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Abstract

Extracellular vesicles (EV) have emerged as a less-invasive nano-tool for discovering biomarkers
of Alzheimer’s disease and related dementia. Here, we analyzed different neuron-enriched EV
from plasma to predict response and molecular mechanisms of ketogenic diet’s efficacy in mild
cognitive impairment participants. The study was a randomized crossover design in which
cognitively normal and mild cognitive impairment participants consumed a modified
Mediterranean-ketogenic diet (MMKD) or American Heart Association diet (AHAD) for six weeks,
followed by other diet after washout. L1 cell adhesion molecule (L1CAM), synaptophysin, and
neural cell adhesion molecule (NCAM) surface markers were used to enrich for neuron-secreted
small EV (sEV-'CAM| sEVSYP and sEVNCAM) For the first time, we have presented multiple
evidences, including immunogold labeling/Transmission electron microscopy, CD63 (clusters of
differentiation 63)-ELISA based assay, confocal microscopy fluorescent images, and flow
cytometry data confirming the presence of L1CAM on the surface of sEV-'CAM, validating purity
and relative abundance of sEV-'AMin the plasma. Cargo analysis of sEV-'¢AM showed that MMKD
intervention reduces amyloid beta 1-42 (50.3%, p=0.011), p181-tau (34.9%, p=0.033) and
neurofilament light (54.2%, p=0.020) in mild cognitive impairment participants. Moreover,
sEVLCAM showed better sensitivity compared to CSF in analyzing increased glutamate (6 folds,
p<0.0001) from mild cognitive impairment participants following MMKD intervention. sEV-'CAM
characterization also suggested that MMKD differentially targets the expression of various
glutamate receptors - glutamate receptor ionotropic NMDA1 (GRIN1), glutamate receptor
ionotropic NMDA2A (GRIN2A), glutamate receptor ionotropic NMDA2B (GRIN2B) and glutamate
receptor ionotropic AMPA type subunit 1 (GRIA1). Importantly, these sEV-'°AM measures strongly
correlated with corresponding clinical CSF biomarkers (neurogranin, amyloid beta 1-42,
neurofilament light, and tau). Furthermore, sEV-'°AM were loaded with less advanced-glycation
endproducts and exhibited anti-inflammatory activity following MMKD intervention. Most
importantly, the expression of monocarboxylate transporter 2 on the surface of sEV-'°AM predicted
the amyloid beta 1-42 response to MMKD intervention (Area under the curve=0.87, p=0.0044)
and offered a novel screening tool to identify participants responsive to this dietary intervention.
Finally, sEV-1CAM sEVSYP and sEVNCAM showed significantly high concordance in analyzing
amyloid beta 1-42 (Pearson correlation coefficient =2 0.63, p<0.01) and neurofilament light
(Pearson correlation coefficient = 0.49, p<0.05). Together, sEV in plasma offers promise in
assessing the efficacy of dietary/therapeutic intervention against mild cognitive impairment

/Alzheimer’s disease.
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Introduction

Alzheimer’s disease (AD) is a fatal neurodegenerative disorder with limited availability of
proven disease-modifying treatment or preventative intervention.! One emerging unconventional
approach is the dietary intervention based upon ketogenic diet (KD), i.e., a low carbohydrate,
adequate-protein, and high-fat diet that leads to increased liver production of ketone bodies (i.e.,
B-hydroxybutyrate [BHB] and aceto-acetate [AcAc]) that are readily transported into the brain
causing a shift from glucose to ketone bodies as the primary energy source.? Though the precise
mechanisms underlying the effectiveness of the KD are not fully elucidated, candidates like
reduction of neuronal hyperexcitability through glutamatergic and amyloid-beta (AB) inhibition and
KD-mediated reduction of oxidative stress, advanced glycation endproducts (AGEs), and
neuroinflammation have been suggested to play a critical role.3® For example, in AD, AR
oligomers interfere with glutamate receptors in the synapses and increase the spillover of
glutamate, activating glutamate receptors in the extra-synaptic sites, which in turn activate
apoptotic and necrotic pathways.® ' Preclinical studies provide ample evidence that elevating
ketone bodies regulate AB levels.’-13 3xTgAD mice treated with a ketone-inducing intervention
showed less amyloid and/or tau pathology and improved memory performance.'’ 2 Ketones
reduce AP neurotoxicity by blocking its entry into neurons and decreasing amyloid aggregation,
with associated improvement in memory."?

Monocarboxylate transporters (MCTs) are responsible for the transport of pyruvate,
lactate as well as ketone bodies across the blood-brain barrier. An MCT subtype, MCT2, has a
higher affinity for ketone substrate compared to MCT1 and 4 and is expressed at a higher level
in cells where rapid uptake is required at low substrate concentration.’ Several studies have
examined the effects of elevating ketones with medium-chain triglyceride supplements in AD.3 5
6 Recently, we reported the results of a pilot clinical study where we compared the effect of a
high-fat and low-carbohydrate modified Mediterranean-ketogenic diet (MMKD) and a low-fat
American Heart Association diet (AHAD) on 11 cognitively normal (CN) older adults and 9 adults
with amnestic mild cognitive impairment (MCI)."” Outcomes showed that MMKD was well-
tolerated and associated with increased cerebrospinal fluid (CSF) AB1-42 and decreased tau
levels.'” Also, there was increased cerebral perfusion and increased cerebral ketone body uptake
accessed by ''C-acetoacetate positron emission tomography (PET) following MMKD
intervention.'” Several studies have also suggested that KD targets multiple pathways to inhibit
inflammation.® 1® These studies suggest a potential therapeutic role of the ketogenic diet in AD
but are limited in identifying potential molecular targets and mechanisms of action of beneficial

effect. Moreover, the molecular effects of the KD diet are not well defined in humans, mainly due
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to a lack of access to brain tissue. The identification of molecular mechanisms underlying KD diet
efficacy would be helpful in establishing this approach as an 'evidence-based' intervention against
AD. Extracellular vesicles (EV) in the peripheral blood could be potentially useful in understanding
the molecular and pathophysiological state of neuronal cells.

EV are lipid-bound vesicles secreted by cells into the extracellular space, which play a
key role in intercellular communication and maintenance of cellular homeostasis. EV are quite
heterogeneous and can be subcategorized based upon their biogenesis and release pathway,
size, content, and functions. Exosomes (~30-150 nm) are small EV (sEV) of endocytic origin,
while microvesicles (100 nm- =1 ym) bud directly from the plasma membrane. Isolation of cell
type-specific EV from plasma has garnered much attention in accessing the pathophysiological
state of the ‘difficult to access’ cells/tissues. Recently, the discovery of neuronal EV in plasma has
led to studies examining their role as ‘liquid biopsies’ for AD and related dementias (ADRD).20-29
For example, Fiandaca et al. reported that a combination of p181-tau, p-S396-tau, and AB1-42
contained within neuronal EV could predict the development of AD up to 10 years before the
clinical onset.?¢ Another study showed that abnormal plasma neuronal EV levels of p-tau, AR1-
42, neurogranin, and repressor element 1-silencing transcription factor (REST) accurately
predicted the conversion of MCI to AD.?" Similarly, auto-lysosomal protein levels,?” transcription
factors,®® and phosphorylated forms of insulin receptor substrate?° in neuronal EV have also
correctly distinguished 100% of participants with AD from normal controls. Recently, neuronal EV
isolated from plasma have also shown the potential of identifying the efficacy of an antidepressant
drug on major depressive disorder subjects.3' Though L1CAM has been extensively used for the
isolation/enrichment of neuronal EV, the specificity, validity, and even its presence on sEV surface
have been questioned.?? Other concerns like the amount of surface biomarkers on neuronal EV
in plasma, the percentage of neuronal EV in the blood, their CNS origin, and most importantly,
the potential of neuronal EV to assess the treatment response of conventional/interventional
therapies still need to be addressed.

In the present manuscript, utilizing archived plasma from the above-mentioned pilot
clinical study'’, we isolated and characterized neuronal-enriched sEV (NEE) using different
surface markers like L1CAM, synaptophysin (SYP), and neural cell adhesion molecule (NCAM),
denoted as SEVL1CAM, sEVSYP. and sSEVNCAM respectively. We analyzed the levels of various ADRD
markers i.e. AB1-42, total-tau, p181-tau and NfL, in sEV-'¢AM before and after MMKD and AHAD
intervention. To understand the potential molecular effects of these dietary interventions, we also
assessed the expression of different glutamate receptors, glutamate, AGEs, and pro-

inflammatory effect of SEV-'CAM in an ex vivo assay. Lastly, we validated a few of the results
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observed in sEV-'CAM (such as AB1-42 and NfL expression) in NEE isolated using other surface
markers (synaptophysin and NCAM). Results demonstrate NEE utility in understanding the
molecular effects underlying the efficacy of MMKD against amnestic MCI. NEE analyses
suggested a pleiotropic molecular mechanism of action of MMKD through targeting Ap-glutamate-
glutamate receptor signaling leading to reduced inflammation and neurodegeneration. We also
identified surface expression of MCT2 on sEV-'CAM yseful in potentially distinguishing ‘responders’

versus ‘non-responders’ to MMKD intervention.

Methods

Plasma and CSF samples

Archived plasma and CSF samples were obtained from a recently published study.'” Briefly, in
the completed study (approved by the Wake Forest Institutional Review Board; ClinicalTrials.gov
Identifier: NCT02984540), participants were divided into 2 cognitive subgroups: cognitively
normal (CN) adults with subjective memory complaints diagnosed using Alzheimer’s disease
Neuroimaging Initiative criteria; and adults with amnestic MCI diagnosed by expert physicians
and neuropsychologists using the National Institute on Aging at National Institutes of Health and
the Alzheimer's Association guidelines. Major inclusion and exclusion criteria for participant’s
recruitment have been reported earlier.'”” The demographic details of participants are provided in
Supplementary Table 1. The study consisted of a randomized crossover design in which
participants (both CN and amnestic MCI) consumed either MMKD or the control AHAD for 6-
weeks, followed by a 6-weeks washout period in which participants were instructed to resume
their pre-study diet, after which the second diet was consumed for 6-weeks. The proportions of
carbohydrates and fat were the main variables manipulated between the two diets. The target
macronutrient composition (expressed as % of total calories) was approximately 5-10%
carbohydrate, 60—65% fat, and 30% protein for MMKD; and 55-65% carbohydrate, 15-20% fat,
and 20-30% protein for AHAD. Prior to diet randomization, baseline characterization of cognitive
status, lumbar puncture (LP), magnetic resonance imaging (MRI), and metabolic profiles were
performed. Cognitive function, LP, MRI, and metabolic parameters were reassessed after each
diet. The fasting blood was collected before and after each diet. Blood samples were immediately
placed on ice and spun within 30 minutes at 2200 rpm in a cold centrifuge for 15 minutes. The
plasma was aliquoted into separate storage tubes and flash-frozen at —80°C until analyzed. All
assays were performed following the one-time thaw of frozen samples. Participants completed

LP after a 12-hour fast at baseline and after each diet for collection of CSF.
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Isolation of total EV (TE) from plasma and NEE isolation from TE

TE and NEE were isolated, as reported by us recently.3® Schematic representation of
experimental steps is shown in Supplementary Figure 1A. Briefly, plasma samples from CN
(n=11) and MCI (n=9) from all pre and post diet conditions were centrifuged at 500g for 5 min,
2,000g for 10 min followed by 10,0009 for 30 min at 4°C to remove the larger sized vesicles. The
collected supernatant was treated with thromboplastin-D, and EV were isolated using the
ExoQuick (System Biosciences, CA, USA) as reported earlier.3 For sEVL'CAM isolation, TE were
incubated overnight with biotin-tagged L1CAM antibody (Clone eBio5G3 [5G3], ThermoFisher
Scientific, MA USA). Next, streptavidin-tagged agarose resin (ThermoFisher, MA, USA) was
added. Following incubation, EV bound to agarose resins were centrifuged, and the supernatant
containing unbound EV were removed. Finally, sEV-'°AM were removed from beads by adding
IgG elution buffer (ThermoFisher, MA, USA), and pH of the eluate was neutralized by 1M Tris
base (pH=9). Similarly, sEVSY? and sEVN°AM were isolated using respective biotin-labeled
antibodies (synaptophysin-biotin antibody from Novus Biologicals, CO, USA; and NCAM-biotin
antibody from ThermoFisher, MA, USA). Human IgG isotype (biotin) was also incubated with TE
as a control to repudiate the non-specific isolation of NEE/EV, following the same protocol and

experimental conditions.

Nanoparticle tracking analyses (NTA)

Quantification of the hydrodynamic diameter distribution and concentration of EV were performed
using the Nanosight NS300 (Malvern Instruments, UK) as reported by us recently.3® The
instrument was primed with PBS (filtered through a 0.22-micron filter) and maintained at 25°C.
Accurate nanoparticle tracking was verified using 100 nm and 200 nm polystyrene nanoparticle
standards (Malvern Instruments) prior to capturing the samples. TE and NEE were diluted in 0.22
micron filtered PBS to measure size and concentration. Five measurements (30 seconds each)

were obtained for each sample and their average was plotted.

Immunogold labeling and transmission electron microscopy (TEM)

For immunogold labeling, sEV-'°AM were fixed with 2% paraformaldehyde in PBS buffer (pH 7.4),
then adsorbed for 1 hour to a carbon-coated grid. CD63 antibody was conjugated with gold
particles (20 nm) using a gold conjugation kit as per the manufacturer’'s recommendation (Abcam,
Massachusetts, USA). Samples were first incubated with primary antibody (L1CAM, CD63, and
CD9) and then secondary antibody tagged with 10 nm gold particles or directly with anti-CD63-
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20 nm gold particles. sEV-'CAM were stained with 1% uranyl acetate for 5 minutes, and images

were captured on Tecnai T12 TEM.

Exo-check antibody array

TE (50 ug) and sEVHCAM (20 ug) lysates were characterized for exosomal biomarkers using Exo-
check exosome antibody array and Exo-check exosome antibody (neuro) array (outline presented
in Supplementary Figure 1B, left panel) (System Biosciences, Palo Alto CA, USA) respectively

following vendor’s protocol.

Co-localization of L1ICAM and CD63

Intact NEE (SEV-1CAM and sEVNCAM) were immobilized on a CD63 antibody-coated ELISA plate
(RayBiotech, Georgia, USA) and washed thoroughly to remove any unbound NEE/EV or free
protein. Next, NEE/EV bound to the surface of the plate were labeled with L1CAM-biotin or CD63-
biotin antibody and then with streptavidin-HRP solution. Finally, one step 3,3',5,5'-
tetramethylbenzidine (TMB) solution was added, and the plate was read at 450 nm (experimental

plan presented in Supplementary Figure 1C).

Confocal Microscopy

To confirm the purity of isolated sEV-'°AM and also to confirm the presence of L1ICAM on NEE
surface (and co-expression with CD63), sEV-'°AM were isolated as described above. Agarose
resin bound sEV-'AM were incubated with L1CAM-PE (BioLegend, CA, USA) antibody for 1h at
RT in dark followed by incubation with 1X membrane labeling dye CellBrite 488 (Biotium, CA,
USA) for 15 min at RT. Agarose resin were washed three times and resuspended in 25 pl of
filtered PBS. Agarose resin bound with sEV-'AM were then transferred on a clean microscopic
slide, and coverslip was placed over it. Agarose resin tagged with IgG-biotin antibody was also
used following similar experimental conditions and used as control. Slides were then imaged on
Olympus FV1200 spectral laser scanning confocal microscope with 20X or 40X objective lens,
with membrane labeling dye on green channel and L1CAM-PE with red pseudo-color. Similarly,
after isolating sEV-'°AM with agarose resin, L1CAM-PE and CD63-APC antibodies were used to
label agarose resin-bound sEVLCAM for 1h at RT to analyze the co-expression of L1CAM and
CD63 on sEVL-1CAM surface. After three washes, 25 pl of resin was transferred on a glass slide and
imaged using pseudo green color for PE signal (for L1CAM). Agarose resin tagged with IgG-biotin
antibody, incubated with TE, were also labeled with L1CAM-PE and CD63-APC and used as

control.
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Flow cytometry

To analyze the percentage of sEV-'CAMin TE from CN and MCI participants, TE were labeled with
membrane labeling dye CellBrite 488 (Biotium, CA, USA) with and without the L1CAM-PE
(BioLegend, CA, USA) or synaptophysin-Alexa Fluor 647 (Novus Biologicals, CO, USA) antibody.
TE without dye were used as control to set the gate for positively (dye) labeled EV (Supplementary
Figure 2A). TE labeled with dye but without L1CAM-PE/synaptophysin-AF647 antibody were used
to set the gate for PE/AF647 positive events (Supplementary Figure 2B). L1CAM/synaptophysin
antibody and dye at the same dilution in PBS (filtered through 0.22-micron filter) were also
analyzed. A threshold cut of 2000 at violet side scatter (VSSC) was set up to exclude the machine
background noise. PE and AF647 labeled isotype control were used to confirm the specificity of
the fluorescence signals (Supplementary Figure 2C). Samples were diluted 1:100 in filtered PBS
before acquisition to achieve an abort ratio of less than 10%. All samples were acquired on
CytoFlex (Beckman Coulter Life Science, Indianapolis, IN, United States) for 60 sec at a low flow
rate. Filtered PBS was run for 60 sec in between the samples.

To confirm the dye positive events are EV and to negate the swarm effect, serial dilutions
of samples were assessed. The linear reduction in total events with dilution in the gated regions
confirmed that the positive events were EV (Supplementary Figure 2D). L1CAM-PE and
synaptophysin-AF647 antibody labeled EV were also serially diluted and measured for change in
mean fluorescent intensity (Supplementary Figure 2E). For further confirmation, 0.25% triton X-
100 was added to the EV, and lysed samples were acquired. Gate applied to detect dye positive
EV were applied to all the other samples to confirm the capture of EV only. Similarly, TE were
analyzed to identify the percentage of sEVSYP (Supplementary Figure 2F) using a synaptophysin-
AF647 antibody.

A similar experimental setup was used to characterize the NEE (Supplementary Figure
3). The purity of isolated NEE was confirmed by 3 different surface markers; L1CAM,
synaptophysin, and neuron-specific enolase (ENO2). NEE (sEVY'CAM, sEVSYP and sEVNCAM) were
labeled with L1CAM-PE, synaptophysin-AF647 or ENO2-PE antibody at room temperature for 2
hrs. Thereafter, CellBrite dye at a final 1X concentration (in filtered PBS) was used to label the
NEE for 15 min at RT. NEE without dye were used to separate the NEE from background noise.
Also, NEE with dye but without antibodies were used to set the gate for L1CAM-PE, ENO2-PE,
and synaptophysin-AF647 positive events. NEE samples were acquired for 60 sec, with filtered
PBS for 60 sec in between the samples.

To measure the surface expression of MCT1 and 2, sEV-'CAM were isolated using a biotin-

labeled L1CAM antibody tagged on streptavidin-coated magnetic beads using our previously
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described method.3® Magnetic beads were washed 4 times, and sEV-'AM bound to magnetic
beads were labeled with fluorescently tagged (AF647) antibodies for MCT1 and 2. Magnetic
beads bound sEV-'°AM were analyzed by flow cytometry by acquiring total of 10,000 events

(beads). Mean fluorescent intensities were calculated by FCS Express 7 software.

ELISA and Colorimetric assays

SEVL1CAM were lysed by adding 10X RIPA buffer (Milipore, Burlington, MA, USA, Cat No. 20-188)
to a final concentration of 1X, and protein concentration of the lysate was quantified by the BCA
method. sEVY'CAM |ysate was used for the analysis of AB1-42 (R&D Systems, Minneapolis, MN,
USA), neurofilament light (NfL) (Abbexa, Houston, TX, USA), p-Tau (pT181), total Tau (both from
Invitrogen, Carlsbad, CA, USA), GRIA1A, GRIA1B (both from MyBioSource, CA, USA), GRIN1,
GRIN2A (both from Novus Biologicals, CO, USA) and AGEs (MyBioSource, CA, USA) as per the
manufacturers' instructions. The concentration of glutamate in sEV-'CAM and CSF was analyzed
using a bioluminescent assay (Glutamate-Glo assay, Promega, WI, USA). seEV-'CAM |ysate was

used directly to estimate glutamate concentration as per the manufacturer’s recommendation.

NF-kB activation assay

NF-kB activation assay was performed on THP-1 lucia NF-kB monocyte cells (InvivoGen, San
Diego, CA, USA) as reported by us recently® by treating cells with 10 ug of sEV-CAM for 16-18h.
Then, the activity of secreted luciferase was detected using QUANTI-Luc Gold, luminescence

detection reagent (InvivoGen, San Diego, CA, USA).

Statistical analysis

Data were analyzed using GraphPad Prism 7.0 software (La Jolla, CA, USA) and SAS 9.4
software (SAS Inc., Cary, NC, USA). The distributions of the outcome measures were checked to
ensure that the conditional normality assumption was satisfied. The comparisons of size,
concentration, and protein concentration per EV in TE and sEV-'°AM between pre and post MMKD
and AHAD conditions were performed using the paired t-tests when the sample size was small
(e.g., n=3 to 6 per group). Additionally, we used the mixed effects models with random intercept
to account for the repeated measures for each individual when 20 samples were used in the
analysis. The outcome measure was the change in the biomarker and protein concentration. Pre-
outcome measure, diet (MMKD vs. AHAD), experimental group (CN vs. MCI), and the interaction
between diet and experimental group were included in the model. Least squares mean for

changes in biomarkers was calculated for each diet and experimental group. Testing whether the
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least squares mean was equal to 0 was the same as testing whether adjusted pre- and post-
biomarkers were equal. The comparison of MCT2 expression on sEV-'AM between responders
and non-responders was performed using the 2-sample t-tests. Correlations between sEV-'CAM
markers and clinical parameters were calculated using Pearson correlation coefficient estimates.
Further, we performed logistic regression analyses considering responder status (responders vs.
non-responders) as the outcome variable and sEV-'AM as the independent variable. The area
under the curve (AUC) was estimated to examine the prediction ability of SEV-'°AM on responder
status. The nonparametric method was used to evaluate whether the fitted model (including
SEVLICAM as a covariate) was better than the uninformative model (no covariate, null model)3s.
The correlations among sEVH1CAM sEVSYP and sEVNCAM for NfL and AB1-42 were computed using
Pearson correlation coefficient estimates. Multiple comparisons were not corrected because the

study is mainly for descriptive purposes.

Data Availability
All data generated or analyzed during this study are included in this published article. Further
detail of methodologies is available from the corresponding author upon reasonable request.

Requests for materials should be addressed to GD.

Results

MMKD and AHAD did not affect the TE in the plasma

The NTA analysis confirmed that the isolated EV are in the size range of sEV with an average
size of less than 150 nm. NTA analyses and protein quantification showed that neither MMKD nor
AHAD significantly affected the size, concentration (particles/ml), protein loading, and protein
concentration per particle in TE (Fig. 1A-1C). Array analysis showed the presence of exosomal
biomarker proteins ICAM, ALIX, CD81, CD63, EpCAM, ANXA5, and TSG101 (Fig. 2A). Further,
we analyzed the percentage of sEV-'CAM in TE and showed that sEV-'CAM constitutes about 5-
10% of TE (Fig. 2B). The key flow criteria and relevant controls, including the isotype and negative

controls, for flow cytometry analyses of TE are described in Supplementary Figure 2.

The effect of MMKD and AHAD on sEV-'CAM in the plasma

We first characterized the purity, exosomal and neuronal characteristics of sEVLCAM, Array
analysis showed the expression of several neuronal biomarkers (L1CAM, NCAM1, ENO2, GRIA1,
and PLP1) and established exosomal biomarkers (CD63, CD9, CD81, and TSG101) in sgV-1¢AM

https://mc.manuscriptcentral.com/braincom

2202 1890100 £ Uo Jasn uopuoT abs)j0) AlsieAlun Aq 0ZEE9/9/29Z0B0)/SWIWOOUIRIG/SE0 L 0 L/I0p/8]01lB-80UBAPR/SWIWOOUIRIG/WOD dNoolwepeoe//:sdijy woly papeojumoq



oNOYTULT D WN =

Manuscripts submitted to Brain Communications

(Fig. 3A). sEVL1CAM [acked CANX (calnexin), an ER protein usually absent in sEV/exosomes (Fig.
3A). Full blot for this array is presented in Supplementary Figure 1B.

To confirm that the L1CAM mediated isolation of particles are indeed sEV and not free
L1CAM proteins, we stained sEV-'°AM bound to agarose resin with membrane labeling dye and
L1CAM-PE antibody. The co-expression (yellow color) of membrane labeling dye (green) and
L1CAM (pseudo-red color) confirmed that the isolated particles are sEV-'CAM as agarose resin
tagged with 1gG-biotin antibody and incubated with TE showed no signals (Fig. 3B). Moreover,
the L1CAM and CDG63 co-expression (yellow color) was also confirmed following the pull-down of
SEVLICAM on agarose resin and stained with fluorescent-tagged L1CAM (green color) and CD63
(red color) antibodies (Fig. 3C). No detectable fluorescent signal in control beads (with IgG
antibody) was observed, which confirmed the specific signals of L1CAM and CD63 on sEV-1CAM,
Further, co-expression of L1CAM with CD63 on sEV-'AM was analyzed by ELISA assay on CD63-
antibody-coated ELISA plate (Fig. 3D). Higher normalized fluorescence with L1CAM-biotin
antibody with seV-'¢AMand seVNCAM showed the purity of isolation and that L1CAM co-expressed
with NCAM and CD63. Immunogold labeling and TEM analyses further confirmed the presence
of L1CAM on the surface of the sEV-'CAM (Fig. 3E, upper left panel). sEV-'CAM were also analyzed
for exosomal biomarkers CD9 and CD63. Size and co-expression of L1CAM and CD63 on
sEVY1CAM surface further confirmed that these vesicles are sV (Fig. 3E, lower right panel). Next,
TE and seV-'°AM were characterized by flow cytometry for L1CAM surface expression as well as
2 neuronal biomarkers (ENO2 and synaptophysin). TE analysis showed that similar to sEV-1CAM,
sEVSYP also constitute about 5-10% of TE (Supplementary Figure 2F). Moreover, isolated
SEVL1CAM showed >65% positivity for LICAM, ENO2, and synaptophysin (Fig. 4). The key flow
criteria and relevant controls, including the isotype control, for flow cytometry analyses of TE and
NEE are described in Supplementary Figures 2 and 3.

Next, NTA analysis was performed to analyze the average concentration and mean size
of sEVL'CAM NTA confirmed the mean size of sEV-1CAM between 100-150 nm which represents
the size range of sV (Fig. 5A). Further, neither MMKD nor AHAD significantly affected the size
of SEVL'CAM (Fig. 5B and 5C). sEVLCAM concentration (particles/ml) decreased significantly in CN
with MMKD, but no statistically significant change was observed in MCI or with AHAD (Fig. 5B
and 5C). Interestingly, total protein concentration significantly increased in MCI following MMKD
intervention while protein concentration per sEV-'°AM was significantly increased in CN group.
Total protein concentration increased following AHAD in both CN and MCI groups; however, no

change in protein concentration per sEV-'°AM was noted after AHAD (Fig. 5B and 5C).
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The effect of MMKD and AHAD on ADRD biomarkers in seVL1cAM

Next, we characterized the sEV-'AM for various ADRD biomarkers (Fig. 6 and Fig. 7). The MMKD
intervention significantly reduced the AB1-42 level in the MCI group while no significant effect was
observed with AHAD (Fig. 6A). Similarly, MMKD showed a reduced trend of p181-tau in CN (8/11)
and significant reduction in MCI (6/9) groups with a mean reduction of 34.9% (p=0.033) (Fig. 6B).
A decrease trend in AB1-42/p-181tau ratio (8/9) was observed following MMKD treatment in MCI
participants (Fig. 6C). No significant effect of MMKD or AHAD was observed on t-tau (Fig. 7A).
However, a trend towards reduction was observed in the p-181taul/t-tau ratio in MCI (7/9) groups
(though statistically not significant) with an average decrease of 80% observed following MMKD
intervention; no such effect was observed with AHAD (Fig. 7B). Lastly, MMKD significantly
reduced the NfL level in sEVY'°AM from the MCI group, while no significant effect was observed
with the AHAD (Fig. 7C).

The effect of MMKD and AHAD on glutamate-glutamate receptors in seV-1cAM

Next, we characterized sEV-'CAM for glutamate levels and expression of various glutamate
receptors (GRIN1, GRIN2A, GRIN2B, and GRIA1). The glutamate level in sEVY'°AM was
increased after MMKD among both CN and MCI groups (with a statistically significant increase in
MCI group); a similar but less prominent pattern (statistically non-significant) was found in both
CN and MCI groups with AHAD (Fig. 8A). Interestingly, no change in the glutamate levels in CSF
was observed (Fig. 8B). Importantly, changes in glutamate expression in sEV-'°M in the CN
group from pre- to post-MMKD negatively correlated with corresponding changes in neurogranin
(Ng) concentration in CSF'” (n=8) (Fig. 8C), an established biomarker of synaptic plasticity and
long term potentiation.3% 37 A similar negative correlation between changes in sEV-'°AM-glutamate
and CSF-Ng was also observed for MCI group (post-MMKD) but did not achieve statistical
significance, likely due to the low number of samples in which Ng could be reliably measured (r=-
0.65, p=0.55) (data not shown).

Interestingly, MMKD showed a significant increased expression of GRIN1 (or GluN1) in MCI
groups and an increased trend in CN (7/11); a similar but less prominent (statistically non-
significant) trend in GRIN1 expression was also observed in the AHAD group (Fig. 9A). Compared
to GRIN1, a significant decrease was observed in the expression of GRIN2A (Fig. 9B) and
GRIN2B with both MMKD and AHAD (Fig. 9C). Though, a significant decrease in GRIA1 was
observed only with MMKD in MCI group (Fig. 9D).

Importantly, in sEV-CAM (MMKD) from the CN group, diet-induced changes in GRIN1 showed
strong positive correlation with CSF AB1-42 changes'” (r=0.75; p=0.019), and glutamate showed

https://mc.manuscriptcentral.com/braincom

2202 1890100 £ Uo Jasn uopuoT abs)j0) AlsieAlun Aq 0ZEE9/9/29Z0B0)/SWIWOOUIRIG/SE0 L 0 L/I0p/8]01lB-80UBAPR/SWIWOOUIRIG/WOD dNoolwepeoe//:sdijy woly papeojumoq



oNOYTULT D WN =

Manuscripts submitted to Brain Communications

strong negative correlation with CSF tau'” (r=-0.77; p=0.024) (Fig. 9E). Similarly, in sEV-1CAM
(MMKD) from MCI group, GRIN1 changes showed strong negative correlations with CSF NfL
changes'” (r=-0.98; p=0.019), an established biomarker for neurodegeneration; and GRIA1
showed strong positive correlation with AB1-40'" (r=0.95; p=0.013) (Fig. 9E). Furthermore,
change in GRIN1 expression in sEV-'CAM (MMKD) negatively correlated with change in CSF Ng
for MCI, but this correlation did not reach statistical significance (r=-0.62 p=0.57) (data not shown).
Finally, the change in expression of different glutamate receptors (GRIN1, GRIA1, GRIN2A,
GRIN2B) was correlated with change in the levels of analyzed AD-related biomarkers in sEV-1CAM

and outcomes are present in Supplementary Tables 2 and 3.

The effect of MMKD and AHAD on AGEs and inflammation

Statistically significant decreased levels of AGEs following MMKD was cbserved in both CN and
MCI groups (Fig. 10A, left panel), a similar but less prominent trend was also observed with AHAD
(Fig. 10A, right panel). Next, the effect of SEV-'AM from CN and MCI groups (pre and post MMKD
and AHAD) was assessed on NF-«xB activity in human THP-1 monocytes as a molecular surrogate
for inflammation as we recently reported.33 sEV-1CAM from the MCI group showed a higher baseline
level of NF-xB activity than the CN group prior to starting interventions. A decrease in the activity
of secreted luciferase, suggesting a strong reduction of NF-kB activation, was observed in
monocytes treated with sEV-'CAM from MCI participants after the MMKD intervention, suggesting
an anti-inflammatory effect of MMKD (Fig. 10B, left panel). A similar pattern was also seen with
SEVYCAM from MCI participants after the AHAD intervention (Fig. 10B, right panel).

MCT expression on sEV''°AM could predict response to MMKD

Next, we characterized MCT1 and 2 expression on sEVY'CAM surface by flow cytometry.
Interestingly, MCT2 expression was higher than MCT1 (data not shown), which is supported by
previous reports showing higher expression of MCT2 in neurons.38 3° Importantly, the participants
that showed AB1-42 decrease (an average decrease of 45%) in sEV-'CAM following MMKD
(‘responders’) exhibited a trend for higher MCT2 expression on sEVY'°AM prior to the MMKD
intervention (Fig. 10C). Moreover, the expression of MCT2 on sEV-'®AM prior to MMKD clearly
differentiated ‘responders’ and ‘non-responders’ to predict the impact of MMKD on AB1-42
expression with the area under the curve of 0.8750 (p=0.0044, 95% CI 0.617, 1.000) (Fig. 10D).

The effect of MMKD on ADRD biomarkers is consistent irrespective of the choice of surface

markers used to isolate NEE
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Lastly, we isolated NEE (sEVSYP and sEVNCAM) from plasma using two additional surface markers,
synaptophysin, and NCAM; and assessed the impact of MMKD on the levels of AB1-42 and NfL
(Fig. 11 and Fig. 12). NTA characterization revealed that the size distribution and concentration
of SEVSYP and sEVNCAM were not significantly altered following MMKD intervention (Fig. 11A and
Supplementary Figure 4). Flow cytometry analysis on isolated EV also confirmed the enrichment
and purity of NEE (sEVSY? and sEVNCAM) (Fig. 11B).

A decreased trend was observed with MMKD intervention in sEVSYP (n=5; CN: 4/5; MCI:
4/5) and sEVNCAM (n=5; CN: 5/5, MCI: 3/5) for AB1-42 level (Fig. 12A, upper panels). Similarly,
NfL level was also decreased following MMKD intervention in sEVSYP and sEVNCAM for all samples
(Fig. 12A, lower panels). The correlations among sEVY1CAM sEVSYP and sEVNCAM for AB1-42 were
all above 0.63 (all p-values <0.01). Especially the correlation between sEVSY? and sEVNCAM was
high (0.98 with p-value <0.001) (Fig. 12B, upper panel). The correlations among sEV.'CAM,
SEVSYP and sEVNCAM for NfL were all above 0.49 (all p-values <0.05) (Fig. 12B, lower panel). This
shows that levels of NfL and AB1-42 in sSEV-'CAM sEVSYP and sEVNCAM are moderate to highly

correlated.

Discussion

AD is a fatal neurodegenerative disorder with only limited disease-modifying treatment or
preventative intervention, and its incidences are expected to triple by 2050.4% 4" To accelerate
preventive approaches against AD, novel tools are needed which are non/less-invasive and may
be used repetitively over a period of time, with a goal to assess treatment response and/or screen
participants before the start of intervention for targeted therapy. EV in biofluids could serve such
a purpose. Here, we characterized NEE to understand the molecular effects underlying the
efficacy of MMKD in AD utilizing archived biofluids from the pilot clinical study,'” which previously
showed a positive impact of MMKD intervention on CSF AD biomarkers. MMKD reduced the
levels of neurodegeneration markers, increased glutamate, and differentially altered the
expression of glutamate receptors in NEE. Importantly, we evaluated the potential of MCT2 on
sEVLICAM for identifying the participants exhibiting reduced AB1-42 levels following MMKD
intervention. Since the expression of MCT2 is more on neurons and possesses a higher affinity
towards substrate compared to MCT1,'4 higher expression of MCT2 on neurons may be expected
to increase transport of ketone bodies and help neurons to make a metabolic transition for the
substrate. Thus, assessing the expression of MCT2 on plasma NEE may be an important
measure in determining the effectiveness of ketogenic diet and help screen participants that may

benefit from such an intervention.
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Neuronal EV have shown promise in detecting established AD biomarkers such as AB1-
42.28 Higher AB1-42 levels in plasma neuronal EV have been shown to correspond to greater
amyloid burden assessed with PET (PiB tracer), and AB1-42 levels in neuronal EV directly
correlate with AD stage and progression.2'. 28 42 This is in contrast to the well-established finding
that AB1-42 levels in the CSF are inversely correlated with neuritic plaque burden.*® Furthermore,
the findings regarding AD biomarkers in MCI have been mixed. CSF A and p-tau levels have
been shown to be comparable in CN and MCI in several studies.** 45> We previously reported that
MMKD treatment increased the AB1-42 levels in the CSF of participants, suggesting a reduction
in AB aggregation and better clearance.'” Here, we observed a significant reduction in sgV-'CAM
AB1-42 levels in those same MCI participants following MMKD treatment. This is an exciting
observation suggesting the sEVL'CAM in plasma could be useful in characterizing AR plaques in
the brain and could be an additional blood-based parameter to potentially supplement the existing
neuroimaging and CSF measures. However, this certainly warrants the need for a further study
into the mechanism involved in the loading of AB in EV and their secretion. It is plausible that AR
in EV is mainly the intracellular AB that is known to arise from APP processing in the endosomal
compartment.*® This speculation is supported by the fact that neuronal EV cargo includes
BACE123, which plays a critical role in APP processing and the generation of AB, both at the cell
membrane as well in endosomes.*¢ sEV-'AM also showed a significant reduction in p181-tau
levels following MMKD intervention, as well as a reduction in p181-tau/total tau from most
participants (7/9) in the MCI group. Also notable was the observation that sEV-'°AM had
significantly decreased NfL levels in the MCI group following MMKD intervention, even though
prior CSF data was unrevealing.'” These results suggest that sSEV-'AM in plasma could provide
valuable information about the changes in the key AD biomarkers.

Alterations in cerebral glucose and glutamate levels can lead to the deposition of AB
plaques.*” Ketogenic diets may compensate for glucose hypometabolism and restore
mitochondrial bioenergetics; however, its effect on neuronal glutamate levels remains unknown.
Importantly, over 40% of neuronal synapses are glutamatergic, and the disturbance in the
glutamate levels and glutamate receptors expression and their localization have been implicated
in the pathophysiology of AD, influencing memory, cognition, and behavior.4” We observed a
significant increase in the glutamate level in sEVY'CAM following MMKD intervention in MCI
participants, suggesting higher intracellular glutamate in the neurons. However, no change in the
CSF glutamate level was observed, highlighting the importance of studying NEE. An earlier study
has reported that plasma exosomes reflect a similar change in the expression of glutamate

receptor with aging as in the brain tissue of transgenic mice.*® Further, MMKD targeted the
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expression of various ionotropic glutamate receptors, consisting of NMDA and AMPA type,
suggesting a restoration of glutamate-glutamate receptor signaling, which is critical for long-term
potentiation. For example, we observed an increased expression of GRIN1, an obligatory subunit
of NMDA type glutamate receptor, while observing a decrease in the GRIN2A and GRIN2B
subunits of NMDA receptors and a decrease in AMPA subunit GRIA1. It is not clear, though,
whether MMKD intervention has an inhibitory effect on the expression of these glutamate
receptors subunits in the extrasynaptic region, which is usually associated with higher AB
production and neuropathology of AD.*® AB also adversely affects glutamate cycling and
glutamate receptor signaling while reducing the uptake of glutamate by astrocytes and promoting
higher glutamate levels in the synaptic cleft and activation of extrasynaptic GRIN2B containing
NMDA receptors leading to synaptic impairment.*” Thus, a ketogenic intervention may target AB
expression at multiple levels and possibly its reduction coincides with the restoration of
glutamatergic neurons.

AGEs are formed by nonenzymatic glycosylation of macromolecules and increase in
response to hyperglycemia and oxidative stress.?® Higher AGEs could induce toxicity via aberrant
cross-linking with proteins and the production of ROS.5" 52 AGEs are pro-inflammatory, activate
RAGE (receptor for AGE), contribute to AR production in the brain, and regulate the influx of
circulating AB across the blood-brain barrier.>® 5 AGE content in neurons (and astrocytes)
increases with increasing Braak tangle stage, CERAD tangle score, and neuritic plaques.®®* RAGE
also promotes senile plaque formation via tau hyperphosphorylation, synaptic dysfunction, and
neuronal death.%3 5557 We observed a substantial reduction in AGEs in sEV-'¢AM following MMKD
intervention that correlated well with the significant reduction observed in the sEV-'®AM induced
monocyte NF-kB activity.

Although L1CAM has been extensively used to isolate NEE and characterize neuronal
biomarkers,?" 22 24. 25,27, 30 several questions have been recently raised regarding its presence on
EV surface,®? as well as the neuronal specificity of L1ICAM. The present study addresses a few
of these critical questions. We have presented immunogold labeling/TEM, confocal microscopy
fluorescence images, modified ELISA-based assay, and flow cytometry data to confirm the
presence of L1CAM on the surface of sEV. We further isolated NEE from plasma-based upon 2
more surface biomarkers (synaptophysin and NCAM) and characterized AB1-42 and NfL levels.
Using both the markers, we observed quite similar trend in terms of the effect of MMKD on the
levels of AB1-42 and NfL as with L1CAM. Further, we also identified the relative percentage of

SEVHCAM and sEVSYP in plasma. Overall, though high concordance was observed in results
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between sEVL-CAM sEVSYP. and sEVNCAM but outcomes were not exactly the same, suggesting a
possible heterogeneity in the neuronal-derived EV populations, which needs to be further studied.

Despite several advancements, there are a few notable drawbacks of the present study.
One of the major limitations is the small sample size and crossover design of the present study.
This could be overcome by adopting a similar approach in other studies with a higher number of
participants. Another inherent limitation of the present study could be that the use of above
mentioned neuronal surface biomarkers does not confirm 100% neuronal or CNS origin, though
clearly showed enrichment for AD biomarkers. This warrants the need for more specific EV
biomarkers for neurons and other cell types in the CNS. Besides, our assays did not provide
information about the localization of cargo molecules whether present in the core, membrane or
sticking on the surface of sEV. Lastly, sample storage and freeze/thaw conditions could potentially
affect the samples and studied measures. However, prior to conducting this study, we have
performed a pilot study to confirm that plasma storage (at -80°C) does not significantly affect the
integrity and cargo of sEV-'°AM compared to fresh samples.

Overall, results from the present study support the usefulness of plasma NEE as a tool in
developing novel preventive and therapeutic interventions for AD and potentially related
neurodegenerative disorders. The present study additionally sheds light on the beneficial effects
of the MMKD on previously reported regulation of AD pathology'” and associated mechanistic

pathways.

ACKNOWLEDGMENTS

We are thankful to Ms. Karlyn Donohoe for coordinating the sample storage, retrieval, and
transport for this study. HZ is a Wallenberg Scholar supported by grants from the Swedish
Research Council (#2018-02532), the European Research Council (#681712), Swedish State
Support for Clinical Research (#ALFGBG-720931), the Alzheimer Drug Discovery Foundation
(ADDF), USA (#201809-2016862), the AD Strategic Fund and the Alzheimer's Association
(#ADSF-21-831376-C, #ADSF-21-831381-C and #ADSF-21-831377-C), the Olav Thon
Foundation, the Erling-Persson Family Foundation, Stiftelsen for Gamla Tjanarinnor,
Hjarnfonden, Sweden (#F02019-0228), the European Union’s Horizon 2020 research and
innovation programme under the Marie Sklodowska-Curie grant agreement No 860197
(MIRIADE), and the UK Dementia Research Institute at UCL. KB is supported by the Swedish
Research Council (#2017-00915), the Alzheimer Drug Discovery Foundation (ADDF), USA
(#RDAPB-201809-2016615), the Swedish Alzheimer Foundation (#AF-742881), Hjarnfonden,
Sweden (#F02017-0243), the Swedish state under the agreement between the Swedish

https://mc.manuscriptcentral.com/braincom

Page 18 of 43

2202 1890100 £ Uo Jasn uopuoT abs)j0) AlsieAlun Aq 0ZEE9/9/29Z0B0)/SWIWOOUIRIG/SE0 L 0 L/I0p/8]01lB-80UBAPR/SWIWOOUIRIG/WOD dNoolwepeoe//:sdijy woly papeojumoq



Page 19 of 43

oNOYTULT D WN =

Manuscripts submitted to Brain Communications

government and the County Councils, the ALF-agreement (#ALFGBG-715986), the European
Union Joint Program for Neurodegenerative Disorders (JPND2019-466-236), the National
Institute of Health (NIH), USA, (grant #1R01AG068398-01), and the Alzheimer’s Association 2021
Zenith Award (ZEN-21-848495). TCR received funding from Wake Forest Alzheimer's Research
Center Project: P30 AG049638. Wake Forest Baptist Comprehensive Cancer Center Cellular
Imaging Shared Resource is supported by National Cancer Institute (P30CA012197, PI: Dr.

William Blackstock). Graphical abstract was created using BioRender (www.biorender.com).

FUNDING
This work was partly supported by National Institute of Health grant RO1AG061805-01 (to GD).

COMPETING INTERESTS

HZ has served at scientific advisory boards and/or as a consultant for Alector, Eisai, Denali, Roche
Diagnostics, Wave, Samumed, Siemens Healthineers, Pinteon Therapeutics, Nervgen,
AZTherapies, CogRx and Red Abbey Labs, has given lectures in symposia sponsored by
Cellectricon, Fujirebio, Alzecure and Biogen, and is a co-founder of Brain Biomarker Solutions in
Gothenburg AB (BBS), which is a part of the GU Ventures Incubator Program. KB has served as
a consultant, at advisory boards, or at data monitoring committees for Abcam, Axon, Biogen,
JOMDD/Shimadzu. Julius Clinical, Lilly, MagQu, Novartis, Prothena, Roche Diagnostics, and
Siemens Healthineers, and is a co-founder of Brain Biomarker Solutions in Gothenburg AB (BBS),
which is a part of the GU Ventures Incubator Program, all unrelated to work presented in this

paper.

https://mc.manuscriptcentral.com/braincom

2202 1890100 £ Uo Jasn uopuoT abs)j0) AlsieAlun Aq 0ZEE9/9/29Z0B0)/SWIWOOUIRIG/SE0 L 0 L/I0p/8]01lB-80UBAPR/SWIWOOUIRIG/WOD dNoolwepeoe//:sdijy woly papeojumoq



oNOYTULT D WN =

Manuscripts submitted to Brain Communications

References

1.

10.

Dunn B, Stein P, Temple R, Cavazzoni P. An Appropriate Use of Accelerated Approval -
Aducanumab for Alzheimer's Disease. N Engl J Med. 2021; 385(9):856-857.

Maalouf M, Rho JM, Mattson MP. The neuroprotective properties of calorie restriction,
the ketogenic diet, and ketone bodies. Brain research reviews. 2009; 59(2): 293-315.

Kraeuter AK, Phillips R, Sarnyai Z. Ketogenic therapy in neurodegenerative and
psychiatric disorders: From mice to men. Prog Neuropsychopharmacol Biol Psychiatry.
2020; 101: 109913.

Ni H, Zhao DJ, Tian T. Ketogenic diet change cPLA2/clusterin and autophagy related
gene expression and correlate with cognitive deficits and hippocampal MFs sprouting
following neonatal seizures. Epilepsy Res. 2016; 120: 13-18.

Youngson NA, Morris MJ, Ballard JWO. The mechanisms mediating the antiepileptic
effects of the ketogenic diet, and potential opportunities for improvement with
metabolism-altering drugs. Seizure. 2017; 52: 15-19.

Balietti M, Casoli T, Di Stefano G, Giorgetti B, Aicardi G, Fattoretti P. Ketogenic diets: an
historical antiepileptic therapy with promising potentialities for the aging brain. Ageing
Res Rev. 2010; 9(3): 273-279.

Hutfles LJ, Wilkins HM, Koppel SJ, Weidling IW, Selfridge JE, Tan E et al. A
bioenergetics systems evaluation of ketogenic diet liver effects. Appl Physiol Nutr Metab.
2017; 42(9): 955-962.

Kaburagi T, Kanaki K, Otsuka Y, Hino R. Low-Carbohydrate Diet Inhibits Different
Advanced Glycation End Products in Kidney Depending on Lipid Composition but
Causes Adverse Morphological Changes in a Non-Obese Model Mice. Nutrients. 2019;
11(11):2801.

Marcantoni A, Cerullo MS, Buxeda P, Tomagra G, Giustetto M, Chiantia G et al. Amyloid
Beta42 oligomers up-regulate the excitatory synapses by potentiating presynaptic
release while impairing postsynaptic NMDA receptors. J Physiol. 2020; 598(11): 2183-
2197.

Armada-Moreira A, Gomes JI, Pina CC, Savchak OK, Goncalves-Ribeiro J, Rei N et al.
Going the Extra (Synaptic) Mile: Excitotoxicity as the Road Toward Neurodegenerative
Diseases. Front Cell Neurosci. 2020; 14: 90.

https://mc.manuscriptcentral.com/braincom

Page 20 of 43

2202 1890100 £ Uo Jasn uopuoT abs)j0) AlsieAlun Aq 0ZEE9/9/29Z0B0)/SWIWOOUIRIG/SE0 L 0 L/I0p/8]01lB-80UBAPR/SWIWOOUIRIG/WOD dNoolwepeoe//:sdijy woly papeojumoq



Page 21 of 43

oNOYTULT D WN =

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Manuscripts submitted to Brain Communications

Kashiwaya Y, Bergman C, Lee JH, Wan R, King MT, Mughal MR et al. A ketone ester
diet exhibits anxiolytic and cognition-sparing properties, and lessens amyloid and tau
pathologies in a mouse model of Alzheimer's disease. Neurobiol Aging. 2013; 34(6):
1530-1539.

Yao J, Chen S, Mao Z, Cadenas E, Brinton RD. 2-Deoxy-D-glucose treatment induces
ketogenesis, sustains mitochondrial function, and reduces pathology in female mouse
model of Alzheimer's disease. PloS one. 2011; 6(7): e21788.

Yin JX, Maalouf M, Han P, Zhao M, Gao M, Dharshaun T et al. Ketones block amyloid
entry and improve cognition in an Alzheimer's model. Neurobiology of aging. 2016; 39:
25-37.

Halestrap AP, Price NT. The proton-linked monocarboxylate transporter (MCT) family:
structure, function and regulation. Biochem J. 1999; 343 Pt 2: 281-299.

Reger MA, Henderson ST, Hale C, Cholerton B, Baker LD, Watson GS et al. Effects of
beta-hydroxybutyrate on cognition in memory-impaired adults. Neurobiology of aging.
2004; 25(3): 311-314.

Krikorian R, Shidler MD, Dangelo K, Couch SC, Benoit SC, Clegg DJ. Dietary ketosis
enhances memory in mild cognitive impairment. Neurobiology of aging. 2012; 33(2): 425
e419-427.

Neth BJ, Mintz A, Whitlow C, Jung Y, Solingapuram Sai K, Register TC et al. Modified
ketogenic diet is associated with improved cerebrospinal fluid biomarker profile, cerebral
perfusion, and cerebral ketone body uptake in older adults at risk for Alzheimer's
disease: a pilot study. Neurobiol Aging. 2020; 86: 54-63.

Pinto A, Bonucci A, Maggi E, Corsi M, Businaro R. Anti-Oxidant and Anti-Inflammatory
Activity of Ketogenic Diet: New Perspectives for Neuroprotection in Alzheimer's Disease.
Antioxidants (Basel). 2018; 7(5).

Koh S, Dupuis N, Auvin S. Ketogenic diet and Neuroinflammation. Epilepsy Res. 2020;
167: 106454.

Kapogiannis D, Boxer A, Schwartz JB, Abner EL, Biragyn A, Masharani U et al.
Dysfunctionally phosphorylated type 1 insulin receptor substrate in neural-derived blood
exosomes of preclinical Alzheimer's disease. FASEB J. 2015; 29(2): 589-596.

Winston CN, Goetzl EJ, Akers JC, Carter BS, Rockenstein EM, Galasko D et al.
Prediction of conversion from mild cognitive impairment to dementia with neuronally
derived blood exosome protein profile. Alzheimers Dement (Amst). 2016; 3: 63-72.

https://mc.manuscriptcentral.com/braincom

2202 1890100 £ Uo Jasn uopuoT abs)j0) AlsieAlun Aq 0ZEE9/9/29Z0B0)/SWIWOOUIRIG/SE0 L 0 L/I0p/8]01lB-80UBAPR/SWIWOOUIRIG/WOD dNoolwepeoe//:sdijy woly papeojumoq



oNOYTULT D WN =

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Manuscripts submitted to Brain Communications

Goetzl EJ, Kapogiannis D, Schwartz JB, Lobach IV, Goetzl L, Abner EL et al. Decreased
synaptic proteins in neuronal exosomes of frontotemporal dementia and Alzheimer's
disease. FASEB J. 2016; 30(12):4141-4148.

Goetzl EJ, Mustapic M, Kapogiannis D, Eitan E, Lobach IV, Goetzl L et al. Cargo
proteins of plasma astrocyte-derived exosomes in Alzheimer's disease. FASEB J. 2016;
30(11): 3853-3859.

Nogueras-Ortiz CJ, Mahairaki V, Delgado-Peraza F, Das D, Avgerinos K, Eren E et al.
Astrocyte- and Neuron-Derived Extracellular Vesicles from Alzheimer's Disease Patients
Effect Complement-Mediated Neurotoxicity. Cells. 2020; 9(7):2618.

Mustapic M, Tran J, Craft S, Kapogiannis D. Extracellular Vesicle Biomarkers Track
Cognitive Changes Following Intranasal Insulin in Alzheimer's Disease. J Alzheimers
Dis. 2019; 69(2): 489-498.

Goetzl EJ, Abner EL, Jicha GA, Kapogiannis D, Schwariz JB. Declining levels of
functionally specialized synaptic proteins in plasma neuronal exosomes with progression
of Alzheimer's disease. FASEB J. 2018; 32(2): 888-893.

Goetzl EJ, Boxer A, Schwartz JB, Abner EL, Petersen RC, Miller BL et al. Altered
lysosomal proteins in neural-derived plasma exosomes in preclinical Alzheimer disease.
Neurology. 2015; 85(1): 40-47.

Fiandaca MS, Kapogiannis D, Mapstone M, Boxer A, Eitan E, Schwartz JB et al.
Identification of preclinical Alzheimer's disease by a profile of pathogenic proteins in
neurally derived blood exosomes: A case-control study. Alzheimers Dement. 2015;
11(6): 600-607 e601.

Goetzl EJ. Advancing medicine for Alzheimer's disease: A plasma neural exosome
platform. FASEB J. 2020; 34(10):13079-13084..

Goetzl EJ, Boxer A, Schwartz JB, Abner EL, Petersen RC, Miller BL et al. Low neural
exosomal levels of cellular survival factors in Alzheimer's disease. Ann Clin Transl/
Neurol. 2015; 2(7): 769-773.

Saeedi S, Nagy C, Ibrahim P, Theroux JF, Wakid M, Fiori LM et al. Neuron-derived
extracellular vesicles enriched from plasma show altered size and miRNA cargo as a
function of antidepressant drug response. Mol Psychiatry. 2021; 26(12):7417-7424.

https://mc.manuscriptcentral.com/braincom

Page 22 of 43

2202 1890100 £ Uo Jasn uopuoT abs)j0) AlsieAlun Aq 0ZEE9/9/29Z0B0)/SWIWOOUIRIG/SE0 L 0 L/I0p/8]01lB-80UBAPR/SWIWOOUIRIG/WOD dNoolwepeoe//:sdijy woly papeojumoq



Page 23 of 43

oNOYTULT D WN =

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Manuscripts submitted to Brain Communications

Norman M, Ter-Ovanesyan D, Trieu W, Lazarovits R, Kowal EJK, Lee JH et al. L1ICAM
is not associated with extracellular vesicles in human cerebrospinal fluid or plasma. Nat
Methods. 2021; 18(6): 631-634.

Kumar A, Kim S, Su Y, Sharma M, Kumar P, Singh S et al. Brain cell-derived exosomes
in plasma serve as neurodegeneration biomarkers in male cynomolgus monkeys self-
administrating oxycodone. EBioMedicine. 2021; 63: 103192.

Patterson SA, Deep G, Brinkley TE. Detection of the receptor for advanced glycation
endproducts in neuronally-derived exosomes in plasma. Biochem Biophys Res
Commun. 2018; 500(4): 892-896.

DelLong ER, DeLong DM, Clarke-Pearson DL. Comparing the areas under two or more
correlated receiver operating characteristic curves: a nonparametric approach.
Biometrics. 1988; 44(3): 837-845.

Liu W, Lin H, He X, Chen L, Dai Y, Jia W et al. Neurogranin as a cognitive biomarker in
cerebrospinal fluid and blood exosomes for Alzheimer's disease and mild cognitive
impairment. Transl Psychiatry. 2020; 10(1): 125.

Jia L, Zhu M, Kong C, Pang Y, Zhang H, Qiu Q et al. Blood neuro-exosomal synaptic
proteins predict Alzheimer's disease at the asymptomatic stage. Alzheimers Dement.
2021; 17(1): 49-60.

Jackson VN, Price NT, Carpenter L, Halestrap AP. Cloning of the monocarboxylate
transporter isoform MCT2 from rat testis provides evidence that expression in tissues is
species-specific and may involve post-transcriptional regulation. Biochem J. 1997,
324(2): 447-453.

Broer S, Rahman B, Pellegri G, Pellerin L, Martin JL, Verleysdonk S et al. Comparison of

lactate transport in astroglial cells and monocarboxylate transporter 1 (MCT 1)
expressing Xenopus laevis oocytes. Expression of two different monocarboxylate
transporters in astroglial cells and neurons. J Biol Chem. 1997; 272(48): 30096-30102.

WHO. World Health Organization. dementia Available online: https.//wwwwhoint/news-
room/fact-sheets/detail/dementia updated on 21 september 2020.

Association. As. What Is Alzheimer’s? Available online: https://www.alz.org/alzheimers-
dementia/what-is-alzheimers (accessed on 8 February 2021).

Lim CZJ, Zhang Y, Chen Y, Zhao H, Stephenson MC, Ho NRY et al. Subtyping of
circulating exosome-bound amyloid beta reflects brain plaque deposition. Nat Commun.
2019; 10(1): 1144.

https://mc.manuscriptcentral.com/braincom

2202 1890100 £ Uo Jasn uopuoT abs)j0) AlsieAlun Aq 0ZEE9/9/29Z0B0)/SWIWOOUIRIG/SE0 L 0 L/I0p/8]01lB-80UBAPR/SWIWOOUIRIG/WOD dNoolwepeoe//:sdijy woly papeojumoq


https://wwwwhoint/news-room/fact-sheets/detail/dementia
https://wwwwhoint/news-room/fact-sheets/detail/dementia
https://www.alz.org/alzheimers-dementia/what-is-alzheimers
https://www.alz.org/alzheimers-dementia/what-is-alzheimers

oNOYTULT D WN =

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Manuscripts submitted to Brain Communications

Tapiola T, Alafuzoff |, Herukka SK, Parkkinen L, Hartikainen P, Soininen H et al.
Cerebrospinal fluid {beta}-amyloid 42 and tau proteins as biomarkers of Alzheimer-type
pathologic changes in the brain. Arch Neurol. 2009; 66(3): 382-389.

Ritchie C, Smailagic N, Noel-Storr AH, Takwoingi Y, Flicker L, Mason SE et al. Plasma
and cerebrospinal fluid amyloid beta for the diagnosis of Alzheimer's disease dementia
and other dementias in people with mild cognitive impairment (MCI). Cochrane
Database Syst Rev. 2014; (6): CD008782.

Ritchie C, Smailagic N, Noel-Storr AH, Ukoumunne O, Ladds EC, Martin S. CSF tau and

the CSF tau/ABeta ratio for the diagnosis of Alzheimer's disease dementia and other
dementias in people with mild cognitive impairment (MCI). Cochrane Database Syst
Rev. 2017; 3: CD010803.

O'Brien RJ, Wong PC. Amyloid precursor protein processing and Alzheimer's disease.
Annu Rev Neurosci. 2011; 34: 185-204.

Bukke VN, Archana M, Villani R, Romano AD, Wawrzyniak A, Balawender K et al. The
Dual Role of Glutamatergic Neurotransmission in Alzheimer's Disease: From
Pathophysiology to Pharmacotherapy. Int J Mol Sci. 2020; 21(20).

Sanchez-Melgar A, Albasanz JL, Grinan-Ferre C, Pallas M, Martin M. Adenosine and
Metabotropic Glutamate Receptors Are Present in Blood Serum and Exosomes from
SAMP8 Mice: Modulation by Aging and Resveratrol. Cells. 2020; 9(7).

Bordji K, Becerril-Ortega J, Nicole O, Buisson A. Activation of extrasynaptic, but not
synaptic, NMDA receptors modifies amyloid precursor protein expression pattern and
increases amyloid-ss production. J Neurosci. 2010; 30(47): 15927-15942.

Chambers A, Bury JJ, Minett T, Richardson CD, Brayne C, Ince PG et al. Advanced
Glycation End Product Formation in Human Cerebral Cortex Increases With Alzheimer-

Type Neuropathologic Changes but Is Not Independently Associated With Dementia in a

Population-Derived Aging Brain Cohort. J Neuropathol Exp Neurol. 2020; 79(9): 950-
958.

Grillo MA, Colombatto S. Advanced glycation end-products (AGEs): involvement in
aging and in neurodegenerative diseases. Amino Acids. 2008; 35(1): 29-36.

Moldogazieva NT, Mokhosoev IM, Mel'nikova Tl, Porozov YB, Terentiev AA. Oxidative
Stress and Advanced Lipoxidation and Glycation End Products (ALEs and AGEs) in
Aging and Age-Related Diseases. Oxid Med Cell Longev. 2019; 2019: 3085756.

https://mc.manuscriptcentral.com/braincom

Page 24 of 43

2202 1890100 £ Uo Jasn uopuoT abs)j0) AlsieAlun Aq 0ZEE9/9/29Z0B0)/SWIWOOUIRIG/SE0 L 0 L/I0p/8]01lB-80UBAPR/SWIWOOUIRIG/WOD dNoolwepeoe//:sdijy woly papeojumoq



Page 25 of 43

oNOYTULT D WN =

53.

54.

55.

56.

57.

Manuscripts submitted to Brain Communications

Cai Z, Liu N, Wang C, Qin B, Zhou Y, Xiao M et al. Role of RAGE in Alzheimer's
Disease. Cellular and molecular neurobiology. 2016; 36(4): 483-495.

Vitek MP, Bhattacharya K, Glendening JM, Stopa E, Vlassara H, Bucala R et al.
Advanced glycation end products contribute to amyloidosis in Alzheimer disease.
Proceedings of the National Academy of Sciences of the United States of America.
1994; 91(11): 4766-4770.

Ko SY, Ko HA, Chu KH, Shieh TM, Chi TC, Chen HI et al. The Possible Mechanism of
Advanced Glycation End Products (AGEs) for Alzheimer's Disease. PloS one. 2015;
10(11): e0143345.

Li XH, Xie JZ, Jiang X, Lv BL, Cheng XS, Du LL et al. Methylglyoxal induces tau

hyperphosphorylation via promoting AGEs formation. Neuromolecular Med. 2012; 14(4):

338-348.

Byun K, Bayarsaikhan E, Kim D, Kim CY, Mook-Jung |, Paek SH et al. Induction of
neuronal death by microglial AGE-albumin: implications for Alzheimer's disease. PloS
one. 2012; 7(5): e37917.

https://mc.manuscriptcentral.com/braincom

2202 1890100 £ Uo Jasn uopuoT abs)j0) AlsieAlun Aq 0ZEE9/9/29Z0B0)/SWIWOOUIRIG/SE0 L 0 L/I0p/8]01lB-80UBAPR/SWIWOOUIRIG/WOD dNoolwepeoe//:sdijy woly papeojumoq



oNOYTULT D WN =

Manuscripts submitted to Brain Communications

Figure legend
Figure 1. Characterization of TE. TE were isolated from the plasma of CN and MCI participants

in both pre and post MMKD and AHAD conditions. Six random TE samples/group were analyzed
for their size distribution and concentration by NTA. (A) A representative line graph is presented
for each group depicting concentration and size distribution for each of the six samples by a
unique color, and the average size of TE is mentioned on the top of the graph. (B-C) The bar
diagrams present the size and concentration (particles/ml) of TE as mean+SEM of n=6 samples.
Protein concentration in TE for CN (n=11) and MCI (n=9) participants, both pre and post MMKD
and AHAD is presented as mean+SEM. Protein concentration per TE is presented in lower right
panels (n=6 each). Paired t-test was applied for comparing size, concentration and protein
concentration per TE in pre and post measures and the mixed effects model with random intercept

was applied for comparing TE protein concentration in pre and post measures.

Figure 2. Characterization of TE for EV and neuronal markers. (A) TE were characterized by
Exo-Check array (n=3) for EV biomarkers. A representative blot is shown. (B) TE were analyzed
for surface L1CAM expression by flow cytometry. TE with only CellBrite 488 membrane dye
(FITC) but without any other fluorescent antibody (unlabeled) were used as control (left panel).
Twelve TE samples from CN and MCI groups were randomly selected and labeled with PE-
tagged L1CAM antibody. TE were diluted with 1:100 folds in 0.22 un filtered PBS and acquired
on Cytoflex for 60 sec. TE in the gated regions represents L1CAM+ vesicles. Representative flow

panels are shown for CN (middle panel) and MCI (right panel).

Figure 3. Characterization of sEVL1CAM, (A) sEVL'CAM were characterized by Exo-Check (Neuro)
array, and a representative blot is shown. (B) Confocal microscopy images of sEV-'CAM attached
on agarose resin and labeled with membrane labeling dye CellBrite (green) and L1CAM (pseudo-
red) fluorescent antibody (upper panel). Agarose resin tagged with IgG-biotin antibody, incubated
with TE, and imaged with L1CAM-PE antibody and membrane labeling dye (lower panel) seved

as control. Scale bar is 60 pm. (C) sEV-'®AMattached to agarose resin were labeled with L1CAM-

PE and CD63-AF647 fluorescent antibodies (upper panel). Agarose resin attached with IgG-biotin
antibody were labeled using similar conditions as above (lower panel). Scale bar is 60 um. (D)
SEVLICAM gand sEVNCAM were isolated using agarose beads tagged with L1CAM-biotin (n=6) or
NCAM-biotin (n=6) antibodies, respectively. Intact sEV-'°AM or sEVVNCAM (n=6 each) (without lysis)
were immobilized on CD63 antibody-coated ELISA plate in two sets. Next, one set was labeled

with L1CAM-biotin antibody, other was with CD63-biotin and probed with streptavidin solution.
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The captured fluorescence from L1CAM-biotin wells was normalized with fluorescence from
CD63-biotin wells and plotted as mean+SEM. (E) Surface expression of biomarkers on sgV-'cAM
was assessed using a specific primary antibody (L1CAM) and gold-labeled secondary antibodies
on CN (n=4) and MCI group (n=4). Co-expression of L1CAM and CD63 on sEV-'CAM was
confirmed using different-sized gold particle (10 nm or 20 nm) labeled antibodies. Red and yellow
arrows represent CD63 and L1CAM, respectively. Representative TEM images are shown at

98,000x, and a scale bar is presented below each image.

Figure 4. Validation of purity of SEVL'CAM by flow cytometry. sEV-'°AM from CN (n=5) and
MCI (n=5) were characterized by flow cytometry. Right shift in the fluorescence in the gated region
represents the L1CAM, ENO2 (PE), and synaptophysin (AF647) positive SEV-1CAM,

Figure 5. The effect of MMKD and AHAD on the size, concentration and protein
concentration of sEVL1CAM (A) sEVLCAM jsolated from the TE of CN and MCI participants, both
pre and post MMKD and AHAD (n=3 each), were analyzed for their size distribution and
concentration by NTA. A representative line graph is shown for each group depicting
concentration and size distribution for each of the 3 samples by a unique color, and the average
size of SEVL'CAM js mentioned on the top of the graph. The bar diagrams (B-C) present the size
and concentration of SEV-CAM as mean+SEM of n=3 samples. Protein concentration in sEV-'CAM
for CN (n=11) and MCI (n=9) participants, (B) both pre and post MMKD and (C) AHAD is
presented as meantSEM. Protein concentration per sEV-1CAM js presented in the right panels
(n=3 each). Paired t-test was applied to compare sSEV-'CAM size, concentration and protein
concentration per sEV-'CAM in pre and post measures. The mixed effects model with random

intercept was applied for comparing sEV-'°AM protein concentration in pre and post measures.

Figure 6. The effect of MMKD and AHAD on AB1-42 and p181-tau. sEV-'®M from CN (n=11)
and MCI (n=9) participants both pre and post MMKD and AHAD were analyzed for various ADRD
biomarkers by ELISA for (A) AB1-42, (B) p181-tau and (C) AB1-42/ p181-tau. Each biomarker
concentration (pg/ml) was presented as per mg sEVY'°AM protein concentration (meantSEM). The

mixed effects model with random intercept was applied for comparing pre and post measures.
Figure 7. The effect of MMKD and AHAD on tau and NfL. sEVY'AM from CN (n=11) and MCI

(n=9) participants both pre and post MMKD and AHAD were further analyzed for (A) t-tau, (B)

p181-tau/t-tau, and (C) NfL. Each biomarker concentration (pg/ml) was presented as per mg
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SEVLCAM protein concentration (mean+SEM). The mixed effects model with random intercept was

applied for comparing pre and post measures.

Figure 8. The effect of MMKD and AHAD on glutamate. sEV-'"°AM from CN (n=11) and MCI
(n=9) participants both pre and post MMKD and AHAD, were analyzed for glutamate and
glutamate receptors. (A) sEV-'°AM were lysed and analyzed for glutamate levels. Total glutamate
concentration was normalized with sEVY'CAM protein concentration and represented as uM
glutamate per mg of sEV-'CAM (mean+SEM). The mixed effects model with random intercept was
applied for comparing pre and post measures. (B) Glutamate concentration in CSF samples
presented as uM/ml of CSF (meantSEM). Repeated measure analysis of variance was used to
calculate the statistical difference in CN and MCI groups. For CN, F=0.10, df= (2,30), p=0.91 and
for MCI, F=0.86, df= (2,22), p=0.44). (C) Correlation of sEV-'°AM glutamate with CSF neurogranin.

Figure 9. The effect of MMKD and AHAD on glutamate receptors. sEV-'¢AM from CN (n=11)
and MCI (n=9) participants both pre and post MMKD and AHAD, were analyzed for various
glutamate receptors. (A-D) sEVM'CAM were lysed with RIPA buffer and analyzed for the
concentration of glutamate receptors (GRIN1, GRIN2A, GRIN2B, and GRIA1) by ELISA and
presented as pg/ml per mg of sEV-CAM (mean+SEM). The mixed effects model with random
intercept was applied for comparing pre and post measures. (E) Pearson correlation coefficients
between changes in sEV-'CAM (MMKD) from CN and MCI with corresponding changes in CSF

measures are presented.

Figure 10. The effect of MMKD on inflammatory response and predictability of MCT2
expression on sEVL1CAM for MMKD effect. sEV-'°AM from CN (n=11) and MCI (n=9) participants
both pre and post MMKD and AHAD diet were analyzed for the following: (A) The concentration
of AGEs was analyzed by ELISA assay and the final concentration was calculated from the
standards and normalized with sEV-'CAM protein concentration. The final concentration of AGEs
was represented as ng/ml per mg sEVLCAM (mean+SEM). The mixed effects model with random
intercept was applied for comparing pre and post measures. (B) NF-kB activation assay in THP-
1 lucia monocyte cells was performed as described in the methods. sEV-CAM from both CN and
MCI participants in both pre- and post-MMKD and -AHAD conditions were pooled randomly to
make 5 replicates/group. THP-1 lucia cells were incubated with sEV-'°AM and analyzed for NF-kB
activation. Graphs were plotted from 5 independent replicates (meantSEM). Paired t-test was

applied to compare pre and post measures. (C) The expression of MCT2 was analyzed on
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SEVYCAM surface by flow cytometry. sEV-'CAM were isolated using biotin-labeled L1CAM antibody
tagged on streptavidin-coated magnetic beads and further labeled with MCT2 AF647 antibody.
Magnetic beads were analyzed by flow by acquiring 10,000 events per sample. Mean fluorescent
intensities (MFI) were analyzed by FCS Express software. (D) Area under the curve of MCT2
sEVL1CAM and responders/ non-responders for AB1-42 reduction was plotted. 2-sample t-test was

applied to compare responders vs. non-responders.

Figure 11. Characterization of NEE isolated using different surface biomarkers. NEE
(sEVSYP and sEVNCAM) were isolated from TE from both CN (n=5) and MCI (n=5) participants in
pre and post MMKD conditions using biotin-labeled synaptophysin or NCAM antibodies. (A) A
representative line graph is presented for each group (Top panel: sEVSYP; bottom panel: sEVNCAM)
depicting concentration and size distribution for each of the 3 samples by a unique color and the
average size of NEE is mentioned on the top of the graph. (B) sEVSYP and sEVNCAM were analyzed

for L1CAM, ENO2, and synaptophysin by flow cytometry.

Figure 12. Validation of results in plasma NEE. (A) sEVSY? and sEVNCAM were analyzed for
AB1-42 and NfL in both pre and post MMKD by ELISA. Final concentrations are presented as pg/
ml per mg of sEVSYP or sEVNCAM, Paired t-test was applied to compare pre and post measures.
(B) The matrix of correlation plots with smoothed regression lines for NfL and AB1-42. Pearson
correlations with the corresponding significance levels are presented (*p<0.05, **p<0.01,
***p<0.001).
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