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COMPOSITIONS AND METHODS FOR CHARACTERIZING AND TREATING
ALZHEIMER’S DISEASE

This application claims prionty to United States provisional patent application serial
number 62/823,980, filed March 26, 2019, which is incorporated herein by reference in its

entirety.

STATEMENT REGARDING FEDERALLY SPONSORED RESEARCHOR
BEVELOPMENT
This invention was made with Government support under contract A1057229 and

contract AG045034 awarded by the National Institutes of Health. The Government has certain

rights in the invention.

FIELD OF THE DISCLOSURE
Provided herein are compaositions and methods for characterizing and treating
neurodegenerative discase. In particular, provided herein arc compositions and mcthods for

measuring T cell markers associated with Alzheimer’s disease.

BACKGROUND OF THE DISCLOSURE

Alzheimer's discase (AD) is a chronic neurodegenerative discase that usually starts
slowly and worsens over time. It is the cause of 60-70% of cases of dementia. The most
common early svmptom is difficulty in remembering recent events {short-term memory loss). As
the discase advances, symptoms can include probleras with language. disorientation (including
casily getting lost), mood swings, loss of motivation, not managing setf-care, and behavioral
issues. As a person's condition declings, they often withdraw from family and society.
Gradually, bodily functions are lost, ulimately leading to death. Although the spead of
progression can vary, the typical life expectancy following diagnosis is three to mine vears.

The cause of Alzheimer's disease 1s poorly understood. About 70% of the nisk 15 believed
to be genctic with many genes usually involved. Other risk factors inchude a history of head
mjuries, depression, or hypertension. The disease process is associated with plagues and tangles
i the brain. A probable diagnosis is based on the history of the illness and cognitive testing with
medical imaging and blood tests to rule out other possible causes. Initial svmptoms are often

mistaken for normal ageing. Examination of brain tissue 18 needed for a definite diagnosis.
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No treatments stop or reverse its progression, though some may temporarily improve
symptoms. Affected people increasingly rely on others for assistance, often placing a burden on
the carcgiver; the pressures can include social, psychological, physical, and economic elements.
Excrcise programs may be beneficial with respect to activities of daily hiving and can potentially
mmprove outcomes. Behavioral problems or psychosis due to dementia are often treated with
antipsychotics, but this is not usually recommended, as there is hittle benefit with an increased
risk of early death.

In 2015, there were approximately 29.8 million people worldwide with AD. It most often
begins i people over 65 years of age, although 4% to 5% of cases are garly-onset Alzheimer's
which begin before this. It affects about 6% of people 63 vears and older. In 2015, dementia
resulted n about 1.9 million deaths. In developed countries, AD 1s one of the most financially
costly diseases.

Additional methods for diagnosing and treating AD are needed.

SUMMARY OF THE DISCLOSURE

Provided herein are compositions and methods for characterizing and treating
neurodegenerative disease. In particular, provided herein are compositions and methods for
measunng T cell markers associated with Alzhetmer’s disease.

Alzheimer’s discase (AD} is an incurable neurodegenerative disorder in which
neuroinflammation is increasingly recognized to play a critical function. While innate
mflammation has been implicated 10 AD, little 1s known about the contribution of the adaptive
mmune response. Described herein are experiments testing peripheral blood {e.g., mononuciear
cells) combined with unbiased discovery and machine learning techniques that identified an
immunologic signature of AD characterized. for example, by increased numbers of CD&™ T
cffector memory CD45RA™ (Taura) cells. Levels of the bram homing chemokine C-X-C motif
tigand 9 (CXCLY) were significantly higher in AD patient plasma and peripheral CD8" T cell
numbers were strongly associated with cognition. It was further determined that CD8™ Tevra
cells were also present in patient cercbrospinal fluid (CSF) and T cell receptor (TCR)
sequencing indicated their clonal expansion, supporting antigen specificity of these adaptive
mnmune cells. These results reveal a blood-CSF adaptive immune response in AD and
demonstrate ¢lonal, antigen-experienced T cells patrolling the intrathecal space of brains
affected by age-related neurodegeneration. These results provide assays for characterizing
subject with symptoms of neurodegenerative disease to distinguish between AD, other

neurodegenerative discases, and other pathologies.
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Accordingly, in some embodiments, provided herein 15 a method, comprising: analyzing
the presence or amount of CD8+ T Cells 1n a sample from a subject with a neurodegencrative
disorder.

Further embodiments provide a method of characterizing or diagnosing a
neurodegenerative disorder, comprising: a) analyzing the presence or amount of CD8+ T Cells
i a sample from a subject; and b} identifving the subject as have AD when an increased level
of said CDE+ T Cells is present in the sample.

In some embodiments, the method further comprises treating the subject ifa
neurodegencrative disease is identified. Treatments include, but are not limited to,
administration of medication (¢.g., cholinesterase inhibitors {e.g., aricept, exalon, razadvne) or
memaniine (¢.g., namenda}); behavior montioring or modification; treatments for sleep changes:
dictary changes; and the like.

In some embodiments, the CD&+ T Cells are CDE+CB43RA+ (TEMRA) celis. In some
embodiments, the CD8+ T cell are clonal T cells. In some embodiments, the method further
comprises detecting the level of CXCLY (MIG) in the sample {¢.g., blood or blood product
sample).

The present disclosure is not imited to particular sample types. In some exemplary
embodiments, the sample is blood, plasma or cerebrospinal fluid {CSF). In some embodiments,
CDBE+ T Cells are detected i CSF and MIG 15 detected in a blood or plasma sample.

In some embodiments, the subject is a human. In some embodiments, the
neurodegencrative disorder 1s Alzheimer’s disease (AD3) or Parkinson’s disease. In some
embodiments, an increased level of CD8+ T Cells in the sample 18 indicative of the presence of
AD in the subject.

The present disclosure in not limited to particular detection methods. In some
embodiments, the detecting comprises T cell receptor (TCR) sequencing. In some embodiments,
the level of CD8+ T Cells is measured as a percent of all peripheral blood mononuclear cells
{(PBMCs). In some cmbodiments, the analyzing comprises one or more of mass cvtometry,
spanning-trec progression analysis of density-normalized events (SPADE) and/or cluster
wdentification, characterization, and regression (CITRUS) analvsis.

Additional embodiments provide a kit, comprising: a) a first reagent for detection of the
presence or amount of CD8-+ T Cells in a sample from a subject; and/or b) a second reagent for
detection of the presence or amowyt of MIG in a sample from a subject. The kit may nclude

appropriate positive and negative control samples and assay-specific reagents (e.g., buffers).
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Certain embodiments provide a kit as described herein for use in characterizing or
diagnosing a neurodegencrative disorder,
Yet other embodiments provide the use of a kit as described herein for charactenzing or

diagnosing a neurodegenerative disorder.

(]

Further embodiments provide a method of treating AD, comprising: a) isolating T Cells
from a subject diagnosed with AD; b) engineering the T Cells ex vivo to express a T Cell
receptor (TCR) gene from the subject; and ¢} re-itroducing the engineered T Cells into
the subject. In some embodiments, the engincered T Cells initiate an immune response against a
target {e.g., antigen, protein, or TCR) associated with AD i the brain of said subject. In some
10 embodiments, T Cells {e.g., CD8+ T Celis) are targeted to inhibit their function.

Some embodiments provide an autologous T Cell engineered to express a TCR gene
from a subject for use in treating AD in the subject.

Additional embodiments are described herein.

15 BESCRIPTION OF THE FIGURES
FIG. 1 shows that mass cytometry of PBMCs reveals an adaptive immune signature of
AD.
a} Representative SPADE trees from healthy and MCI/AD patient PBMCs show increased
abundance of a CD8” cluster. b) Plotting of clusters by p-value and log2 fold change reveals
20 cluster 63 as the only significantly increased cluster amongst MCI/AD patients. ¢}
Quantification of individual subjects’ cluster 63 show significantly higher percentages of total
PBMCs in MCVAD patients. d) Marker expression analvsis of cluster 63 shows this cluster
corresponds to a CD3"CD8"CD45RACD27 Tevmra population. ¢y CITRUS clustering (left)
showing significant differentiating populations. Cluster 229992 and its significant daughter
25  populations arc outlined. g} Marker expression of cluster 229992 shows it to be
CD3"CDE CD45RATCD27 Teura population. hy CTTRUS regularized supervised leaming
algorithm predicts disease group with a 20% crror rate (80% positive predictability).
FIG. 2 shows increased stimulatorv response i MCI/AD CD8™ T cells. a) MCI/AD
effector and b memory CD8™ T cells show increased phosphorviation of CREB that is not
30 present in ¢) naive CD8™ T cells. This same enhancement of MCUYAD CD8" T cells was
observed via increased phosphoryiation of ERK in stimulated d) effector and e) memory cells
but not ) naive cells. MFI = mean fluorescence intensity.
FIG. 3 shows association between peripheral CD8™ T cells, inflammation and clinical

measures in MCI/AD patients. a) Plasma proteomics reveals sigmficantly higher levels of the
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brain homing chemokine CXCL9 in MCI/AD patient plasma. b) Representative MR images of
an AD brain showing cortical surface rendering, subcortical segmentation and hippocampal
segmentation methods used to measure brain volumetry. ¢) Deocreased volumes of hippocampus,
subiculum, amvgdala and posterior cingulate cortex in MCI/AD patient brains normalized to
mtracranial volume. d) Hippocampal segmentation shows reduced vohumes of CAl and the
molecular layer of the hippocampus. ¢} CVC plots of healthy and MCI/AD variable sets. )
Plotting cognitive score #s values as a normal distnbution reveals associations between
peripheral CD8™ T cells and cognition.

FIG. 4 shows increased TCR clonality in AD CSF CD&" T cells. a) CD3"CD8™ T cells
were analyzed in the cingulate cortex, entorhinal cortex and hippocampus. b} The aged human
CSF mmune compartment was assessed for prevalence of B cells, innate immune cells and T
cells, which showed that the CSF immune compartment is dominated by T cells. ¢} Among
CD37CDR™ T cells, Teym and Tempa are the dominant populations. d) TCR sequencing analysis of
CDR T cells shows mcreased clonality of ADD and PD TCRs compared to age-matched healthy
control TCRs. ¢) Quantification of the clonal proportion of CD8™ TCRs reveals greater clonality
and £} less diversity in patient TCRs. g} Marker expression analysis of healthy and AD TCRs
shows the dominant clone in AD corresponds to a CD3TCDECD4SRA™CD27 Tevra cell and
expresses the CXCLY/brain homing receptor CXCR3. b} Quantification of shared clonotypes
within groups shows greater shared clonality amongst diseased patient vs. healthy control TCRs.

FIG. 5 shows study design. a) Patient groups were age-matched and 1ncladed 57 healthy
subjects and 23 MCI/AD patients. b) Quantification of CSF AP as ratios to phosphorylated or ¢}
total tau reveals significantly reduced ratios in MCVAD patients. d) Markers used m this study
mcluded 21 cell surface antibodies and DNA interchelators. ) Study design included isolation
of PBMCs followed by mass cyvtomery.

FIG. 6 shows blinded quantification of classical immune variables shows strong
correlations with SPADE data. a) Blinded quantification of classical immune vanables shows
significantly reduced CD47:CD8” T cell ratios, b) increased percentages of CD8™ T cells, ¢)
increased prevalence of effector CD8™ T cells and d) reduced prevalence of memory CD8™ T
cells. ¢) Heatmap showing Spearman correlations between classical immune vanables and
SPADE clusters reveals strong correlations between CD8™ T cell variables and SPADE cluster
63. The table lists the strongest correlates with cluster 63,

FIG. 7 shows reduced senescence of MCI/AD CD8™ Trwra cells. a) SPADE trees were
constructed from 10,000 CB8™ T cells, which showed a reduced population (cluster 6) in

MCEAD patients versus age-matched (old) controls. by Marker expression analysis of cluster 6
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reveals this cluster to correspond to a senescent CD8” Tevra cell. ¢} Significantly lower
percentages of cluster 6 in MCI/AD CD8™ T cells vs. age-matched, healthy {old) subjects” CD8"
T celis {as a percentage of PBMUUs).

DEFINITIONS

To facilitate an understanding of the present disclosuare, a number of terms and phrases
are defined below:

As used herem, the terms “detect”, “detecting” or “detection” may describe either the
general act of discovering or discerning or the specific observation of a composition. Detecting a
corposition may comprise determining the presence or absence of a composition. Detecting
may comprise quantifying a composition. For example, detecting comprises determining the
level of a T Cell and/or protein marker. For example, the composition may comprise an antibody
that specifically binds to a marker on the T Cell or a protein marker. Altematively, or
additionally, the composition may be a detectably labeled composition {¢.g., comprising a label
molecule that s distinct from the antibody or other detection composition).

Ag used herein, the term “sabject” refers to any organisms that are screened using the
screening and diagnostic methods described herein. Such organisms preferably include, but are
not limited to, mammals (¢.g., murings, simians, cquines, bovines, porcings, canings, felines, and
the hike}, and most preferably inclades humans. Aliernatively, the organism is an avian,
amphibian, reptile or fish.

The term “diagnosed,” as used herein, refers to the recognition of a discase by its signs
and symptoms, or genetic analysis, pathological analysis, histological analysis, and the hike.

Ag used herein, the term "purified” or "to punfy” refers to the removal of components
{e.g., contaminants) from a sample. For example, antibodies are purified by removal of
contaminating non-immunoglobulin proteins; they are also purified by the removal of
mmmunoglobulin that does not bind to the target molecule. The removal of non-immunoglobulin
proteins and/or the removal of immunoglobulins that do not bind to the target molecule results in
an increase in the percent of target-reactive immunoglobuling 1o the samaple. o another
example, recombinant polypeptides are expressed in bacterial host cells and the polypeptides are
purified by the removal of host ccll proteins; the percent of recombinant polypeptides is thercby
moreased in the sample.

The term "label” as used herein refers to any atom or molecule that can be used to
provide a detectable (preferably quantifiable) effect, and that can be attached to a nucleic acid or

profein {e.g., antibody). Labels inclade but are not limited to dyes; radiolabels such as P;
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binding moieties such as biotin; haptens such as digoxgenin; luminogenic, phosphorescent or
fluorogenic moieties; and fluorescent dyves alone or in combination with moieties that can
suppress or shift emission spectra by fluorescence resonance energy transfer (FRET). Labels
may provide signals detectable by fluorescence, radioactivity, colorimetry, gravimetry, X-ray
diffraction or absorption, magnetism, enzymatic activity, and the like. A label may be a charged
moiety {positive of negative charge) or alternatively, may be charge neutral. Labels can oclade
o1 consist of nucleic acid or protein sequence, so long as the sequence comprising the label is
detectable. In some embodiments, nucleic acids or proteins are detected directly without a label
{¢.g., directly reading a sequence or based on mass or charge).

As used herein, the term "sample” is used 1n its broadest sense. In one sense, it 15 meant
to include a specimen or culture obtained from any source, as well as biological and
environmental samples. Biological samples may be obtained from animals (including limans)
and encompass fluids, solids, tissues, and gases. Biological samaples include blood products,
such as plasma, serum and the like. Such examples are not bowever to be construed as limiting

the sample types applicable to the present disclosure.

DETAILED DESCRIPTION OF THE DISCLOSURE

Provided herein are compositions and methods for characterizing neurodegenerative
disease and for conducting laboratory tests to analyze samples from subjects (e.g. subjects
suspected of having a neurcdegenerative disease). In particular, provided herein are
compositions and methods for measuring T cell markers associated with Alzheimer’s disease.
Further embodiments provide compositions and methods for identifving drug targets and drugs

for use in treating neurodegenerative disease {e.g.

=

targeted immunotherapy).

L Detection of Markers

As described herein, embodiments of the present disclosure provide compositions and
methods for detecting marker of neurodegenerative disease {e.g., for research, screening, and
diagnostic applications). Exemplary detection methods are described herein.

The present disclosure 1s not himated to particular sample types. Examples include, but
are not limited to, cercbral spinal fluid (CSF), blood, plasma, and the like. In some

embodiments, T Cells are detected in CSF and protein markers are detected in blood or plasma.

A. Detection of T Cells

7
SUBSTITUTE SHEET (RULE 26)



WO 2020/198299 PCT/US2020/024603

In some embodiments, provided herein are methods of detecting T Celis {e.g., CD8+ T
Cells or CDE+CD45RA+ (TEMRA) cells). In some embodiments, detection compnses cell
sorting methods that identify specific T Cells (e.g., CO8+CD45RA+ (TEMRA) cells) i a mixed

population of cells. In some embodiments, detection methods determine the percent or ratio of

(]

CDE+CD45RA+ (TEMRAS celis or other T Cell of a total population of cells {¢.g., peripheral

blood mononuclear cells (PBMCs)).

Detection of T Cells 15 conducted using any one of a number of suitable techniques. For
example, cell surface marker expression indicative of a specific population of T Cells {e.g.,
CD8+CD4SRA+ (TEMRA) cells) can be assaved by methods including, but not Himited to,

10 western blots, immunohistochemistry, radicimmunoassays, ELISA (enzyme linked
mamunosorbent assay), "sandwich” immunoassays, immunoprecipitation assays, precipifin
reactions, gel diffusion precipitin reactions, immunodiffusion assays, agelutination assays,
complement-fixation assavs, immunocracdiometnc assays, flucrescent immuoncassays,
mmmunofluorescence, protein A immunoassays, laser capture microdissection, mass cvtometry,

15 massively multiparametric mass cytometry, flow cytometry, and FACS analysis.

In some embodiments, T Cells (e g, CDS+CD4SRA+ (TEMRA} cells) are detected by
flow cviometry. This method exploits the differential expression of certain surface markers on
specific T Cells {e.g., CDE+CD45RA+ (TEMRA) cells) relative to other PBMUCs in the sample.
Labeled antibodies (e.g., fluorescent antibodics) can be used to react with, or binding agents

20 recognizing other binding agents {e.g., secondary binding agents) that recognize, the markers on
cells in the sample for the purpose of eoriching or tsolating cells by any number of methods
mehuding magnetic separation or FACS. In some emmbodiments, a combination of cell surface
markers 18 ptthized in order to further define or quantify the T Cells in the sample m situ (e.g. by
mmunofluorescence or immunochistochemistry) or using methods analyzing single cells

25  following isolation {e.g. flow cviometry or massively multiparametric mass cytometry}. For
example, both positive and negative cell sorting may be used to assess various T Cells
subpopulations or quantify the amount of T Cells (e.g.. CDE+CD4SRA+ (TEMRA) colls) in the
samaple.

In some embodiments, T Cells (e.g., CDEHCD4SRA+ (TEMRA) cells) are detected by

30 mass cviometry. Mass cytometry i3 a newly developed technique for studying biclogical

samples. The technique was originally developed to study cell populations in which samples of

mierest containing various biological cells were "stained" with affinity probes such as antibodics
that are attached to elemental tags. The amount of affinity probes of a given type attached to

cach ccll can be used to characterize cach mdividual cell. The amount of affinity probe of each
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tvpe 1s directly related to the amount of the associated elemental tag. The amount of the
clemental tagging material can be measured by passing the cell through an inductively coupled
plasma (1CP} ion source ot a mass cytometer.

In some embodiments, mass cviometry is used in single particle analysis herein where T
cells are labeled with metal-conjugated antibodies and metallointercalators and introduced
mdividually into an Inductively Coupled Plasma (ICP} ion source, where the cells are atomized
and ionized. The atomic ions are extracted, separated by mass and quantitatively measured in the
mass cvtometer (MC). The mass cvtometer can be, for instance, a mass spectrometer adapted to
quantitatively measure the munber of cach of various different 1ons per cell. The quantitative
measurements for multiple different types of 1ons can be conducted concurrently, as descubed in
U.S. Pat. No. 7,479,630; herein incorporated by reference in its entivety. The elemental signature
of the cell 1s represented by the element tags associated with the antibodies and
metallointercalators. The presence of the metal tag indicates that the antibody conjugated with
that tag found and bound the target biomarker, and the intensity of the signal corresponding to
that ionized tag 1s directly proportional to the number of corresponding antibodies bound per
cell.

In some embodiments, T Cells are detected using the Luminex technology. In the
Luminex technology, following sample preparation aSyn-aggregates recognized by specific
aSyn-specific antibodies may be detected by a secondary antibody coupled to Huorescent-dved
microspheres which can be detected in multiplex detecting systems ¢.g. a Luminex reader
(Binder et al., Lupus 15 (2005):412-421).

In some embodiments, immunoassays {¢.g., those described below) are utilized to detect
T Cells.

In some embodiments, T Cell detection further comprises T Cell sequencing {e.g., as
described 1n the Experimental section). In some embodiments, T Cell sequencing identifies

additional biomarkers of neurodegeneration.

B. Detection of protein markers

In some embodiments, protein markers {¢.g., MIG) are detected by any suitable method.
In some embodiments, proteins are detected by immumohistochemistry. In other embodiments,
proteing are detected by their binding to an antibody raised against the protein.

fHustrative non-limiting examples of immunoassays include, but are not limited to:
mmmunoprecipitation; Western blot; ELISA | immunohistochemistry; immunocytochemistry;

mmmunochromatography; flow cyvtometry; and, immumo-PCR. Polyclonal or monoclonal
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antibodies detectably labeled using various technigues {e. g, colommetnc, fluorescent,
chemiluminescent or radioactive labels) are suitable for use 1o the immunoassays.

{nvmunoprecipitation is the technique of procipitating an antigen out of solution using an
antibody specific to that antigen. The process can be used to identify proteins or protein
complexes present in cell extracts by targeting a specific protein or a protein believed to be in
the complex. The complexes are brought out of solution by msoluble antibody-binding proteins
1solated wmitially from bacteria, such as Protemn A and Protein G The antibodics can also be
coupled to sepharose beads that can easily be isolated out of solution. After washing, the
precipitate can be analvrzed using mass spectrometry, Western blotting, or any number of other
methods for wdentifying constituents in the complex.

A Western blot, or immunoblot, 1s a method to detect protein in a given sample of tissue
homogenate or extract. H uses gel electrophoresis to separate denatured proteins by mass. The
proteins are then transferred out of the gel and onto a membrane, typically polyvinyidiflroride or
nitrocellulose, where thev are probed using antibodics specific to the protein of interest. Asa
result, researchers can examing the amount of protein n a given sample and compare levels
between several groups.

Apn ELISA, short for Enzyme-Linked ImmunoSorbent Assay, is a biochemical technique
to detect the presence of an antibodyv or an antigen in a sample. It utilizes a mintmuwn of two
antibodies, ong of which is specific to the antigen and the other of which is coupled to an
enzyme. The second antibody will cause a chromogenic or flucrogenic substrate to produce a
signal. Varations of ELISA include sandwich ELISA, competitive ELISA, and ELISPOT.
Because the ELISA can be performed to evaluate either the presence of antigen or the presence
of antibody in a sample, 1t is a useful tool both for determining servmm antibody concentrations
and also for detecting the presence of antigen.

Immmunohistochemistry and immunocviochemistry refer to the process of Jocalizing
proteins in a fissue section or cell, respectivelv, via the principle of antigens in tissue or cells
binding to their respective antibodies. Visualization is enabled by tagging the antibody with
color producing or fluorescent tags. Typical examples of color tags include, but are not limited
to, horseradish peroxidase and alkaline phosphatase. Typical examples of fluorophore tags
mclude, but are not limited to, flacrescein isothiocvanate (FITC) or phycoervthrin (PE).

Flow cytometry s a technique for counting, examining and optionally sorting
microscopic particles or cells suspended o a stream of flmd. It allows simultancous
multiparametric analvsis of the physical and/or chemical charactenistics of single cells flowing

through an optical/slectronic detection apparatus. A beam of light {e.g., a laser) of a single
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frequency or color 1s directed onto a hvdrodvnamically focused stream of flnd. A number of
detectors are aimed at the point where the stream passes through the light beam: one in line with
the hight beam (Forward Scatter or FSC) and several perpendicular to it (Side Scatter {(S5C) and
one or more fluorescent detectors). Each suspended particle passing through the beam scatters
the hight in some way, and fhiorescent chemicals in the particle may be excited nto emitting
light at a lower frequency than the light source. The combination of scattered and fluorescent
fight 1s picked up by the detectors, and by analvzing fluctuations in brightoess at cach detector,
one for each fluorescent emission peak, it 1s possible to deduce varnous facts about the physical
and chemical structure of each individual particle. FSC correlates with the cell volume and S5C
correlates with the density or inner complexity of the particle (e.g., shape of the nucleus, the
amount and tvpe of cytoplasmic granules or the membrane roughness).

Immunoe-polymerase chain reaction (IPCR) utilizes nucleic acid amphification techniques
to wncrease signal generation in antibody-based immunocassays. Because no protein ¢quivalence
of PCR exists, that is, proteins cannot be replicated in the same manoer that nucleic acid is
replicated during PCR, the only way to increase detection sensitivity is by signal amplification.
The target proteins are bound to antibodies which are directly or indirectly conjugated to
cligonucleotides. Unbound antibodies are washed away and the remaining bound antibodics
have their oligonucleotides amplified. Protein detection occurs via detection of amplified

oligonucleotides using standard nacleic acid detection methods, including real-time methods.

C. Data Analysis

In some embodiments, a computer-based analysis program is used to translate the raw
data gencrated by the detection assay (e.g., the presence, absence, or amount of a given marker
or markers}) into data of predictive value for a ¢linician. The clinician can access the predictive
data using any suitable means. Thus, in some preferred embodiments, the present disclosure
provides the further benefit that the chinician, who 1s not tikely o be tramned i molecular
biclogy, need not understand the raw data. The data is presented direetly {o the clinician in its
most useful form. The clhinician is then able to immediately utilize the information in order to
optimize the care of the subject.

In some embodiments, data analysis utilizes spanming-tree progression analvsis of
density-normalized events (SPADE) and/or cluster identification, characterization, and
regression {CITRUS) analysis. These data analysis methods are described in more detail in the

experimental section below.
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The present disclosure contemplates any method capable of receiving, processing, and
transmutting the information to and from laboratories conducting the assays, mformation
providers, medical personnel, and subjects. For example, in some embodiments of the present
disclosure, a sample (e. 2., a CSF or blood or blood product sample) is obtained from a subject
and submitted to a profiling service {e.g., clinical lab at a medical facility, genomic profiling
business, efc.}. located in any part of the world {e.g., in a country different than the country
where the subject resides or where the information is ultimately used) to gencrate raw data.
Where the sample comprises a tissue or other biological sample, the subject may visit a medical
center to have the sample obtained and sent to the profiling center, or subjects may collect the
sample themselves and directly send if to a profiling ceunter. Where the sample comprises
previously determined biological mformation, the mformation may be directly sent to the
profiling service by the subject {e.g., an information card containing the information may be
scanned by a computer and the data transmitied to a computer of the profiling center using an
clectronic communication systems). Unce received by the profiling service, the sample is
processed and a profile is produced (i.e., level of one or more markers), specific for the
diagnostic or prognostic information desired for the subject.

The profile data is then prepared in a format suitable for interpretation by one or more
medical personnel (¢.g., a treating clinician, physician assistant, nurse, or pharmacist). For
example, rather than providing raw expression data, the prepared format may represent a
diagnosis or nisk assessment (e.g., presence or absence or lovel of a marker of neurodegeneration
described herein) for the subject, along with recommendations for particular treatment options.
The data may be displaved to the medical personnel by any suitable method. For example, in
some embodiments, the profiling service generates a report that can be printed for the medical
personnel {e.g., at the point of care} or displayed to the medical personnel on a computer
monitor,

In some embodiments, the information 1s first analvzed at the point of care orat a
regional facility. The raw data is then sent to a contral processing facility for further analysis
and/or to convert the raw data to information useful for medical personnel or patient. The central
processing facility provides the advantage of privacy (all data is stored in a ceniral facility with
unmiform security protocols)y, speed, and oniformity of data analysis. The central processing
facility can then control the fate of the data following treatment of the subject. For example,
using an electronic conununication system, the central facility can provide data to the medical

personnel, the subject, or researchers,
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In some embodiments, the subject 1s able to directly access the data using the electronic
communication svstem. The subject may choose further intervention or counseling based on the
results.

In some embodiments, the data s used for research use. For example, the data may be
used to further optimize the inchision or elimination of markers as useful indicators of a
particular condition or stage of disease or as a companion diagnostic to determing a treatment

course of action.

B. Compositions & Kits

Compositions for use in the methods described herein include, but are not timited to,
antibodies, reagents, analvsis instruments, ete.

The antibody compositions of the present disclosure may also be provided on a solid
support. The solid support may comprise one or more beads, plates, solid surfaces, wells, chips,
o1 a combination thereof. The beads may be magnetic, antibody coated, protein A crosshinked,
protein G crosshinked, streptavidin coated, oligonucleotide conjugated, sifica coated, ora
combination thereof. Examples of beads include, but are not limited to, Ampure beads, AMPure
XP beads, streptavidin beads, agarose beads, magnetic beads, Dyanabeads®, MACS®
microbeads, antibody conjugated beads (¢.g., anti-immumnoglobulin microbead), protein A
conjugated beads, protein G conjugated beads, protein A/G conjugated beads, protein L
conjugated beads, olige-dT conjugated beads, silica beads, silica-tike beads, anti-bictin
microbead, anti-fluorochrome microbead, and BeMag™ Carboxv-Terminated Magnetic Beads.

The detection reagents can incorporate moieties useful in detection, isolation,
purification, or immobilization, if desired. Sach moieties are described (see, for example,
Ausubel ef af., (1997 & updates) Current Protocols in Molecular Biology, Wiley & Sons, New
York} and are chosen such that the ability of the probe to hybridize with its target molecule is
not affected.

Examples of suitable moicties are detectable labels, such as radioisotopes, fluorophores,
chemilununophores, enzymes, colloidal particles, and fluorcscent nucroparticies, as well as
antigens, antibodies, haptens, avidin/streptavidin, biotin, hapiens, enzyme cofactors / substrates,
enzymes, and the hike.

In certain multiplex formats, labels used for detecting difforent target molecules may be
distingmishable. The label can be attached directly {¢.g., via covalent linkage) or indirectly, ¢.g.,
via a bridging molecule or series of molecules (e.g., a molecule or complex that can bind to an

assay component, or via members of a binding pair that can be incorporated nto assay
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components, ¢.g. biotin-avidin or streptavidin}. Many labels are commercially available in
activated forms which can readily be used for such conjugation (for example through amine
acvlation}, or labels may be attached through known or determinable conjugation schemces,

many of which are known i the art.

(]

Labels useful in the disclosure described herein include any substance which can be
detected when bound to or incorporated into the target molecule. Any effective detection method
can be used, including optical, spectroscopic, electrical, piezoelectrical, magnetic, Raman
scattering, surface plasmon resonance, colotimetric, calonmetrie, etc. A label is typically
selected from a chromophore, a lumiphore, a fluorophore, one member of a quenching system, a
10 chromogen, a hapten, an antigen, a maguetic particle, a matenal exhibiting nonlinear optics, a

semiconductor nanocrystal, a metal nanoparticle, an enzyme, an antibody or binding portion or
equivalent thergof, an aptamer, and one member of a binding patr, and combinations thereof.

Chromophores usefii in the methods described herein include any substance which can
absorb encrgy and emit light. For multiplexed assays, a plurality of different signaling

15 chromophores can be used with detectably different emission spectra. The chromophore can be a
himophore or a flucrophore. Typical fuorophores include fluorescent dyes, semicondactor
nanocrystals, lanthanide chelates, polynuclectide-specific dves and green fluorescent protein.

Coding schemes may optionally be used, comprising encoded particles and/or encoded
tags associated with different polynucleotides of the disclosure. A variety of different coding

20 schemes are known i the art, including fluorophores, mehuding SUNCs, deposited metals, and
RF tags.

Instructions for using the kit to perform one or more methods of the disclosure can be
provided, and can be provided in any fixed mediam. The instructions may be located inside or
cutside a container or housing, and/or may be prinded on the mterior or exterior of any surface

25  thereof. A kit may be in multiplex form for concurmrently detecting and/or quantitating one or

more different target polyvnucieotides representing the expressed target molecuies.

H. Screening, Dhagnosis, Progoosis, and Monitoring
The methods, compositions, and kits disclosed herein may be used for the
30 characterization, screening, diagnosis, prognosis, and/or monitoring the status or outcome of a
neurodegenerative disease (¢.g., AD or Parkinson’s disease). For example, in some
embodiments, individuals identified as having increases level of CDE+ T Cells (o g,

CDE+CD45RA+ (TEMRA) cells) and/or mncreased levels of protein markers (e.g., MIG) are

identified as having AD. In some embodiments, the levels of CD8+ T Cells (e g,
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CD8+CD4SRA+ (TEMRA) cells) and/or MIG are used to distinguish AD or Parkinson’s disease
from other neorodegenerative or cognitive disorders. This allows for the correct treatment to be
administered to subjects with AD. In addition, subjects not found to have markers indicative of
AT can be provided different treatments and/or further diagnostic tests to identify a specific
diagnosis.

In some embodiments, diagnosing, predicting, and/or monitoring the status or outcome
of a neurodegenerative disease may comprise determining a therapeutic regimen. Determining a
therapeutic regimen may comprise administering an anti-neurodegenerative disease therapeutic,
Alternatively, determining the treatment for the nourodegenerative disease may comprise
maodifying a therapeutic regimen. Modifyving a therapeutic regimen may comprise increasing,
decreasing, or terminating a therapeutic regimen.

In some mstances, the methods disclosed herein can diagnose, prognose, and/or
monitor the status or cutcome of a neurcdegencrative discase in a subject with an accuracy of at
least about 50%. In other instances, the methods disclosed herein can diagnose, prognose, and/or
monitor the status or ouicome of a neurodegenerative disease in a subject with an accuracy of at
least about 60%. The methods disclosed herein can diagnose, prognose, and/or momnitor the
status or cutcome of a neurodegenerative disease in a subject with an accuracy of at least about
63%. Alternatively, the methods disclosed herein can diagnose, prognose, and/or monitor the
status or cuteome of a neurodegenerative disease i a subject with an accuracy of at least about
70%. In some instances, the methods disclosed herein can diagnose, prognose, and/or monitor
the status or outcome of a neurodegenerative disease in a subject with an accuracy of at least
about 75%. In other instances, the methods disclosed herein can diagnose, prognose, and/or
monitor the status or cuicome of a neurodegenerative discase in a subject with an accuracy of at
least about 80%. The methods disclosed herein can diagnose. prognose, and/or monitor the
status or outcome of a neurodegenerative discase in a subject with an accuracy of at least about
35%. Alternatively, the methods disclosed herein can diagnose, prognose, and/or monitor the
status or outeome of a neurcdegenerative disease in a subject with an accuracy of at least about
50%. The methods disclosed herein can diagnose, prognose, and/or monttor the status or
outcome of a neurodegencrative disease in a subject with an accuracy of at least about 95%.

The disclosure also encompasses any of the methods disclosed herein where the
sensitivity is at least about 45%. In some embodiments, the sensitivity is at least about 50%. In
some embodiments, the sensitivity is at least about 55%. In some embodiments, the sensitivity is
at Jeast about 60%. In some embodiments, the sensitivity is at least about 65%. In some

embodiments, the sensitivity s at least about 70%. In some embodiments, the sensitivity is at
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least about 75%. In some embodiments, the sensitivity is at least about 80%. In some
embodiments, the sensitivity is at least aboot 85%. In some embodiments, the sensitivity is at
least about 90%. In some embodiments, the sensitivity is at least about 93%.

The disclosure also encompasses any of the methods disclosed herein where the Jevel

of markers such as CD8+ T Cells (e.g., CD8+CD435RA+ (TEMRA) cells) and/or MIG

(]

determines the status or outcome of a neurcdegenerative disease in the subject with at least
about 45% specificity. In some cmbodiments, the level of markers determines the status or
outcome of a neurodegencrative disease in the subject with at least about 50% specificity. In
some embodiments, the fevel of markers determines the status or outcome of g

10 neurodegencrative discase in the subject with at least about 55%, 60%, 70%, 80%, 85%, 90% or
95% specificity.

In some embodiments, the levels of markers described herein is compared to a reference
fevel m order to determune if the level of a marker 15 clevated. In some embodiments, the
reference level is the level in a subject not diagnosed with or exhibiting symptoms of a

15 neurodegenerative disease. In some embodiments, the level is a population average (e.g., from a
group of mdividaals of similar age or diseasc status). In some embodiments, the level 1s the level
of a subject of the disclosure prior to symptoms of a neurodegencrative discase.

The compositions and methods described herein further find use in characterizing a
sample {¢.g., for the presence or level of markers deseribed herem), in research uses {e.g., to

20 understand neurodegenerative discases), and screening {e.g., drug screening) methods.

Further provided herein are screening methods {(¢.g., to identify and screen drug targots

or candidate drugs). For example, in some embodiments, TCR sequencing identifies candidate

drug targets.

25 k.  Therapeutic Applications
In some embodiments, provided herein are compositions and methods for treating and
preventing neurcdegencrative discase. In some embodiments, as described above, treatments
comprise adminustering known treatments for AD or Parkinson’s disease to individuals
identified as having such disorders using the compositions and methods described herein.

30 Treatments for AD mchude, but are not limited to, administration of medication {e.g .,
cholinesterase inhibitors {¢.g., ancept, exalon, razadyne} or memanting {¢.g., namenda));
behavior monitoring or modification; treatments for slecp changes; dictary changes; and the like.

In some embodiments, the present disclosure provides compositions and methods for

wdentifying and providing customized treatment for AD. For example, in some embodiments,
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TCR from a subject diagnosed with AD are sequenced and used to generate custom T cells that
target AD. For example, in some embodiments, T Cells from a sabject are 1solated and
engimecred ex vivo to express T Cell receptor genes that target discase-associated antigens.

These T Cells are expanded in vitro and then infused mto the subject. In some embodiments,

(]

such T Cells initiate tmmune responses (e.g., T Cell mediated immune response) against AD
targets in the brain of the subject {¢.g., by expressing TCR genes that bind to antigens associated
with AD) and initiate an inunune response against such antigens.

In some embodiments, T Cells are engineered to target TCRs or antigen targets of such T
Cells in the subject (c.2., by engineering T Cells with chimeric antigen receptors). In some
10 embodiments, T cells {e.g. CDE+CD4SRA+CD27- T cells) from a subject are targeted to be
removed or suppressed 1 their romune function. In some embodiments, these T Cells are

targeted via their TCR (e g. by TCR blockade).

EXPERIMENTAL

[
(v

The following examples are provided i order to demonstrate and further ilustrate
certain preferred embodiments and aspects of the present disclosure and are not to be construed
as himiting the scope thereof

Example |
Wethods
20 Tissue Cellection
Collection of bram tissue, plasma, PBMCs and CSF was approved by the Institutional
Review Board of Stanford University, and written consent was obtained from all subjects.
Samples were acquired through the NIA funded Stanford Alzheumer’s Discase Rescarch Center
and the Stanford Brain Rejuvenation Program. Plasma was aliquoted and stored at -80°C.

25 PBMCs were isolated from blood by layering difuted blood (1:1 10 PBS) on top of an equal
volume of Ficoll, followed by centrifugation and isolation of the buffy coat. CSF was collected
by lumbar puncture, then cenirifuged at 300G to pellet immume cells. The pellet was then
resuspended in Recovery Cell Culture Freezing Medium (ThermoFisher). All Samples were
frozen overnight at -80°C and transferred the following dav to liquid nitrogen for long-term

30 storage. Brain tissue {1g per brain region} was acquired under a strict <4 br post-mortem

window, then Dounce homogenized and myelin depleted with anti-myelin beads (Miltenyi) and

rinsed with PBS prior to flow cytometry analysis.

Study Participants
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For mass cviometry expenments, PBMCs were analyzed from n=80 study subjects. Of
those 80 subjects, 57 were determuned to be healthy individuals (average age= 73.11 years,
+0).94 SEM) Of the 23 patient samples, 15 were trom mdividuals diagnosed with MCH, and 8
were from mdividuals diagnosed with AD (average age= 71.22 vears, £2.04 SEM). Among
those who reported ethnicity, the healthy group was comprised of 76.09% White, 13.04% Asian
and 10.87% Hispanic subjects. The MCI/AD group was comprised of 63.16% White, 15.79%
Asian and 21.05% Hispanic subjects. For cell stimulation, protcomics and MRI brain imaging, a
subset of these patients were used. For TCR sequencing, a separate cohort of patients was used.
Among these sabjects, the average age of healthy controls was 66.4 +£2.50 SEM; for patients the

average age was 66 £3 50 SEM.

Cognitive Testing

Study subjects underwent a battery of neuropsychological assessments to detormine
group status, mchuding: cognitive examination, evaluation of cercheliar function, deep tendon
reflexes, sensory input, and motor function. The Montreal Cognitive Assessment (MoCAYH
examination was used to test study subjects for cognitive impairment. The MoCA assesses
several cognitive domains: short-term memory recall (5 points}, visuospatial abilities (4),
executive functions (4}, atiention {1}, concentration {3), working memory (1), language (6) and
orientation to time and space {6). MoCA scores range between 0 and 30, A score of 26 or over is
considered to be cognitively typical. For healthy subjects, the average score was 27.55+0 28

SEM. For patients, the average score was 22.55+1.67 SEM.

Mass cytometry

Mass cytometry was performed as previously described®®. Briefly, cells were thawed in
coraplete moedivm (RPMI with 10% fetal bovine serum with 1% penicillin-streptomycin}
containing 0.1 mg/mL DMNase. Afier washing in Maxpar Cell Staining Buffer (Fhudigm) cells
were resuspended in 50 gl filtered antibody cocktail and incubated for 60 min on 1ce. Celis
were again rinsed, then resuspended in 100 p of 1:3000 diduted Inl 15-DOTA maleimide in
buffer. Following additional rinses, cells were resuspended m 100 ul of 2% paraformaldehyde n
buffer and meobated at 4°C overmight. Cells were then washed twice with permeabilization
buffer (eBioscience) and incubated on ice for 45 mun. After rinsing, cells were resuspended ia Ir-
Interchelator in buffer and incubated for 20 min at room temperature. Cells were then washed
with buffer, then MilliQ water and finally resuspended in Milli(Q water for running on a Helios

mass cytometer.
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Cell stmulation

PBMCs were thawed and plated at a density of 1x10° cells per well in a 24 well plate.
After overnight incubation at 37°C, cells were stimulated with a cocktail containing PMA and
tonomycein and Brefeldin A (BioLegend) in complete mediam. Cells were then incubated an
additional 5 hrs before performing intracellular mass cyvtometry analysis. Mags cviometry was

performed as above, only pCREB and pERK antibodies were added in the permeabilization step.

TCR amplification by nested PCR sequencing

TCR sequencing was conducted according to previously established protocols®l,
Briefly, TCR sequences from live CD37 single cells were obtained by a series of three nested
PCR reactions. For all phases of PCR reactions HotStarTag DNA polymerase ((iagen) was
used. Phase 1 PCR reaction was a multiplexed PCR with multiple Vo and VP region primers, Co
and CP region primers in a 16 ul reaction. For the Phase 1 PCR reaction, the final concentration
of each TCR V-region primer was 0.06 uM and each C-region primer was 0.3 uM. A PCR
reaction was done using the following conditions: 95 °C 15 min; 94 °C 30, 62 °C 1 min, 72 °C
Tmin x 16 gycles; 72 °C 10 min; 4 °C. Thereafter, a 1 il aliquot of the Phase 1 product was
used as a template for 12-pl Phase 2 PCR reaction. The following cycling conditions were used
for Phase 2 PCR: 95 °C 15 min; 94 °C 30 s, 64 °C 1 nun, 72 °C 1 min x 25 ¢veles, 72 °C 5 nun;
4 °C. For the Phase 2 reaction, multiple internally nested TCRVa, TCRVB, TCRCo and CP
primers were used (V primers 0.6 uM, C primers 0.3 M), The Phase 2 primers of TCR V-
region contained a common 23-base sequence at the §' end to enable amplification during the
Phase 3 reaction with a common 23-base primer. 1yl aliquot of the Phase 2 PCR product was
used as a template for the 14 ul Phase 3 PCR reaction, which incorporated barcodes and ¢nabled
sequencing on the Hlumina MiSeq platform. For the Phase 3 PCR reaction, amplification was
performed using a 5’ barcodmg primer (0.05 uM) containming the common 23-base sequence and
a 3’ barcoding primer {0.05 uM) containing sequence of a third intemally nested Co and/or CB
primer, and Hlumina Paired-End primers (0.5 uM cach). The following cvcling conditions were
used for Phase 3 PCR: 95 °C 15 min; 94 *C 308,66 °C 305, 72 °C I min x 25 cveles, 72 °C 3
min; 4 °C. The final Phase 3 barcoding PCR reactions for TCRu and TCRP were done
separately. For the Phase 3 reaction, 0.5 uM of the 3’ Ca barcoding primer and the 3" CB
barcoding primer were used. In addition to the common 23-base sequence at the 3’ end (that
enables amplification of products from the second reaction) and a common 23-base sequence at

the 5 end (that enables amplification with Humina Paired-End primers), each 5 barcoding
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primer contains a unique 5-base barcode that specifies plate and a unigue S-base barcode that
specifies row within the plate. These 5’ barcoding primers were added with a multichannel
pipette to cach of 12 wells within a row within a plate. In addition to the internally nested TCR
C-region sequence and a common 23-base sequence at the 3 end (that enables amphification
with HHomina Paired-End primers), cach 3’ barcoding primer contained a vnigue 5-nucleotide
barcode that specified column. These 3’ barcoding primers were added with a multichannel
pipette to cach of cight wells within a column within all plates. After the Phase 3 PCR reaction,
cach PCR product should had a unigue set of barcodes incorporated that specified plate, row and
colamn and had Httamina Patred-End sequences that enabled sequencing on the Hhumina MiSeq
platform. The PCR products were combined at equal proportion by volume, unon a 1.2%
agarose gel, and a band around 350 to 380 bp was excised and gel purified using a Qiaquick gel

extraction kit ({Hagen). This punfied product was then sequenced.

FCR sequencing analysis

4

. .
% Here, raw sequencing

TCR sequencing data was analyzed as previously described®
data were processed and demultiplexed using a custom software pipeline to separate reads from
every well in every plate as per specified barcodes. All paired ends were assembled by finding a
consensus of at least 100 bases n the middie of the read. The resulting paired-end reads were
then assigned to wells according to barcode. Primer dimers were filtered out by establishing
minimum length of 100 bases for cach amplicon. A consensus sequence was obtained for cach
TCR gene. Because multiple TCR genes might be present in each well, our software establishes
a cutoff of >93% sequence identity within a given well. All sequences exceeding 95% sequence
wdentity are assumed to derive from the same TCR gene and a consensus sequence is
determined. The 95% cutoff conservatively ensures all sequences derived from the same

transcript would be properly assigned.

TCR clonality analysis

Clonality measurcments were calculated using the tcR package® in R Studio. To geta
proportion of clonotypes’ sum of reads to the overall namber of reads in a repertoire (3 reads of
top clonotypes)/(} reads for all clonotypes}, the “top.proportion” function was used. To evaluate
the diversity of clones, the “repDiversity” function, which measures the ecological diversity
index, was used. For determining clonality within groups, amino acid sequences were matched

bv Hamming distance {two sequences were maiched if H < 1) using the “find clonotypes”
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function. Here, the logical argument “norm” was used to perform normalization of the number

of shared clonotypes in order to control for variability in cloneset size.

SPADE and CITRUS analyses

SPADE and CITRUS analyses were conducted using Cyiobank. For SPADE conducted
on mass cyvtometry data. a target number of nodes of 100 was used for the immunophenotyping
assay. This number was based off empirical evaluation of results from multiple runs on the same
dataset, which showed comparable results. The SPADE population for immunophenotyping
(live CD45" cells) was selected based on the gating strategy shown in Figure 5. Cells were
clustered on all markers except those used to exclude platelets or endothelial cells. For CITRUS,
the same population of cells and same clustering channels were used as in SPADE to quantify
the abundance of various populations. Results are from 3X10° events per sample, with a false
discovery of 2%, minimum chuster size of 1% and cross validation folds set to 10. The predictive
nearest shrunken centroid PAMR association model was used. To avoid spurious results,
CITRUS was run with muumum chuster sizes of 1-4%6, cross validation folds 5-10 and false
discovery rate 1-3% for 1X104, 1.5X10* and 2X10° events, totaling 17 individual runs. For
SPADE conducted on flow cytometry data, CD37CD2" cells were gated and clustered with a
target number of nodes of 30, Similar predictive atality and statistical significance was observed
m several of the CITRUS and SPADE models, which were included in our downstream OV

analysis.

Brain MRI imaging

T1 weighted MRI Scans were acquired using Axial 3D fast spoiled gradient sequence
{GE Discovery 750). The imaging parameters were optimized for gray/white matier tissue
contrast with a repetition time of 3.9ms, echo time 2ms, flip angle 13, ficld-of-view 220mm,
matrix size 256 x 256, shice thickness | mm and 2 NEX Image analysis was conducted usimg
FreeSurfer 6.0, For subcortical segmentation, the "recon-all” command was used. For
hippocampal segmentation, the flag “-bippocampal-subfields-T1” was appended to the "recon-
all” command for each patient. To correct for sex differences, all volumetric measurements were

normalized to total intracranial volume for cach patient.

CVC analysis
CVC analvsis was conducted using the R package “geraph.” The analysis is based on

calculating pairwise rank correlations between varnables. This plot included all 250 variables

21
SUBSTITUTE SHEET (RULE 26)



(]

10

]

20

WO 2020/198299 PCT/US2020/024603

measured i this study and data from all 80 study subjects, where available. The plot displays a
network with nodes representing the variables and lines linking any pairs of variables based on
their Spearman rank correlation coefficient with cach other. A threshold of 1 > 0.7 was used to

display only the strongest correlations.

Flow cytometry

Flow cytometry was conducted using an LSRFortessa (BD Biosciences). A pancl
consisting of antibodies conjugated to six different fluorophores was used to classify subsets of
memory and sencscent T cells, Antibodies used were: CD8a-Pacific blue (BioLegend), CD3-
BV6350 (BD Biosciences), CD45RO-APC-Cy7 (Biolegend), CCR7-488 (Biolegend), IL-7Ra-
PE (BioLegend), CD27-PE-Cy7 (BioLegend). For CSF cell charactenzation, this same panel
was used, bat CD19-PE-CyS (BioLegend) and CP14-Qdot-705 (ThermoFisher) were included.
For sorting USF T cells for TCR sequencing, the foliowing aniibodics were used: CD8a-PE
{Biolegend), CD161-PE-Cy7 (BioLegend), CXCR3-APC (Biolegend), CD4-APC-Alexa700
{ThermokFisher), CD39-APC-Cyv7 (BioLegend), CD38-FITC (BioLegend), PD-1-BV421 (BD
Biosciences), CD45RA-BV6035 (BD Biosciences), CD3-BV650 (BD Biosciences), CD27-
BV786 {BD Biosciences), CD127-BUV395 {BD Biosciences). For gach experiment, a
corapensation matrix was developed using singly stained and unstained controls or fluorescent

beads and all analysis was conducted in Cytobank.

Proteomics

Inflammatory protem biomarkers were measured using a high-throughput, multiplex
“Inflammation” immunoassay (Olink Proteomics) that enabled analysis of 92 inflammation-
related proteins across all samples simultanecusly. Of the 80 subjects involved in this study,
plasma was obtained from 77 of them. Importantly, two intemnal controls (pooled plasma) were
added to monitor the quality of assay performance, as well as the quality of individual samples.
The average cocfficient of variance among these controls was 3.64%. Data are presented as
normalized protein expression values, Olink Proteomics’ arbitrary unit on log? scale. Quality
control wags performed in two steps: 1) each sample plate was evaluated on the standard
deviation of the internal controls {with a cutoff of <02 normalized protein expression} and 2)
the guality of each sample was assessed by evaluating the deviation from the median value of
the controls for cach individual sample. Samples that deviated less than 0.3 normalized protein
expression from the median passed quality control. Of the 77 plasma samples measured, 75

passed Olink’s quality control, for a success rate of 97%. The average intra-assay coefficient of
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variance was 8%. Of the 92 analvies measured, 71 were detectable, for a 77% detected protemn

rate.

Statistical Methods

All statistical analyses were performed using commercially available software (§PSS or
Excely. Comparisons between groups of subjects were performed using multivariate analysis of
covariance in cascs where there was more than one dependent variable. All experiments were
controlled for age and sex as covanates. For cluster analyses, comparisons between groups of
subjects were performed using two-way analysis of variance followed by Tukey’s test for
multiple comparisons. For comparing two groups (in the stimulation assay and TCR
clonality/diversity measurements), a two-tailed student’s t-test was used. Unless otherwise

mdicated, a p value of <0.05 was considered statistically significant.

Results

Neuwrownflammation is a pathological hallmark of Alzheimer’s discase (AD). Immense
cffort has been dedicated to understanding innate inflammation in AD, vet little is known about
the contribution of the adaptive immune response to the discase. Recent advances in
neuroimmunology indicate that soluble circulating factors™ and peripheral immunity™* play
critical roles in brain aging. The brain and spinal cord are surrounded by the meninges, a
multipartite membranous covering that contains the cercbrospinal fluid (CSF}. The meningeal
byophatic system carries both fluid and immune cells from the CSF, and 1s connected to the
deep cervical lvmph nodes, enabling peripheral T cells to vespond to brain antigens under cerfain
pathological conditions™®. Several studies have established that T cells that initially encounter
antigen in the periphery can enter the CSF via systemic circulation and patrol the subarachnoid
space™+* The choroid plexus, which produces the CSF, serves as an interface between the brain
and circulation and has been shown to be a site of age-related chronic nevromflanmmation in
mice®?, Within the brain itself, a network of perivascular spaces connects with the lvmphatic

system and provides channels for the efflux of fluid and solutes from the brain interstitial space

4

. Altogether, these advances have challenged
basic assumptions in neuroimmunoclogy (e.g. brain tolerance and immune privilege} and the
cticlogy of neurodegenerative discases.

Aging represents the greatest risk for development of AD'* and changes in peripberal T
cell populations have long been associated with aging and loss of imnwune competence™®. T cells

serve vital functions in conferring immunglogic protection by generating effector cells that
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mediate antigen control and by forming memory cells that provide long-term protective
immunity*L. Effector and memory T cells are diversified into distinct subsets with specialized
functions, comprising heterogencous pools of CD47 T helper and CDR™ T killer cells. Memory T
cells contain populations of central memory {Tom) and effector memory (Tem) cells
characterized by distinet homing capacity and effector function!™® While mmmerous studics
have reported distribution' ™+ function and cytokine secretion®= changes in T cells of AD
paticnts, extant studies have yielded conflicting results and generally suffer from the imitations
and biases associated with conventional methods or small sample sizes. To circumvent these
iasues, mass cytometry followed by unbiased discovery and machine learning techmiques was
used to study the immune repertoires of peripheral blood mononuclear cells (PBMCs) from
patients with AD and prodromal mild cognitive impairment (MCI). Importantly, patients were
age-matched to cognitively typical, healthy controls (Fig. 5a) and a subset of these patients were
verified to have MCYAD by reduced AP:phosphorviated tau (p=9.61X107°) and Af:total tau

A8

{p=0.0002) ratios within the CSF, both indicators of MCI/AD pathology**#* (Fig. Sb-c).

ey

Mass cytometry utilizes heavy metal 1on tags to 1dentify antigens=* {as opposed 1o
fluorophores in flow cvtometry}, allowing for the combination of many more antibody
specificitios in single samples. Therefore, 1t was contemplated that this method would be a
valuable tool to determine whether MCI/AD patients had an immunologic signature distinct
from healthy controls. A panel consisting of 21 immune cell surface markers (Fig. 5d} was used
to classify PBMCs from MCI/AD paticnts and controls (Fig. 5e¢). This panel allowed for the
wdentification of all major PBMC subsets, including: granulocyies, basophils, plasmacytoid
dendntic cells, natural killer cells, T cells, B cells, myelowd dendritic cells, monocytes and
platelets. Using Spanning-tree Progression Analysis of Density-normalized Events (SPADE),
pasupervised clustering of the multidimensional cytometry data was performed. SPADE trecs
showed increased representation of a CD8™ cluster in patients (cluster 63; Fig. 1a). When
plotting all SPADE clusters for p-value vs. fold change, the only significantly increased
{p<0.01) cluster among patients was cluster 63 (Fig. 1b). Minute populations that were
signiticantly reduced among patients that corresponded to CD4™ T cells were observed (Fig. 1h).
Quantification of individual patients” cluster 63 as a percentage of total PBMCs revealed
significantly higher values for this cluster in patients (p=0.007; Fig. 1¢}. Finally, marker
expression of cluster 63 demonstrated that this cluster corresponded to CD37CDE™CD2T
cffector memory CD45RA™ (Tavra) cells (Fig. 1d), a highly differentiated Tem population with
potent effector functions, mcluding the ability to secrete proinflammatory cytokines and

cvtotoxic moleculest,
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Cluster identification, characterization, and regression (CITRUS)Y analysis was used to
determine whether clusters could predict discase status. Since machine leaming algorithms like
CITRUS are most accurate with equal sample sizes, 23 control samples were randomly selected
to match patient sample size. Unsupervised hierarchical clustering identified a significantly
altered cluster {arbitrarily numbered 229992} corresponding to CD37CD8" T cells (Fig. le}.
Quantification of cluster 229992 (as a percentage of total PBMCs) revealed significantly higher
frequency of this population in patient PBMUCs (p=0.0036, Fig. 1f}. Morcover, marker
expression analysis of cluster 229992 again pointed to a population of
CD3"CD8 CD45RATCD27 Tevea cells (Fig. Tg). A regularized supervised learning algorithm
was used to determine the populations that best predict whether a given sample belongs to
healthy or diseased groups. Cluster 229992 combined with seven additional significantly altered
clusters (including CD4" T cells and B celis) was 809 predictive of discase status (Fig. 1h).
Taken together, these results show significantly increased numbers of CD8" Trvma cells in
paticnt blood and indicate alfcrations in peripberal adaptive immunity in AD.

To validate the unbiased SPADE and CITRUS findings, the mass cviometry dataset was
used to blindly quantify 33 immune vanables, including ratios of classical/mon-classical
monocyies, naive/memory B and T cells and numbers of each cell type as a percentage of total
PBMCs (Table 1}, Variables that showed significant differences by multivanate analvsis of
covariance (using age and gender as covariates} between patients and healthy controls were all
related to CD&" T cells. Specifically, decreased CD4™:CD8" T cell ratios (p=0.019; Fig. 6a) and
a concomitant increase in CD8™ T cells (as a percentage of PBMCs) in patients vs. controls
{p=0.0078; Fig. 6b} were obscrved. CD8 T cell subsets were also significantly different in
patient PBMCs: effector cells were overrepresented (p=0.016; Fig. 6¢), while memory cells were
underrepresented in patients vs. controls (p= 0.011; Fig. 6d). To discover possible interactions
between these 33 classical immune variables and the SPADE data, Spearman's rank correlation
coefhicients were generated and plotted on a heatmap. This analysis revealed strong relationships
between SPADE cluster 63 and CD8™ T cell variables, including effector Tkiller cells (as a
percentage of CD8 cells: »=0.87), effectornaive T killer cell ratio (7=0.81), cffectormemory
T killer cell ratio (#=0.78), CD8™ T celis (as a percentage of PBMCs; »=0.77) and effector T
killer celis as a percentage of CD8™ cells (#=0.73; Extended Data Fig. 2¢). To further probe
CD8" T cells in MCI/AD, flow cytometry was performed on a separate cohort of patient samples
and assessed markers of immunosenescence, an age-associated immune deficiency that leads to
reduced proliferative and functional capacity of T cells’®. SPADE diagrams were generated from

these data (Fig. 7a), which revealed a significantly reduced claster of senescent Tevmra celis in
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AD patients vs. healthy controls (Fig. 7b~c). Cumulatively, these results reveal alterations in
peripheral T cell subsets of MCI/AD patients and implicate reduced mmmuonosenescence of the
CD8™ Tavma population as cause for increased numbers of these cells m MCI/AD patient blood.
The altered subscts of CD8™ T cells in patient PBMCs prompted a test of whether patient
CD8™ T cells were functionally distinet from controls. To achicve this, a subset of MCI/AD and
control PBMCs were stimulated with phorbol 12-myristate 13-acetate (PMA) and tonomycin
and used mass cviometry to read out two major downstream signaling pathways:
phosphorvlation of cAMP response element-binding protein {(pCREB) and extracellular signal-
regulated kinases (pERK). Activation of these distinct phosphospecies is indicative of signaling
cvents in T cells. Intriguingly, gating of CD8™ T cells into naive, effector and memory subsets
revealed significantly higher levels of pCREB n baseline, unstimulated effector and memory
cells (Fig. 2a-b), but not naive celis (Fig. 2¢). In PMA stimulated cells, significantly higher
levels of pCREB were also detected in MCI/AD vs. control effector and memory cells (Fig. Za-
b}, but not naive cells (Fig. 2¢). Phosphoryviation of ERK was also significanily increased in
stimulated effector and memory cells (Fig. 2d-¢}, but not naive cells (Fig. 2t). These resulis
indicate enhanced immune function of patient CD8&" T cells that is absent in naive populations.
The active phenotype of AD CD8™ T cells led to an assessment of the immune status of
patient blood. Proteomic analysis of inmmmune-related proteins (Table 2) showed significantly
mereased levels of the T cell trafficking protein C-X-C motif chemokine higand 9 (CXCL9} in

paticnt plasma {p=0.003; Fig. 3a}. Interestingly, CXCLY is critical for effector T cell homing to

next determined whether the peripheral immmune changes observed in AD patients were
associated with chinical measures. ThreeTesla brain magnetic resonance imaging {MRI} was
conducted on a subset of study subjects and these three-dimensional MRI data was analyzed by
performing subcortical and hippocampal segmentation followed by volumetric analvsis of brain
regions {Fig. 3b}). The percentage of infracranial volume occupied by numerous brain regions
was measured by subcortical segmentation and significant reductions in sizes of patient
hippocampus {(p=0.003), subicuhimn (p=0.0003), amygdala (p=0.002) and posterior cingulate
cortex were found (p=0.009; Fig. 3¢). Hippocarpal segmentation also revealed significantly
reduced volumes of CAT and the molecular laver (Fig. 3d), indicative of profound loss of this
critical brain region in patients. To depict associations between the clinical data and mass
cytometry measurements, a circular visualization of correlation {CVC) plot® was generated. A
CVC plot displays a network with nodes representing groups of variables and lines linking pairs

of vartables based on their Spearman correlation coefficient. Within this plot, cognitive scores,
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age, sex, plasma proteomics, brain volumetrics and mass cytometry data, including significant
{p<0.03) SPADE and CITRUS clusters was incladed. €V analysis revealed a network of
associations between variable groups of MCI/AD patients that were absent among healthy
participants. In particular, prominent associations between brain volumetric variables and other
variable groups —— such as plasma proteomics, mass cytometry, and SPADE — were detected
among MCIAD patients (Fig. 3¢). Notably, associations between cognitive score and mass
cytometry variablcs were found 10 MCE/AD patients that did not exist in healthy participants.
Plotting of Spearman correlation coefficients between the cognitive score and mass cytometry
variables as a normal probability distribution revealed a positive correlation with UD8" T cells
as a percentage of total PBMCs (7=0.69} and a negative correlation between the cognitive score
and the CD47:CD8™ T cell ratio {(#=-0.7; Fig. 3f). These data indicate an association between
peripheral CD8” T cells, inflammation and discase severity in MCI/AD patients.

The changes observed in peripheral CDE™ T cell subsets and their association with
chinical measures of discase prompted a study of whether brain regions classically associated
with AD contained CD8 memory T cells. The cimgulate cortex, entorhinal cortex, and
hippocampus of two patient brains were probed by flow cytometry to determine which regions
contained CD8™ T cells. The predominant CD8™ T cell subtype in the cingulate and entorhinal
cortex were naive, while the bippocampus contained almost exclusively memorv T cells (Fig.
4a}. Siee these findings were himited in sample size doe to the challenge of obtaining AD bram
tissuc under a short post-mortem window, central nervous system immunity in the CSF, which

can be acquired in living rndividuals, was measured. The CSF tmmunce compartment 1s relatively

uncharacterized in healthy aged individuals®** so percentages of CD197 B cells, CD 147 innate
immume cells and CD8” and CD4" T cells in ten healthy elderly subjects were measured by flow
cytometry. It was found that the healthy aged CSF immune compartment contained a majority of
T cells, with a minority of innate immune cells and an undetectable amount of B cells (Fig. 4b).
The CD8" T cell repertoire of the aged CSF is comprised exclusively of Tew cells, and Tevra
cells comprise ~20% of this population (Fig. 4¢).

Since Temra cells are associated with immunclogic raemory, it was determined whether
AD CSF had clonally expanded T cells, which are charactenstic of a specific immune response.
TCR sequences are so diverse that they are essentially unique to an individual T cell, so finding
two or more T cells with the same TCR sequence is evidence of clonal expansion®, TCR
sequencing was performed on live T cells of healthy controls patients with MCU/AD, as well as
patients with Parkinson’s disease, a neurodegenerative brain disorder in which antigen-specific

T cells were recently discovered in vitro, Strikingly, AD patient CD8" T cells showed greater
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TCR clonality than age-matched healthy controls {(p=0.044; Fig. 4d-¢) and overall TCR
populations were less diverse (p=0.027, Fig. 4f). Moreover, marker expression analysis revealed
the top AD TCR clone to be expressed by CDETCD43RATCD27 Tewvira cells, which also
expressed the CXCLY/brain-homing receptor CXCR3 (Fig. 4f). Finally, within groups, shared
clonality was significantly greater amongst neurcdegenerative patients than healthy controls
(p=0.0214; Fig. 4g). The identification of clonal TCRs in neurodegenerative patients™ CSF
suggests antigen specificity of these adaptive immune cells. These rosults are evidence of clonal,
antigen-expenenced T cells patrolhing the intrathecal space in patients with neurodegenerative
disease.

Cunmalatively, these results shed light on the presence of an adaptive immune response
AD. This is especially pertinent considering that carly developmental clinical trials utilizing AP
vaceination were halted when a portion of phase Ha patients developed aseptic
meningoencephalitis driven by brain-infilirating T celis®™*, Furthermore, the existence of clonal
CDR™ T cells in the CSF of MCVAD and Parkinson’s paticnts indicates that single cell TCR

sequencing may serve as a tool for identifving biomarkers of neurcdegeneration.
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All publications, patents, patent applications and accession numbers mentioned in the
above specification are herein incorporated by reference in their entirety. Although the
disclosure has been described in connection with specific embodiments, it should be understood
that the disclosure as claimed should not be unduly himited to such specific embodiments.
Indeed, various modifications and variations of the described compositions and methods of the
disclosure will be apparent to those of ordinary skill in the art and are intended o be within the

scope of the following claims.
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CLAIMS

We claim:
i A method compnising:
analyzing the presence or amount of CD8+ T Cells in a sample from a subject with a

3
neurodegencrative disorder.
2. The method of claim 1, wherein said CD8+ T Cells are CDB+CD45RA+
{TEMRA) cells.
10
The method of claim 1 or 2, wherein said CD8+ T cell are clonal T cells.

4 The method of any one of the preceding claims, wherein said sample is selected
from the group consisting of blood, plasma and cerebrospinal fluid (CSF).

I35
The method of any one of the preceding claims, wherein said subject is a human.

W

The method of any one of the preceding claims, wherein said neurodegenerative

5.
disorder 1s Alzheimer’s disease (AD) or Parkinson’s disease.

20
7. The method of any one of the preceding claims, wherein an increased level of
said CD3+ T Cells in said sample 1s mdicative of the presence of AD in said subject.

The method of any one of the preceding claims, wherein said detecting comprises

8.
T cell receptor (TCR) sequencing.

25
The method of any one of the preceding claims, wherein the level of said CD8+ T

9.
Cells is measured as a percent of all peripheral blood mononuclear cells (PBMCs).
30 10, The method of any one of the preceding claims, wherein said method further
comprises detecting the level of CXCLY (MEG) in said sample.

The method of any one of the preceding claims, wherem said CD8+ T Cells are

.
detected m a CSF sample and said MIEG 1s detected 1n a plasma sample.
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12, The method of any onc of the preceding claims, wherein said analvzing

COMPrises mass cytometry.

(]

13, 'The method of any one of the preceding claims, wherern said analyzing
CoOmprises spanning-iree progression analysis of densitv-normalized events (SPADE) and/or

cluster identification, characterization, and regression (CITRUS) analysis.

14, A method of charactenzing or diagnosing a neurodegenerative disorder,
10 comprsing’
aj analvzing the presence or amount of CD8+ T Cells in a sample from a subject;
and
b} identifving said subject ag have AD when an increased level of said CD8+ T

Cells 1s present in said sample.

5
15, The method of claim 14, wherein said CD8+ T Cells are CB3+CD43RA+
{(TEMRA) cells.
16. The method of claim 14 or 13, wherem said CD8+ T cell are clonal T cells.
20
17, 'The method of any one of the preceding claims, whercin said sample s sclected
from the group consisting of blood, plasma and cerebrospinal fluid (CSF).
18.  The method of any one of the preceding claims, wherein said subject is a human.
25
19, The method of any one of the preceding claims, wherein said neurodegencrative

disorder is Alzheimer’s disease (AD) or Parkinson’s disease.

20.  The method of any one of the preceding claims, wherein an increased level of

30 said CD8+ T Cells in said sample is indicative of the presence of AD in said subject.

21, The method of any one of the preceding claims, wherein said detecting comprises

T celf receptor (TCR) sequencing.
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22, The method of any one of the preceding claims, wherein the level of said CD8+ T

Cells 1s measured as a percent of all peripheral blood mononuclear cells (PBMCs).

23, The method of any one of the preceding claims, wherein said method further
5 comprises detecting the level of CXCLY (MIG) in said sample.
24, The method of any one of the preceding claims, wherein said CDE+ T Cells are
detected m a CSF sample and said MIG 1s detected in a plasma sample.
10 25, The method of any one of the preceding claims, wheremn said analyzing

COMPIISes mass cvtometry.

26, 'the method of any one of the preceding claims, wherein said analyzing
comprises spanning-iree progression analysis of density-nommalized cvents (SPADE) and/or

15 cluster identification, characterization, and regression {CITRUS) analvsis.

27 A wmethod of characterizing or diagnosing a neurodegenerative disorder,
corprising’
a) having a sample from a subject tested for the presence or amount of CD8+ T

26 Cellg: and
b} treating said subject for AD when an increased level of said CD8+ T Cells is
present in said sample and not treating said subject for AD when an increased fevel of said

CD8+ T Cells is not present in said sample.

25 28. The method of claim 27 wherein said treatment for AD disease 15 selected from

the group consisting of medication, dietary changes, and behavior moditication.

29 The method of claim 28, wherein said medication is selected from the group

consisting of cholinesterase mhibitors and memantine.

30. The method of clamm 29, wherein said cholinesterase inhibitor is selected from

the group consisting of aricept, exalon, and razadyne and said memantine is Namenda.
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31, The method of any one of claims 27 to 30, further comprising repeating said

having a sample tested.

32. A kit, comprising:
5 a) a first reagent for detection of the presence or amount of CD8+ T Cellsin a
sample from a subject; and
b} a second reagent for detection of the presence or amount of MIG in a sample
from a subject.
10 33, The kit of claim 32 for use in charactenizing or diagnosing a neurodegenerative
disorder.
34 The use of the kit of claim 32 for characterizing or diagnosing a
neurodegencrative disorder.
15
33. A method of treating AD, comprising:
aj isolating T Cells from a subject diagnosed with AD;
b} cngincering said T Cells ex vivo to express a T Cell receptor (TCR) gene from
said subject; and
20 c) re-introducing said engineered T Cells into said subject.
36. The method of claim 35, wherein said TCR gene 1s from a TCR that binds to
CD8+ T Cells.
25 37. The method of claim 36, wherein said CD8+ T Cells are CD8+CD45RA+
{TEMRA) cells.
38, The method of claim 35, wherein said enginecred T Cells tnitiate an immune
response agamst a target associated with AD 1 the brain of said subject.
36

39, The method of claim 35, wherein said engineered T Cells initiate an immune

response against a TCR associated with AD 1 the brain of said subject.
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40.  An autologous T Cell engincered to express a TCR gene from a subject for use in

treating AD in said subject.
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FIG. 3
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