMF drink for several months before
death. Confocal microscopy revealed invasion of A3
plaques by macrophages (CD68+green) and AP
(red) (Fig. 2A). The staining showed AP phago-
cytosis randomly defective and plaques irregularly
cleared by macrophages (brown) (Fig. 2B). Con-
focal microscopy showed CDG68 + positive (green)
macrophages putatively exiting a vessel (free of A
(green)) (Fig. 2Ca) but engorged with AR (CD68
green/A3 red/overlap yellow) putatively on return to
the vessel. This chronology is supported by a release
of AR (red) underneath the abutting macrophage (yel-
low) (Fig. 2Cb). Similar results were obtained in the
brain tissues of 4 other patients (one Binswanger
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encephalopathy, two AD Braak stage VI, and one
DLB), as published [20]. According to these con-
focal microscopic results, we propose a pathway of
monocyte emigration from vessels into A3 plaques,
phagocytosis of A3, return to vessels, and release of
A inducing CAA.

A further study measured trans-endothelial migra-
tion of monocyte/macrophage (MM) across brain
microvascular endothelial cells (BMVEC) on the
top and astrocytes on the bottom of a terephtha-
late membrane mimicking the human blood-brain
barrier (BBB) (Fig. 2Da). Transmission electron
microscopy showed that MM migrated seamlessly
across BMVEC when free of A3, but could not pass
and became adherent to BMVEC when loaded with
AR (Fig. 2Db). This finding was corroborated by
an immunohistochemical staining for CD-68 positive
macrophages stuck at the vascular border in the brain
of a patient with AD (Fig. 2Dc). Our scheme of these
pathways in the AD brain is depicted (Fig. 2E).

In vivo PUFA supplementation upregulates key
energy and AB degradation transcripts in
macrophages of AD patients in comparison to
non-supplemented controls

We showed that the transcripts for UPR to
ER stress, which are integral to the function of
macrophages, are downregulated in AD patients
and are upregulated by omega fatty acids sup-
plementation in comparison to baseline [8] and
to non-supplemented AD patients [9]. Here, we
prospectively followed 10 neurodegenerative patients
all supplemented by the omega-3 drink SMF
Following in vivo omega-3 supplementation of
these neurodegenerative patients, the expression of
key energy genes in the pathways for glycolysis,
TCA cycle, OXPHOS, and mitochondrial trans-
port proteins were all significantly upregulated in
comparison to their non-supplemented healthy care-

givers (spouses and children) (Fig. 3A, B). After
the analysis of all of the genes from these energy
pathways, the three most significantly upregulated
genes were coenzyme Q2 (COQ2), aconitase 2
(ACQ?2), and pyruvate kinase (PKM) (Fig. 3C). Addi-
tionally, PUFA-supplemented patients upregulated
the AB-degradation enzymes membrane metalloen-
dopeptidase (MME), insulin degrading enzyme
(IDE), and angiotensin converting enzyme (ACE)
(Fig. 3C).

PUFA treatment of macrophages reduces
oxidative stress, modulates pro-phagocytic
macrophage phenotype, and increases MMP

We tested in vitro PUFA effects on essential
biophysical functions of the macrophages of MCI
patients, including oxidative stress by ROS, MMP,
and M1M2 phenotype. ROS, which are produced dur-
ing oxidative phosphorylation, inhibit macrophage
function and are elevated in patients with AD.
PUFA stimulation reduced oxidative stress induced
by tunicamycin (Fig. 4A). PUFA increased MMP
(red) indicating an increased energy of mitochon-
dria (Fig. 4B). Most AD patients’ macrophages have
either the pro-inflammatory M1 phenotype or the
anti-inflammatory M2 phenotype but not the bene-
ficial pro-resolution phenotype [8]. PUFA treatment
decreased the expression of the pro-inflammatory
CD80 marker and increased the expression of the
anti-inflammatory CD163 marker in macrophages
(Fig. 4C). Twenty-four-hour-PUFA treatment of
macrophages increased phagocytosis of FAM-AR
(Fig. 4D).

Omega-3 treatment of PBMC increases highly
sialylated N-glycans

Using UPLC-FL, we examined the effects of
PUFA treatment on N-linked glycans in PBMC of
AD patients. In comparison to DMSO treatment,

Fig. 2. Anatomical pathways of monocyte/macrophage (MM) migration in the frontal lobe of the PUFA-supplemented MCI patient with
cerebrovascular amyloid angiopathy (A to C). MM migration in a blood-brain barrier (BBB) model (D). A) CD-68-positive macrophages
(green) invade AP (red) plaques (immunofluorescence microscopy of the CAA brain; Olympus BX60 microscope, 20x). B) macrophages
invade and asynchronously clear Af plaques - AP content in macrophages ranges from 720 to 3,140 px; residual AP plaque areas range
from 262 to 11,584 px (Immunohistochemistry of the frontal lobe of an AD patient using anti-CD68 (brown) and anti-AB (red)). C) a)
Empty (no AR, CD68 (green)) macrophages emigrate from a vessel and b) release AR (red) into a congophilic vessel (yellow) (Olympus
BX60 microscope, 100x). D) BBB model: MM without A migrate freely through tall brain microvascular endothelial cells (BMVEC) cells,
whereas macrophages loaded with AP adhere to BMVEC: a) the BBB model (BMVEC on top and astrocytes on bottom of a terephthalate
membrane separating upper chamber (blood) from the lower chamber (brain)); b) Transmission electron microscopy: MM stuck on the
endothelial cells when loaded with AR (left) and passing through freely without AR (right); ¢) Immunohistochemical staining of a CD-68-
positive monocyte/macrophages (purple) stuck on the outside of the vascular wall. E) Scheme of macrophage migration pathways for A
clearance in the AD brain. Illustration created with Biorender.com.



254 M. Dover et al. / PUFA Repair Macrophage Transcriptome and Functions

A
GeneClass
| Glycolysis
OXPHOS
| TeACycle
Transport Proteins
0
-1
B Mitochondrial DNA

(TE]
zZme
g
zuW

v
g
gz
e
oL
gL

1000 -

RPM

500

5000~

4000~

3000

RPM

20000

40000 ] f
=
2000~
V 1000~
]
0- : ﬁ 0- ——
cu

RPM

coQ2 MME
— 10000 - BB Pt
O a1
v 0 a2
7500~ ]
<> a3
i ® ana
& é 5000 - . ans
| ¢ a6
s " A an7
2500 VY pt10
-+ pt1a
X pt18
o- == - —— . * mz
o - o o A praza
ACO2 IDE pt28
= 1 —— 4> pn
e 2000 7 & pta7
A B pte
[al]
_— A pte
=
z NE
@ 1000-
2000~ £
1000~ 500-
=]
o- :E: " = &
cm a cu A
PKM ACE
i 5
AV
60000 - a
4000~

D o D

Fig. 3. Transcriptome of macrophages of PUFA-supplemented AD patients versus non-supplemented controls (caregivers). A) Microarray
heatmaps of transcripts in glycolysis, OXPHOS, TCA, and transport; B) mitochondrial DNA-encoded genes in omega-3 supplemented patients
versus non-supplemented caregivers. Color scale indicates the normalized level of expression of the gene for each patient and control. C)
Individual analysis of the expression of energy and degradation gene transcripts in Reads per Million (RPM) in healthy non-supplemented

caregivers versus PUFA-supplemented AD patients (p <0.01).

PUFA treatment of PBMC increased the glycan
monosaccharides (Fig. 5A). The putative structures
of N-glycans found in the samples were: structure-
1 (S1) (bi-antennary complex glycan containing two
sialic acids at the non-reducing end of the glycans);
structure-2 (S2), and structures 3 and 4 (S3 and
S4) with tri-antennary tri-sialylated glycans with iso-
meric forms (S3 and S4) eluting at different retention
times on the UPLC. Both of these structures have
three sialic acids with different linkages to galac-
tose residues; structure-4 (S4) including tri-antennary
tetra-sialylated glycans with four sialic acid residues
at the non-reducing end (Fig. 5B). We assigned the
structures based on the separation of 2-AB-labeled
glycans in the UPLC system using BEH-amide col-

umn and comparison to fetuin 2-AB labeled glycans.
The structures were confirmed by off-line mass spec-
tral identification of the glycans using LTQ-Orbitrap
mass spectrometry in a negative ionization mode.

PUFA enhance AB phagocytosis alone and with
additive effect of sialic acid in the medium

Because PUFA treatment of PBMC increased
sialic acid in complex N-glycans, we reasoned that the
addition of sialic acid to the medium of macrophages
would increase the macrophage phagocytosis of sol-
uble AB. Therefore, we tested the effects on AP
phagocytosis of the addition of w-3 or w-6 alone ver-
sus w-3 or w-6 with sialic acid (Fig. 6). w-6 alone
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was more effective than -3 alone. Sialic acid in
the medium of macrophages amplified the positive
effects of both w-3 and w-6 on AR phagocytosis
(Fig. 6C).

DISCUSSION

In this study, we analyzed the defects in
macrophage transcriptome, glycome, and A3 brain
clearance by phagocytosis and degradation in neu-
rodegenerative patients with SCI, MCI, AD, and
DLB.

Immune brain clearance of AB and P-tau

This clearance depends on macrophages together
with the G-lymphatic system. AD macrophages
are defective in AP phagocytosis and subcellu-
lar transport of AP, leaving undegraded A in
plaques and CAA vessels. in vitro PUFA treat-
ment of macrophages upregulated energetic and
circadian rhythm transcripts, improved macrophage
and T cell immunity. PUFA in vivo supplementa-
tion slowed cognitive decline beyond cholinesterase
inhibitors [21]. In this study, we clarify a) the path-
ways of monocyte migration in the brain, b) the
defects in macrophage transcriptome, c) the defects
in macrophage glycome, and d) PUFA mending
macrophage transcriptome and glycome.

Monocyte/macrophage pathways in the brain
and AB clearance

Confocal microscopic results in the AD brain
show macrophages with AP in plaques and other
macrophages either releasing AP (red) to vessels or
exiting a vessel without Af (green) (Fig. 2). These
results and those in the BBB model suggest the fol-
lowing scheme of brain clearance by macrophages:
AB-free MM emigrate from vessels into A3 plaques,
randomly upload AR (red/green overlap = yellow),
migrate back to vessels but cannot emigrate across
BBB when engorged with AR, undergo apoptosis

and release A into the vessels, which develop CAA
(Fig. 2). Soluble AP may still clear into cervical lym-
phatics.

Macrophage transcriptome and glycome, and
their repair by PUFA

The transcriptome of AD patients has multiple
defects responsible for faulty function: downreg-
ulation of the transcripts for energy, circadian
rhythm and protein glycosylation. PUFA supplemen-
tation mended, individually and incompletely, certain
defects, of which the energetic deficits are the most
prominent. PUFA supplementation upregulated gly-
colytic, TCA cycle, and OXPHOS energy genes in
macrophage transcriptome of MCI patients coded by
nuclear and mitochondrial DNA (Fig. 3), and repaired
energetic deficits. PUFA upregulated the nuclear-
encoded glycolysis genes pyruvate kinase (PKM)
and phosphoglycerate kinase (PGK1), the TCA
cycle genes aconitase (ACQO2), and mitochondrial
genes the subunit of NADH-Ubiquinone reductase
(NDUFS2), the component of electron transport
chain cytochrome C1 (CYC) and mitochondrial
transport proteins in comparison to their non-
supplemented caregivers (Fig. 3). PUFA upregulated
mitochondrial DNA-encoded genes in OXPHOS,
including MT-ND1, MT-ND5, MT-CYB, MT-COl,
MT-CO2, MT-CO3, and MT-ATP6 in macrophages
but not in PBMC. PUFA enriched the glycome of
macrophages and, when coupled with sialic acid in
the medium, increased phagocytosis of Af (Figs. 5
and 6). PUFA upregulated macrophage transcripts
of the AP degradation enzymes MME, ACE, and
IDE (Fig. 3C). The AR plaques in the brain of an
AD patient supplemented for several months before
death with the omega-3 SMF drink were vigorously
invaded by macrophages (Fig. 2A immunofluores-
cence, Fig. 2B immunochemistry), but their clearance
was heterogeneous leaving AP vestiges in some
plaques while clearing other plaques (Fig. 2B).

Fig. 4. In vitro PUFA effects on biophysical and immunological functions of AD patients’ macrophages (macrophages were obtained before
in vivo supplementation): A) Oxidative stress. Omega-3 treatment decreased oxidative stress induced by A. Cells stained for cytoplasmic
superoxide (red: reactive oxygen species, blue: nuclei); B) Mitochondrial membrane potential (MMP). Omega-3 stimulation increased
MMP in macrophages. Cells stained with Mito Tracker Red CMXRos (red: MMP, green: FAM-A, blue: nuclei); C) M1/M2 phenotype.
Omega-3 stimulation changed inflammatory M1 phenotype to a pro-resolution M1/M2 phenotype. Note decreased inflammatory CD80 (red)
and increased pro-resolution CD163 (red) markers following omega-3 stimulation; D) AR phagocytosis. Omega-3 stimulation increased

phagocytosis of A (green: FAM-A, blue: nuclei).
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Fig. 5. In vitro PUFA effects on macrophage glycome: A) increased glycosylation by monosaccharides, and B) highly sialylated N-linked
glycoproteins (A) w-3 treatment of macrophages (DHA 10 pg/ml) increased relative area of fucose, GIcNH2, Gal, and Mann in N-glycans
of the patients #33 and #14 (p <0.01); B) w-3 treatment increased the area of the peaks corresponding to the glycan structures 1 through
4 in the UPLC-FL chromatograms (i and ii): The chromatograms of 2-AB tagged N-linked glycans are compared between i) no treatment
(DMSO) and ii) w-3-treated samples. Columns 1, 2, 3, and 4 represent the area of peaks corresponding to the N-glycans with structure 1, 2,
3, and 4, respectively. Column-5 presents the sum total of areas from tri- and tetra-sialylated glycans. Column-6 presents the ratio (x100) of
tri- and tetra- sialylated glycans over bi-antennary glycans containing two sialic acids (Struc-1). iii) The putative structures of N-glycans in
the samples: structure-1 (di-antennary complex glycan containing two sialic acids at the non-reducing end of the glycans); structure-2 and
structure-3 (tri-antennary tri-sialylated glycans are isomeric forms eluting at different retention time on the UPLC. Both of the structures
have three sialic acids with different linkages to subterminal galactose residues; structure-4 (tri-antennary tetra-sialylated glycans with four

sialic acid residues at the non-reducing end) (p <0.01).
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Fig. 6. In vitro treatment of MCI patients’ macrophages by PUFA+/- sialic acid increase phagocytosis of soluble FITC-AR: Phagocytosis
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C) The areas of fluorescence were scanned by Image-Pro and the data were analyzed for multiple comparisons of omega fatty acid versus
DMSO (Mean and 2 SEeqn of the areas of fluorescence (N) scanned by Image-Pro).

Inflammation in circulating immune cells

In the course of AD, the phenotype of periph-
eral MM becomes more inflammatory M1 with
reduced AP phagocytosis [8]. PUFA increase energy,
decrease oxidative stress, increase mitochondrial
membrane potential, modulate the inflammatory M1
macrophage phenotype to the pro-resolution M1M2
type, and stimulate phagocytosis of AP (Fig. 4).

Therapeutic clearance of AB in the mouse model
brain

AR is cleared in the mouse brain by several
pathways involving endothelial cells, macrophages,
microglia, glymphatic system, and energy, includ-
ing: a) Low-density lipoprotein receptor-related
protein 1(LRP1)-dependent endocytic pathway in
endothelial cells and smooth muscle cells, which
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involves receptor-mediated transport by LRP1-
dependent endocytic pathway [22]. LRP1 levels
are significantly decreased in aging and AD and
are upregulated by rifampicin and caffeine [23]. b)
Trojan macrophage mechanism by peripheral ACE-
positive MM [24], c¢) glymphatic pathway clearing
the wastes in paravenous lymphatics into dural lym-
phatics [25]; cGAS-STING pathway supported by
NAD+ supplementation [26]; e) triggering receptor
expressed on myeloid cells-2 (TREM2). A mis-
sense mutation of this receptor increased risk of
AD and was associated with lesser mental perfor-
mance [27]. The Trojan macrophage transport is
supported by the neuropathological results in our
study.

Immunization of transgenic mouse model against
42-amino acid AB peptide and development of AB
monoclonal antibodies (mAb) for human therapy

The initial approach to AD therapy was developed
in a transgenic mouse model with APP 717vai-phe
mutation by immunization with AR [28] and was
followed by AP monoclonal antibodies, which bind
the Fc receptor for IgG (FcyR) on hematopoietic
cells. Therapeutic trials with the mAb to soluble
AP solanezumab, the small molecular inhibitor of
B-secretase (BACE-1) verubecestat, and the mAb
antibody ponezumab [29] were a disappointment
for the AR hypothesis; ponezumab failed to have
treatment effects despite improved cerebrovascular
reactivity of the CAA vessels. In 2021, the mAb
aducanumab, a fully human IgG1mAb reacting with
the conformational epitope involving amino acids 3-
6 in the toxic AP oligomers and insoluble fibers,
cleared brain amyloid and was approved for AD ther-
apy. Aducanumab did not clear CAA in the Tg2576
transgenic mouse model. In the model aducanumab
recruited microglia to plaques by binding to A and
engagement of Fcy receptors. In a controlled clinical
trial of aducanumab versus a placebo, aducanumab
crossed the BBB and cleared soluble and aggre-
gated AR in plaques in a dose-responsive fashion
according to florbetapir PET imaging. Aducanumab
slowed disease progression, however, in associa-
tion with amyloid-related imaging abnormalities and
CAA [30]. CAA is a significant pathology in AD
as well as in aging [31]. The results (Fig. 3) show
increased transcripts of AP degradation enzymes
MME, IDE, and ACE, suggesting that PUFA may
increase A3 degradation in the AD brain.

PUFA supplementation of AD patients

In a controlled trial of omega fatty acids (1.7 gm
of DHA and 0.6 gm of EPA), cognitive decline was
reduced in a subgroup with very early AD patients
(MMSE > 27 points). In a large controlled study with
mild to moderate AD patients, algal DHA (2 g/day)
had no effect on the rate of cognitive and functional
decline in the total population but was associated with
a lower mental decline in APOE &4-negative group
[32]. The effects of PUFA on brain clearance thus
depend on the initial condition, APOE genotype, the
therapeutic supplement, including quality and quan-
tity of PUFA, antioxidants, vitamins D and B complex
and other small molecules, and administration sched-
ule [33].

Signaling effects of PUFA metabolites

Specialized pro-resolving mediators (https://en.
wikipedia.org/wiki/Specialized_pro-resolving_medi-
ators) from DHA, EPA, or omega-3 docosapen-
taenoic acid, such as neuroprotectin D1 (NPD1)
and resolvins, exert signaling effects in CNS [34].
In the brain, the cytochrome P450 (CYP) enzymes
produce endogenous anti-inflammatory epoxides
from a) arachidonic acid called EETs, b) EPA acid
called epoxyeicosatetraenoic acids (EEQs), and c)
DHA called epoxydocosapentaenoic acids (EDPs).
Importantly, soluble epoxide hydrolase metabolizes
EETs, EEQs, and EDPs to the corresponding diols,
which show reduced or no biological activity [35].
Therefore, we used soluble epoxide hydrolase
inhibitors (sEHIs), such as TPPU, or dual-acting
sEHIs, such as PTUPB [36] to demonstrate the
bioavailability of anti-inflammatory epoxides [37].

Conclusions

Our results concerning the pathologies of
macrophage transcriptome, glycome, and functions
are limited to a small cohort of neurodegenerative
patients, including patients in all stages of spo-
radic AD, therefore, require further studies. The
immunochemical results in the AD brain and the
biochemical results in macrophages support the fol-
lowing scheme: MM invade A3 plaques but, unlike
healthy macrophage, are defective in A phagocyto-
sis and A3 degradation, become stuck and apoptotic
around vessels and release AP into vessel walls cre-
ating CAA vessels with a blocked transport.
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PUFA are imported into macrophage mitochon-
dria, upregulate the transcripts of enzymes for energy
and A3 degradation, and increase energy, N-linked
glycosylation by sialic acid, and AP phagocytosis.
Supplementation by omega fatty acids had clinical
success in very early MCI patients [38] but were
weakened by a negative study with algal omega fatty
acids [39]. Our clinical results with supplementation
by marine omega fatty acids, antioxidants, resver-
atrol, and vitamins D and B, and our biochemical
results in vitro and in vivo of increased energy and
glycosylation by PUFA signaling demonstrate that
the composition of the supplement matters in each
trial. PUFA supplementation together with a diet low
on saturated fat and glucose, and, when available for
human therapy, sEHIs could repair in a patchy fash-
ion the critical defects of macrophage transcriptome
and glycome.
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