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Abstract

INTRODUCTION:Altered immune signatures are emerging as a central theme in neu-

rodegenerative disease, yet little is known about immune responses in early-onset

Alzheimer’s disease (EOAD).

METHODS:We examined single-cell RNA-sequencing (scRNA-seq) data from periph-

eral blood mononuclear cells (PBMCs) and droplet digital polymerase chain reaction

(ddPCR) data from CD4 T cells from participants with EOAD and clinically normal

controls.

RESULTS: We analyzed PBMCs from 16 individuals by scRNA-seq and discovered

increased interferon signaling-associated gene (ISAG) expression and striking expan-

sion of antiviral-like ISAGhi T cells in EOAD. Isolating CD4 T cells from 19 individuals,

including four cases analyzed by scRNA-seq, we confirmed increased expression of

ISAGhi marker genes. Publicly available cerebrospinal fluid leukocyte scRNA-seq data

from late-onset mild cognitive impairment and AD also revealed increased expression

of interferon-response genes.

DISCUSSION: Antiviral-like ISAGhi T cells are expanded in EOAD. Additional research

into these cells and the role of heightened peripheral IFN signaling in neurodegenera-

tion is warranted.
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Highlights

∙ Interferon-responsive T cells expanded in early-onset Alzheimer’s disease (AD).

∙ Increased interferon-associated gene expression present in early- and late-onset

AD.

∙ Peripheral immune changes in T andNK cells driven by femaleswith early-onset AD.

1 BACKGROUND

Approximately 5%–10% of the ∼7 million Americans living with

Alzheimer’s disease (AD)1 experience symptom onset prior to age 65.2

In this early-onset form of AD (EOAD), affected individuals are more

likely to experience an aggressive clinical course, have an atypical clin-

ical syndrome, encounter delays in diagnosis, and experience unique

social disruptions due to their relatively young age.2 The vast major-

ity (≥90%) of EOAD cases are not inherited in an autosomal-dominant

manner, and for these individuals, we understand relatively little about

the genetic and other biological factors underpinning disease risk.

Recent reports using single-cell RNA-sequencing (scRNA-seq) have

highlighted changes in peripheral blood and cerebrospinal fluid

(CSF) leukocyte populations in AD,3 Lewy body dementia,4 familial

tauopathy,5 and during aging.6 To our knowledge, however, a global,

unbiased scRNA-seq analysis of peripheral blood mononuclear cells

(PBMCs) in EOAD has not been reported. Using scRNA-seq, we now

find evidence for marked expansion of a small population of recently

characterized CD4 T cells expressing very high levels of interferon

(IFN) signaling-associated genes (ISAGhi T cells) in EOAD. Remark-

ably, a CD4 T-cell subtype that appears to be highly similar to ISAGhi

T cells–with a similar antiviral gene expression signature–is potently

expanded in the CSF in the context of viral encephalitis,7 suggesting

that EOAD-expanded ISAGhi T cells have antiviral properties. Adding

to the weight of evidence for augmented peripheral IFN signaling in

EOAD, we also observe an expansion of a rare natural killer (NK) cell

population previously associated with heightened IFN signaling.8

Beyond changes in cell-type abundance, we report global upregu-

lation of IFN-signaling genes across additional lymphoid and myeloid

PBMC types in EOAD. In addition, by analyzing a publicly available

scRNA-seq dataset of CSF leukocytes derived primarily from individu-

als with mild cognitive impairment (MCI) and late-onset AD (LOAD),3

we find striking upregulation of the same IFN-signaling pathways in

CD4 T cells in late-onset disease. These findings suggest at least par-

tially conserved IFN responses betweenEOADand LOAD.Collectively,

our findings indicate that dysregulation of IFN-related genes extends

from the peripheral blood and CSF to the brain in AD and suggest a

novel role for a population of unusual, antiviral-like T cells in EOAD.

2 METHODS

2.1 Overview

After obtaining informed consent, PBMCs from study participants

(Table 1) at the University of California, San Francisco Memory and

Aging Center (MAC) were analyzed by scRNA-seq essentially as

described.5 Raw sequencing reads were aligned to GRCh38-2020-

A and feature-barcode matrices were generated using Cell Ranger

(v7.1.0) with intronic reads excluded. Cluster proportions were deter-

mined for individual samples by dividing the number of cells in a

given cluster by the total number of cells in clusters representing all

PBMCs, all T cells, or all CD4 T cells (after quality control) for each

individual. Statistical differences in cell-type abundances by diagno-

sis were assessed via linear modeling, controlling for age and sex.

Additional details, including bioinformatic and experimental meth-

ods, are described in the Supplementary Methods document and

Supplementary Tables S1–S3.

2.2 Clinical assessment

Study participants underwent a multistep screening prior to an in-

person clinical assessment at theMACthat includedaneurologic exam,

detailed cognitive assessment, medical history, and family history for

neurodegenerative disease.9 Study partners were interviewed about

the participant’s functional abilities. A multidisciplinary team consist-

ing of a neurologist, a neuropsychologist, and a nurse reviewed all

participant clinical information and established diagnoses for cases

according to consensus criteria for AD10–12 or frontal AD.13 All EOAD

cases were diagnosed with probable AD and had at least one pos-

itive biomarker consistent with AD. In particular, 10/13 cases had

evidence of amyloid and tau positivity (obtained via positron emission

tomography [PET] imaging and/or assessment of CSF amyloid-β42 and
phospho-tau181 levels) in addition to neurodegeneration (via struc-

tural magnetic resonance imaging [MRI]; A+/T+/[N]+), while 3/13

cases had evidence of neurodegeneration ([N]+) but did not have PET

or CSF data available (Supplementary Table S4). The mean (SD) age of
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RESEARCH INCONTEXT

1. Systematic review: We reviewed the literature using

PubMed and Google Scholar, identifying peer-reviewed

publications as well as selected preprints and meet-

ing abstracts for citation. Given the relatively recent

description of interferon (IFN) signaling-associated gene

(ISAG)hi T cells, we also included for citation relevant

research describing their role in non-neurodegenerative

conditions.

2. Interpretation: Our findings indicate a role for a recently

characterized cell type with an antiviral-like gene expres-

sion signature in sporadic, early-onset Alzheimer’s dis-

ease (EOAD). Analysis of publicly available data from

mild cognitive impairment and late-onset AD suggests a

related response involving heightened IFN-related gene

expression in late-onset disease.

3. Future directions: Our work suggests a role for periph-

eral, antiviral-like ISAGhi T cells in EOAD and a conserved

role for heightened IFN-signaling across AD. Recentwork

suggesting that ISAGhi T cells have pathogenic properties

motivates future studies examining the function of this

rare cell type in neurodegenerative disease.

first abnormal diagnosis for all participants with EOAD was 58.5 (3.0)

and the range was 54-62. All control participants had a normal neu-

rologic exam, and all controls except one in the ddPCR study had a

global Clinical Dementia Rating (CDR)14 scale score of 0; the remain-

ing control participant, who was diagnosed as clinically normal, had

a CDR score of 0.5 due to subjective memory complaint. This partic-

ipant also reported depressive symptoms. Sensitivity analysis of the

ddPCR data after exclusion of this individual indicated that the results

remained similar or unchanged. All participants screened negative

for disease-causing pathogenic variants in established genes for AD

and frontotemporal lobar degeneration, which also causes early-onset

dementia.

3 RESULTS

3.1 Identification of an expanded T-cell subtype
in EOAD

After QC filtering, clustering of ∼182,000 PBMCs generated 17

primary clusters consisting of all expected PBMC types (see Supple-

mentaryMethods). Comparison of relative cluster abundance in EOAD

cases versus controls revealed a single cluster (cluster 15) that was

robustly expanded in EOAD (P = 0.005; after false discovery rate

[FDR] correction, PFDR = 0.079; Figure 1A andB). Expression ofmarker

genes indicates that cluster 15 is a subtype of CD4 T-cell (Supple-

mentary Figure S1A). Quantification of cluster 15 abundance relative

to either all PBMCs, all T cells, or all CD4 T cells revealed significant

expansion in EOAD that was driven primarily by females (Figure 1B

and C). To determine what type of CD4 T-cell cluster 15 represents,

we subsetted all T cells and reclustered them separately from all

other cell types. Reclustering revealed this cell type in sub-cluster

11, which expresses uniquely high levels of IFN-signaling genes MX1

and IFI6 relative to all other T cells (Figure 1D). As expected, sub-

cluster 11was also significantly expanded in EOAD relative to controls

(Figure 1D).

TABLE 1 Demographic and experimental information for samples used in scRNA-seq and ddPCR studies

scRNA-seq ddPCR

Discovery study Validation study

Parameter Controls Cases Controls Cases

n 8 8 10 9

n per batch (Batch A, Batch B) 4, 4 4, 4 5, 5 4, 5

PBMCs analyzed, n 91,955 90,398 N/A N/A

CD4 T-cell RIN, mean (SD) N/A N/A 9.5 (0.5) 9.5 (0.3)

Sex, n female (%) 4 (50) 4 (50) 7 (70) 6 (67)

Age, mean (SD) 44.6 (7.4) 59.9 (3.1) 56.9 (5.0) 58.6 (2.7)

Race, n non-HispanicWhite (%) 8 (100) 8 (100) 10 (100) 9 (100)a

APOE ε4 status, nwith 0/1/2 alleles 5/3/0 2/5/1 8/2/0 3/5/1

Clinical syndrome (n) clinically normal (8) AD (6), frontal AD (2) clinically normal (10) AD (9)

Global CDR, mean (SD) 0.0 (0.0) 1.1 (0.4) 0.1 (0.2)b 0.9 (0.2)

Abbreviations: AD, Alzheimer’s disease; APOE, apolipoprotein E; CDR, Clinical Dementia Rating scale; ddPCR, droplet digital polymerase chain reaction;

PBMC, peripheral bloodmononuclear cell; RIN, RNA integrity number; scRNA-seq, single-cell RNA-sequencing; SD, standard deviation.
aOne case in the ddPCR validation study self-identified asWhite with unknownHispanic/Latino ethnicity.
bAll clinically normal control participants except one in the ddPCR study had a Global CDR score of 0; the remaining control had a Global CDR score of 0.5

andwas considered clinically normal by neurological and neuropsychological testing.
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F IGURE 1 Expansion of ISAGhi T cells in EOAD characterized by scRNA-seq. (A) Uniformmanifold approximation and projection (UMAP) plot
of∼182,000 PBMCs from EOAD cases and cognitively normal controls, colored by cluster identity. Major cell types are labeledwithin the plot. The
inset (right) shows the primary T-cell grouping displayed in gray, with the ISAGhi T-cell cluster shown inmagenta. (B) ISAGhi T-cell abundance is
quantified relative to all PBMCs (left; P= 0.005; PFDR = 0.079), all T cells (middle, P= 0.013), and all CD4 T cells (right; P= 0.016). (C) Stratifying by
sex, ISAGhi T-cell relative abundance is significantly increased in EOAD only in females, expressed as a percentage of PBMCs (left, P= 0.006), T
cells (middle, P= 0.01), and CD4 T cells (right, P= 0.008). (D) Reclustering of all T cells (left) generates a T-cell subcluster (11) representing ISAGhi

T cells, which express high levels of marker genesMX1 and IFI6, in addition to T-cell markers CD4 and CD3E (middle). Quantification of the ISAGhi

subcluster relative to all T cells again indicates a significant increase in EOAD cases (right, P= 0.034)
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3.2 Characterization of the expanded cell type as
ISAGhi T cells

What is the precise identity of this subset of CD4 T cells? Recent lit-

erature using scRNA-seq to analyze human leukocyte populations has

revealed two poorly understood cell types: ISAGhi T cells, detected in

peripheral blood,15 and antiviral CD4 T cells, detected in CSF.7 Antivi-

ral CD4T cells were so named due to theirmarker gene expression and

robust expansion in the CSF in the context of viral encephalitis.7 Com-

parisonof allmarker genes for our sub-cluster11 to the top200marker

genes for CSF antiviral CD4 T cells revealed highly statistically signifi-

cant overlap (P=6.5×10−14; Supplementary Table S5).16 Moreover, all

of the 12 most-significant marker genes originally reported for ISAGhi

T cells15 are also topmarker genes of our sub-cluster 11andof antiviral

CD4 T cells. Therefore, from here on, we refer to the EOAD-expanded

CD4 T cells as ISAGhi T cells.

3.3 Analysis of ISAGhi T-cell abundance in
additional samples and datasets

ISAGhi T-cell abundance was consistent across scRNA-seq batches

(Supplementary Figure S1B) and was not driven by APOE ε4 status

(Supplementary Figure S1C). Moreover, although our control samples

came from participants with a younger mean age (Table 1), there was

no relationship between age and ISAGhi T-cell abundance (Supplemen-

tary Figure S1D). To increase the sample size of our scRNA-seq dataset,

we included sevenadditional control PBMCsamplespreviously charac-

terized by scRNA-seq.5 We found that the expansion of ISAGhi T cells

relative to PBMCs and all T cells remained significant after addition

of these independent controls, despite a single outlier control sample

with very high levels of ISAGhi T cells (Supplementary Figure S2). We

recently reported a reduction in peripheral non-classical monocytes

in familial tauopathy.5 Comparing the familial tauopathy and EOAD

datasets, we found that non-classical monocytes are not reduced in

EOAD, and ISAGhi T cells are not expanded in familial tauopathy (Sup-

plementary Figure S3; Supplementary Table S6), suggesting distinct

peripheral immune responses in sporadic EOAD and primary familial

tauopathy.

3.4 Expansion of proliferating NK cells in EOAD

Previous single-cell analyses have revealed additional PBMC types

temporally associated with heightened type I IFN signaling. In particu-

lar, a rareNKcell subpopulation that expressesmarkers of proliferation

has been shown to significantly expandafter vaccinationwith anexper-

imental HIV vaccine.8 This expansion coincides with heightened type

I IFN signaling in myeloid cells,8 which we also observe in EOAD

(see below). After mapping the EOAD PBMC dataset onto a large,

well-characterizedmultimodal PBMCCITE-seq dataset,8 we identified

the proliferating NK cell cluster and, remarkably, observed significant

expansion of this rare subpopulation in EOAD, specifically in female

cases (Supplementary Figure S4A). In addition, differential expres-

sion analysis confirmed significant enrichment for gene ontology (GO)

and Reactome terms related to IFN signaling and antiviral response

within the primary NK cell cluster in EOAD (Supplementary Figure

S4B). These findings provide additional corroborative evidence, via a

population of innate lymphoid cells, that EOAD is characterized by

heightened peripheral IFN signaling. In contrast, similar analysis of the

familial tauopathy dataset revealed no significant changes in prolif-

erating NK cells (data not shown), a finding that is again consistent

with divergent peripheral immune responses in EOAD and familial

tauopathy.

3.5 Differential expression analysis of PBMC
subsets in EOAD

Differential expression analysis revealed a high number of differen-

tially expressed genes (DEGs) in classical and non-classical monocytes

in EOAD, relative to controls (Supplementary Figure S5A, Supplemen-

tary Table S7). Remarkably, we found that, on average, ∼19% of the

significantly upregulated genes across all clusters (excluding thosewith

fewer than10upregulatedDEGs)were also ISAGhi T-cellmarker genes

(i.e., IFN response genes; Supplementary Figure S5A). GO analysis of

the genes upregulated in CD4 T-cell clusters and myeloid cell clusters

revealed significant enrichment for terms such as “IFN α/β signaling”
and “response to virus” (Supplementary Figure S5B and C). In EOAD,

we, therefore, observe both expansion of a CD4 T-cell subpopulation

expressing very high levels of genes associated with IFN signaling and

concomitant upregulation of many of the same genes across additional

lymphoid andmyeloid cell types.

3.6 Validation of upregulated ISAGhi T-cell
marker genes via ddPCR

To validate our primary scRNA-seq findings, we magnetically isolated

CD4 T cells from an additional cohort of EOAD cases and control par-

ticipants. A droplet digital (dd) PCR-based validation assay indicated

highly efficient isolationofCD4Tcells (SupplementaryFigure S6). Rea-

soning that increased expression of specific ISAGhi T-cell marker genes

from isolated CD4 T cells would be consistent with an expansion of

ISAGhi T cells as well as ISAG upregulation, we performed ddPCR for

ISAGhi marker genes MX1 and IFI6 (Figure 2A). Cases and controls in

the ddPCR cohort had similar average ages (Table 1; see also Supple-

mentary Methods document), excluding age as an explanatory factor.

Strikingly, ddPCR confirmed increasedMX1 and IFI6 expression inCD4

T cells from EOAD cases (Figure 2B). Increased MX1 was observed

across two independent ddPCR batches and was driven by females

(Figure 2C).
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(A)

(B)

(C)

F IGURE 2 ISAGhi T-cell marker gene expression is increased in CD4 T cells in EOAD. (A) CD4 T cells weremagnetically isolated from PBMCs
and RNAwas extracted; gene expression was determined by RT-ddPCR. (B) Expression ofMX1 and IFI6was significantly increased in CD4 T cells
from EOAD cases relative to cognitively normal controls (P= 0.002 and P= 0.04, respectively). (C)MX1 expression was significantly increased in
two independent RT-ddPCR batches (P= 0.03, both batches). The increase inMX1 expression observed in EOADwas driven by females
(P= 0.0002). CD4was used as a reference gene

3.7 Secondary analysis of CSF leukocytes in
late-onset MCI/AD

Secondary analysis of a well-known CSF leukocyte dataset3 revealed

that ISAGhi-like T cells, although detected, were not expanded in the

CSF in late-onset MCI/AD (Figure 3A through C). Strikingly, how-

ever, differential expression analysis revealed robust upregulation of

MX1 within CSF ISAGhi-like T cells in MCI/AD (Figure 3D). Moreover,

functional enrichment analysis of the genes upregulated in MCI/AD

(relative to healthy controls) across all CSF CD4 T cells revealed

highly significant enrichment for terms such as “IFN α/β signaling”

and “response to virus” (Figure 3E). In addition, analysis of upregu-

lated DEGs from individual CSF clusters revealed similar enrichment

for IFN-signaling terms across multiple CD4 T-cell clusters as well as

two innate immune clusters (Figure 3F). Collectively, these results sug-

gest that, although expansion of ISAGhi T cells may be specific to EOAD,
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F IGURE 3 Heightened IFN response signatures in CSF T cells inMCI and AD. Publicly available data fromGate et al.3 were downloaded from
GEO (GSE134577) and analyzed as described. (A) A UMAP plot shows the distribution of CSF immune cells. (B) Violin plots show that CSF cluster
15 harbors ISAGhi-like cells expressing high levels ofMX1 and IFI6 along with CD4 and CD3E. (C) Quantification of CSF cluster 15 reveals lack of
expansion in late-onsetMCI/AD (P= 0.682). (D)MX1 expression is significantly increased (PFDR = 0.014) in CSF ISAGhi-like T cells inMCI/AD
relative to healthy controls. (E) Functional enrichment analysis of the genes upregulated (PFDR < 0.05 and log2 fold-change> 0.1) across all CSF
CD4 T-cell clusters (0, 1, 5, 6, 7, 8, 9, 12, and 15) reveals significant enrichment of IFN and antiviral response pathways inMCI/AD. GO biological
process (BP) and reactome databases were used. (F) Analysis of significantly upregulated genes from individual CSF immune cell clusters revealed
significant enrichment for IFN signaling in individual CSF CD4 T-cell clusters (0, 1, 5, 6, and 7) as well as monocyte andNK cell clusters (4 and 10,
respectively)
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upregulation of the same IFN-signaling pathways in CSF CD4 T cells is

conserved in late-onsetMCI/AD.

3.8 Dysregulation of IFN-signaling genes in a
mouse model of AD

To assess the relevance of heightened type I IFN signaling in the brain,

we asked whether ISAGhi T-cell marker genes are dysregulated in the

hippocampus and cortex in the APPswe x PSEN1.M146V (TASTPM)

mouse model17 of familial EOAD. In the TASTPM model, we observed

marked upregulation of many ISAGhi marker genes, particularly in the

hippocampus (Supplementary Figure S7A and B). These results con-

firm the relevance of dysregulated type I IFN signaling in the brain in

amodel of EOAD-like amyloidosis.

4 DISCUSSION

In this study, we found evidence for a unique peripheral immune

signature in EOAD. Our findings complement and expand upon exist-

ing evidence of diverse T-cell signatures in other forms of AD,3,18

additional neurodegenerative diseases,4 and during aging.6 Our study

is limited by the relatively small sample sizes that are characteristic of

scRNA-seq experiments. Future studies in diverse EOAD cohorts from

additional recruitment sites will be needed to confirm the broad rele-

vance of our findings to EOAD. Indeed, direct comparative analysis—

rather than comparison across datasets—of larger cohorts consisting

of caseswith EOADand LOADwill be needed to confidently determine

the extent of concordance of IFN-driven T-cell responses in peripheral

blood and CSF in these distinct manifestations of AD. Given that our

findings appear to be driven by females, the study of larger datasets

with more female participants will be particularly important in this

regard.

Our findings build uponprior research that has found increasing evi-

dence for heightened T-cell infiltration into the brain in AD3,19 and

AD models.19,20 In addition, recent work in AD, primary tauopathy,

and relatedmodel systems have implicated dysregulated IFN-signaling

pathways inmicroglia19,21–26 and brain barrier tissue,27 indicating that

IFN signaling is implicated not only in peripheral and CSF immune

cells—as shown here—but also at the blood–CSF barrier and in brain-

resident myeloid cells. Intriguingly, augmented microglial interferon

responses in combinedAPOE ε4and/orTREM2R47Htauopathymodels

have been reported specifically in female mice23,28; these findings may

be related to the female-driven expansion of ISAGhi T cells and type

I IFN-associated, proliferating NK cells reported here in EOAD. More

broadly, sex-specific IFN responses in the context of neurodegenera-

tivediseasemaybe related to theobservation that type I IFNresponses

are generally stronger in females than males.29 Given that > 60% of

Americans with AD are women,30 there is an urgent need to elucidate

the biological mechanisms—including augmented central and periph-

eral IFN responses—thatmay contribute to sex-specific vulnerability in

the context of neurodegeneration.

Collectively, our novel findings, coupledwith this prior bodyofwork,

suggest the importance of heightened IFN signaling in PBMCs, CSF

immune cells, brain border tissue, and brain parenchyma,whichmay be

mediated by distinct cellular populations in each compartment. Excit-

ingly, a recent preprint has uncovered enrichment of brain-resident,

IFN-responsive CD8 T cells in the 5xFAD model of familial EOAD,31 a

striking convergence with our findings involving human ISAGhi T cells

in EOAD. Future work should focus on identifying the functional and

compartment-specific roles of IFN-responsive cells in neurodegenera-

tive disease.
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SUPPORTING INFORMATION

Additional supporting information can be found online in the Support-

ing Information section at the end of this article.
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