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Altered T-cell reactivity in the early stages
of Alzheimer’s disease
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The adaptive immune system and neurodegenerative Alzheimer’s disease (AD) are intertwined in multiple ways.
Recent studies have reported alterations of the adaptive immune system in early AD stages, such as preclinical AD
and mild cognitive impairment (MCI) due to AD. However, the identity of specific antigenic targets and whether
the respective response is beneficial or detrimental during disease progression are still open questions.

Herein, we describe cross-sectional analyses of blood and CSF from three different study populations covering early
AD stages. We employed high-dimensional mass cytometry, single-cell RNA-sequencing, ex vivo T-cell secretome
analysis, and antigen presentation assays to achieve a comprehensive characterization of adaptive immune cell po-
pulations.

Our results show that subjects at the stage of asymptomatic, preclinical AD can mount a CD4" T helper cell response
towards amyloid-p peptide and display an early enrichment of CD8"* T effector memory cells re-expressing CD45RA
(TEMRA cells) in CSF, combined with a less immunosuppressive gene signature of peripheral regulatory T cells.
Conversely, in MCI we observed increased frequencies of CD8" TEMRA/effector cells in the periphery characterized
by a pro-inflammatory gene expression profile, and generally decreased antigen responsiveness.

Our results demonstrate the complexity of adaptive immune changes in early AD and suggest that it may be benefi-
cial to promote specific CD4" T-cell responses in the preclinical stage, while in MCI it may be important to therapeut-
ically target CD8" T-cell responses if these prove to be harmful.
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Introduction

Alzheimer’s disease (AD) is a neurodegenerative disease affecting
over 50 million people worldwide.* Hallmarks of AD pathology are
aggregation and deposition of misfolded amyloid-B peptide (A)
into AB plaques, neurofibrillary tangles of hyperphosphorylated
tau, and neurodegeneration.? After along asymptomatic preclinical
phase with Af accumulation followed by tau pathology, AD can pro-
gress along a continuum to mild cognitive impairment (MCI) and
dementia.’” Biomarkers for AD, including cerebral Ap and tau
aggregates measured by PET scans, along with elevated levels of
phosphorylated tau species (p-tau) in CSF or plasma, can predict
the probability of a clinical transition from cognitively healthy indi-
viduals to MCI and dementia.®*° Importantly, preclinical AD refers
to cognitively normal individuals with increased risk, rather than a
certainty of progression to MCI or AD, as many biomarker-positive,
cognitively unimpaired individuals remain stable for extended per-
iods while others do progress.'" As particularly the preclinical
phase of AD is not well understood, its in-depth characterization
would allow improving biomarkers and potentially preventive
therapeutic strategies before the onset of symptoms.
Inrecentyears, the role of adaptive immunity in AD has beenin-
creasingly recognized. Both clinical and genetic data suggest an in-
volvement of inflammation-related pathways in AD pathogenesis
and progression.’>'®> Multiple studies have identified increased
T-cell infiltration in AD brains,’*"® sparking the question of
whether the underlying responses might be beneficial or detrimen-
tal during disease progression. For the CD8" subtype of T cells, T ef-
fector memory cells re-expressing CD45RA (TEMRA) were shown to
be increased in peripheral blood and CSF of AD patients.*
Interestingly, immunophenotyping studies focusing on earlier
stages of AD revealed that CD8* TEMRA cells are altered even before
the conversion to AD dementia'” as early as in preclinical AD.®
While lymphocyte infiltration in AD brains appears to be a targeted
process, the antigenic target remains unknown.'® Some studies in-
vestigated the T-cell antigen specificity in AD and reported reactiv-
ity of CD4" T cells towards Af-derived epitopes in a human
leucocyte antigen (HLA) class II-dependent manner.?>? These re-
sults were no surprise as earlier studies observed that immuniza-
tion with AB peptide resulted in less AD pathology in mouse
models of f-amyloidosis.?® The subsequent first active immuniza-
tion strategy for AD was AN-1792, mainly consisting of synthetic

full-length AB;.4, peptide. Clinical trials were suspended due to
cases of meningoencephalitis.>* Nevertheless, T-cell recruitment
to the CNS occurred, and some responders mounted antibody re-
sponses against the amino-terminus (N-terminus) of Ap.?> Further
discoveries of human autoantibodies directed against aggregated
Ap support the concept of successful priming of the adaptive im-
mune system in AD.?¢%®

To investigate the onset, targets and nature of AD-associated
T-cell responses, we performed an in-depth cross-sectional immu-
nophenotyping of three study populations covering the early stages
of AD. We included cognitively healthy subjects with early evidence
of cerebral B-amyloidosis (referred to as preclinical AD) and
subjects with MCI due to AD (also referred to as prodromal AD).
We provide a detailed analysis of immune cell populations in
peripheral blood and CSF by combining mass cytometry by time-
of-flight (CyTOF) and single-cell RNA sequencing (scRNA-seq).
Additionally, we performed a functional analysis of the T-cell
secretome and antigen presentation assays. We report that CD4"
T cellsin preclinical AD display a type 2 T-helper profile and reactiv-
ity against carboxyl-terminal (C-terminal) and mid-sequence pep-
tides derived from linear AB;4,. In contrast, we observe an
increased frequency and a more pro-inflammatory gene expression
of CD8* TEMRA/effector cells in MCI subjects. Our analysis suggests
a potentially beneficial role for activated CD4" T helper cells in pre-
clinical AD and a potentially harmful involvement of CD8* T cells
when the pathology becomes clinically symptomatic.

Materials and methods

The goal of this study was to investigate the immunophenotype
and function of CD4* and CD8" T cells in individuals categorized
as potential preclinical cases of AD and in participants diagnosed
with MCI (according to consensus criteria®®). As material we used
peripheral blood mononuclear cells (PBMCs) or CSF-derived cells,
blood plasma and serum from healthy control subjects (HCS) and
participants with MCI. All participants were part of an ongoing
monocentric and prospective longitudinal cohort study with exten-
sive multimodal imaging, fluid biomarker analysis, as well as clin-
ical and cognitive assessments (‘ID-Cog’ study®** and Tables 1-3).
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Table 1 Demographics and clinical characteristics of study population 1

Total HCS— HCS+ Group differences
Subjects 9 5 4
Age, mean + SD [range] 65.6+9.0 [50-78] 65.4 +10.7 [50-78] 65.8 + 7.8 [56-75] t=0.06, P=0.9564
Sex, male/female 7/2 4/1 3/1 ¥?=0.03, P=0.8577
Years of education, mean + SD 16.1+2.7 16.6 +2.3 15.5+3.3 t=0.56, P=0.5966
APOE ¢4 carriers 55.6% 60.0% 50.0% %> =0.09, P=0.7642
CSF ABs4o, median [IQR] in pg/ml 7984.5 [3412.7] 7262.5 [3174.5] 9426.6 [3590.2] Mann-Whitney U=4, P=0.1905
CSF ABy4,, median [IQR] in pg/ml 626.9 [155.7] 626.9 [222.1] 600.6 [248.3] Mann-Whitney U=8, P=0.7302
CSF ABgy/ ABso, median [IQR] 0.079 [0.020] 0.086 [0.007] 0.065 [0.004] Mann-Whitney U =0, P=0.0159
CSF total tau, median [IQR] in pg/ml 160.3 [74.3] 118.0 [83.0] 176.3 [58.7] Mann-Whitney U=5, P=0.2857

Study population 1 includes cognitively healthy control subjects (HCS) grouped according to CSF amyloid-B (AB)az/40 ratio into brain AB-negative (HCS— = high CSF ABay/40 ratio =
elderly and unaffected) and AB-positive (HCS+=low CSF As,/40 ratio = potentially preclinical Alzhiemer’s disease). Normally distributed variables are summarized as mean
with standard deviation (SD). Non-normally distributed variables are summarized as median with interquartile range (IQR). Group differences were calculated using parametric
unpaired t-test with Welch’s correction (for parameters ‘Age’ and ‘Years of education’) or non-parametric Mann-Whitney test (for CSF biomarkers). The P-values for categorical
variables such as ‘Sex’ and ‘APOE ¢4 carriers’ were calculated using Chi-square test for independence.

For the analyses, three subpopulations of study participants were
selected from the overall study population at baseline to conduct
three cross-sectional analyses (Fig. 1). Due to the exploratory
nature of these three cross-sectional analyses, no a priori power
analysis was conducted to estimate sample sizes. Where pos-
sible, a balanced ratio of female and male study participants
was aimed for in the study populations. We performed an in-
depth analysis of the immunophenotype using CyTOF and
scRNA-seq for study populations 1 and 2, as well as a functional
analysis of the T-cell secretome and antigen presentation assays
for study population 3.

Study population 1 included nine study participants representing a
subgroup that consented to lumbar puncture for CSF collection.
Study population 1 was categorized based on the ratio of CSF AD
biomarkers AB4, and Ay into brain AB-negative (HCS— =high CSF
APBay/ao ratio = elderly and unaffected) and AB-positive (HCS+ =low
CSF ABa4y/40 ratio = potentially preclinical AD).

Study population 2 included 30 participants and study popula-
tion 3 included 44 participants. Both were assessed for cerebral
AP load measured via PET imaging using *®F-flutemetamol (FMM)
tracer. The median time difference between PBMC sampling and
PET imaging was 19 days. To standardize quantitative A imaging
measurements, the ‘Centiloid’ approach was used.® The
Centiloid cut-off for Ap positivity was set at FMM Centiloid >12,
which has been shown to mark the transition from absence of path-
ology to subtle pathology.?? Study participants were grouped based
on AB PET into Ap-negative and Ap-positive HCS (HCS— and HCS+)
and AB-positive MCI (MCI+). Study populations 2 and 3 additionally
underwent plasma AD biomarker analysis for ABs, and A4, as
well as phospho-tau 217 (p-tau217), neurofilament light (NfL)
and glial fibrillary acidic protein (GFAP). Subjects with current/
recent tumours, Hashimoto’s disease or increased serum levels of
C-reactive protein (CRP) were excluded.

The participants included in the analyses participated in in-house
cohort studies conducted by the ‘Center for Prevention and
Dementia Therapy’ at the Institute for Regenerative Medicine at
the University of Zurich, Switzerland. All study participants gave
written informed consent. The cohort studies including the here
shown assessments were approved by the local ethics committee

(Kantonale Ethikkommission, Zurich, Switzerland) and conducted
in accordance with their guidelines and the Declaration of
Helsinki.*

APOE genotyping was performed using a restriction isotyping
protocol®® or Sanger Sequencing (Microsynth AG).

Standard reconstructed PET/MRI " F-FMM-PET images were aver-
aged over the time window between 85-105 min post injection.
Images were acquired on a Signa PET/MRI (GE Healthcare).
Participants received a maximum of 140 MBq of tracer. Images
were processed with PMOD 4.0 NeuroTool (PMOD Technologies,
Zurich, Switzerland) according to standard Centiloid methods.?*

Hippocampus parcellation was performed using FreeSurfer (v7.1.1,
Cent0S8) on FSPGR 3D T;-weighted images (0.5 mm isotropic voxel
size, axial slice orientation, repetition time/echo time/inversion
time = 11/5.2/600 ms, flip angle = 8°). Parcellations were visually in-
spected for accuracy, with manual corrections applied as needed.
Hippocampal volumes were adjusted for total intracranial volume
(ICV). Values were previously reported for the whole cohort.*

Details of the neuropsychological testing within the cohort study
were published previously.'®*%*> For this analysis, we used
Mini-Mental State Examination (MMSE) assessment for global esti-
mate of cognitive functions.

Antibody titres were analysed in serum samples via ELISA or indir-
ect immunofluorescence at the Institute of Medical Virology,
University of Zurich. Antibody titres against Cytomegalovirus
(CMV) (1gG and IgM), Epstein-Barr virus (EBV) [IgG and IgM against
viral capsid antigen (VCA) and IgG against Epstein-Barr nuclear
antigen (EBNA)], Herpes simplex virus (HSV) 1 and 2 (IgG and IgM)
and Varicella-Zoster Virus (VZV) (IgG and IgM) were measured.
Quantitative results were obtained for the following antibody titres:
VZV IgG (in mIU/ml, threshold for positive test >100), CMV IgG (in
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Table 2 Demographics and clinical characteristics of study population 2

Total HCS— HCS+ MCI+ Group differences
Subjects 30 10 10
Age, mean + SD [range] 72.1+6.5[59-85] 69.6+4.3[61-77] 69.5+6.9[59-80] 77.3+4.9 [69-85] F(2,27)=6.617, P=0.0046
Sex, male/female 15/15 5/5 7/3 3/7 P=0.2623
Years of education, mean + SD 14.8+3.1 16.0+3.2 15.8+2.9 12.7+1.8 F(2,27) =4.583, P=0.0193
MMSE, mean + SD 285+1.9 29.7+0.5 28.8+1.8 27.0+1.9 F(2,27)=7.767, P =0.0022
APOE ¢4 carriers 26.7% 10.0% 30.0% 40.0% P =0.4499
APOE &2 carriers 13.3% 10.0% 10.0% 20.0% P>0.9999
FMM Centiloid, median [IQR] 47.8[75.9] —2.2[2.1] 47.8[10.0] 84.6 [38.2] H(2) =23.910
P <0.0001
Plasma AB4o, median [IQR] in pg/ml 110.5 [31.9] 115.5 [34.7] 107.0 [19.7] 109.0 [43.7] H(2) =0.420
P=0.8105
Plasma AB4,, median [IQR] in pg/ml 5.8[2.7] 7.6 [1.6] 5.5[1.2] 5.3[1.4] H(2)=5.933
P=0.0515
Plasma AP,/ ABso, median [IQR] 0.056 [0.016] 0.068 [0.011] 0.051 [0.008] 0.055[0.010]  H(2)=6.745
P=0.0343
Plasma NfL, median [IQR] in pg/ml 27.0 [14.2] 22.2 [9.5] 27.1[14.8] 31.2 [5.9] H(2)=5.258
P=0.0722
Plasma GFAP, median [IQR] in pg/ml 144.0 [91.0] 126.0 [45.5] 122.5 [75.0] 198.5 [102.5] H(2)=6.072
P=0.0480
Plasma p-tau217, median [IQR] in pg/ml 2.5[2.2] 1.1[1.2] 2.5[1.4] 3.6[2.2] H(2)=10.590
P =0.0050

Study population 2 includes cognitively healthy control subjects (HCS) and individuals with mild cognitive impairment (MCI) grouped based on amyloid-p (Ap) PET imaging into HCS
—, HCS+ and MCI+. The proportion of individuals with at least one copy of the APOE ¢4 allele, which is linked to higher Alzheimer’s disease risk, were higher in Ap-positive groups
compared to AB-negative groups (not significant, ns), with one case of homozygous APOE ¢4 genotype in HCS+. Normally distributed variables are summarized as mean with standard
deviation (SD). Non-normally distributed variables are summarized as median with interquartile range (IQR). Group differences were calculated using parametric one-way ANOVA
with Bonferroni’s multiple comparison correction (for parameters ‘Age’, ‘Years of education’ and ‘MMSE’) or non-parametric Kruskal-Wallis test with false discovery rate (FDR)
method of Benjamini and Hochberg (for parameters ‘FMM Centiloid’ and plasma biomarkers). The P-values for categorical variables such as ‘Sex’, ‘APOE ¢4 carriers’ and ‘APOE €2
carriers’ were calculated using Fisher’s exact test. FMM = '®F-flutemetamol; MMSE = Mini-Mental State Examination; NfL = neurofilament light; p-tau = phosphorylated tau.

AE/ml, threshold >6), HSV-11gG (in ‘Signal divided by cut-off’: S/CO,
threshold >1) and HSV-2 IgG (in S/CO, threshold >1). All other titres
were analysed qualitatively (positive/negative).

Blood of study participants was collected in ethylenediaminetetraa-
cetic acid (EDTA) tubes (Vacutainer EDTA Tubes, BD), inverted 10
times and centrifuged at 1620g for 12 min at 6°C. Plasma supernatant
was aliquoted and stored at —80°C. CSF samples were centrifuged
within 30 min after lumbar puncture at 350g for 10 min to separate
CSF cells from supernatant. CSF supernatant was aliquoted and fro-
zen at —80°C. For biomarker analysis of study population 1, quantifi-
cations were performed by Quanterix corporation on a Simoa HD-X
instrument using Simoa Human Neurology 3-plex A (N3PA) immu-
noassays for measuring CSF A4y, ABso and total tau. Biomarker ana-
lysis for study populations 2 and 3 was performed in the laboratories
of Prof. H. Zetterberg and Prof. K. Blennow (Sahlgrenska University
Hospital, Mélndal, Sweden). In brief, quantifications of plasma mar-
kers AB4y, APao, NfL and GFAP were performed with a customized
Neurology 4-plex A platform (Quanterix), plasma p-tau217 was mea-
sured with an in-house assay of University of Gothenburg. Fluid bio-
marker levels below the limit of quantitation (LOQ) were set at LOQ/2
according to standard approaches for left-censored LOQ data.*®

A detailed overview of all single-cell analysis methods used in this
study, including CyTOF, scRNA-seq and secretome and antigen
presentation assays measured by spectral flow cytometry, is pro-
vided in the Supplementary material.

Statistical analysis was performed in RStudio using rstatix and
stats packages.?” Differences between two groups were tested with
non-parametric, two-tailed, unpaired Wilcoxon rank sum test
(Mann-Whitney U-test) for non-normally distributed variables.
Differences between multiple groups containing non-normally dis-
tributed variables were tested with non-parametric Kruskal-Wallis
test with correction for multiple comparisons using the Benjamini-
Hochberg false discovery rate (FDR) approach. Correlations were
calculated with Pearson’s correlation (a=0.05, confidence inter-
val 95%, two-tailed) and non-parametric Spearman’s correlation
(o =0.05, confidence interval 95%, two-tailed). Effects of age, sex
and virus titres were estimated using linear regression models, and
analysis was performed on the basis of corresponding residuals.
Due to small cohort size, an FDR < 10% has been applied. Where
possible, violin plots have been used to display numerical data.
Horizontal lines represent the median calculated based on the dens-
ity estimate.

Results

To determine the immunophenotypes of individuals in the early
AD continuum, we characterized adaptive immune cells in three
study populations, all derived as a subset from a prospective cohort
study (Fig. 1). First, we analysed CSF immune cells from individuals
in study population 1 (n=9), which included cognitively healthy
control subjects (HCS) grouped according to CSF APsy/40 ratio into
brain AB-negative (HCS-) and Ap-positive (HCS+=potentially
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Table 3 Demographics and clinical characteristics of study population 3

Total HCS— HCS+ MCI+ Group differences
Subjects 44 14 15
Age, mean + SD [range] 70.6+7.7 [53-89] 67.0+6.8 [54-77] 69.3+6.5[59-79] 75.3+7.5[53-85] F(2,41)=5.747, P =0.0063
Sex, male/female 22/22 4/11 12/2 6/9 P=0.0039
Years of education, mean + SD 15.0+29 14.8+3.0 16.1+2.2 141+3.1 F(2,41)=2.026, P=0.1448
MMSE, mean + SD 283+17 29.5+0.8 27.9+15 27.5+1.8 F(2,41) = 8.340, P = 0.0009
APOE ¢4 carriers 29.5% 6.7% 50.0% 33.3% P=0.0327
APOE ¢2 carriers 18.2% 20% 21.4% 13.3% P=0.8937
FMM Centiloid, median [IQR] 22.0 [52.7] —2.4[3.3] 26.4 [26.7] 71.4 [59.4] H(2) =32.430
P <0.0001
Plasma Ao, median [IQR] in pg/ml 114.0 [35.1] 114.0 [23.5] 114.5 [33.4] 102.0 [36.3] H(2)=0.717
P=0.6987
Plasma ABs,, median [IQR] in pg/ml 7.0 [2.6] 7.5[1.3] 6.0 [2.7] 5.7 [2.7] H(2) =5.299
P=0.0707
Plasma AByy/ ABgo, median [IQR] 0.061 [0.018] 0.069 [0.012] 0.059 [0.019] 0.059 [0.009] H(2)=4.988
P=0.0826
Plasma NfL, median [IQR] in pg/ml 21.6 [15.5] 19.5 [9.4] 18.4[6.7] 30.1[10.3] H(2)=7.352
P=0.0253
Plasma GFAP, median [IQR] in pg/ml 117.5 [87.3] 108.0 [66.0] 102.2 [37.4] 195.0 [109.0] H(2)=9.515
P=0.0086
Plasma p-tau217, median [IQR] in pg/ml 1.7 [2.3] 0.6 [1.3] 1.4 [1.6] 3.0[2.3] H(2)=11.470
P=0.0032

Study population 3 includes cognitively healthy control subjects (HCS) and individuals with mild cognitive impairment (MCI) grouped based on amyloid-p (Ap) PET imaging into
HCS-, HCS+ and MCI+. The proportion of individuals who were hetero- or homozygous for the APOE ¢4 allele was higher in Ap-positive groups than in Ap-negative HCS, with one
case of homozygous APOE ¢4 genotype in HCS+. Normally distributed variables are summarized as mean with standard deviation (SD). Non-normally distributed variables are
summarized as median with interquartile range (IQR). Group differences were calculated using parametric one-way ANOVA with Bonferroni’s multiple comparison correction
(for parameters ‘Age’, ‘Years of education’ and ‘MMSE’) or non-parametric Kruskal-Wallis test with false discovery rate (FDR) method of Benjamini and Hochberg (for parameters
‘FMM Centiloid’ and plasma biomarkers). The P-values for categorical variables such as ‘Sex’, ‘APOE ¢4 carriers’ and ‘APOE ¢2 carriers’ were calculated using Fisher’s exact test.
FMM = '®F-flutemetamol; MMSE = Mini-Mental State Examination; NfL = neurofilament light; p-tau = phosphorylated tau.

preclinical AD) (Fig. 2A and Table 1). Following up on our previous
reports,” we investigated whether CD8" TEMRA/effector cells
were also increased in the CSF of individuals with early, preclinical
AD. After mass cytometry analysis of CSF cells and paired PBMC
samples from the same subjects, we applied automated cell clus-
tering using FlowSOM and identified canonical immune cell popu-
lations, such as B cells, CD4* and CD8" T cells, myeloid cells
(including monocytes and dendritic cells), innate lymphocytes [in-
cluding natural killer (NK) cells], and unconventional T cells (in-
cluding double-negative and v3 T cells) (Supplementary Fig. 1A-C).
CD4" and CD8* T-cell clusters in CSF mainly exhibited an immune
profile of memory cells with substantially lower amounts of naive
cells, as expected for CSF-derived cells®® (Fig. 2B and C and
Supplementary Fig. 1B). In line with our previous findings, we found
that the relative abundance of CD8" TEMRA cells in CSF and in
paired blood-derived PBMCs was increased in HCS+ compared to
HCS- (Fig. 2D and E).

Next, we analysed study population 2, consisting of 30 study
participants, which included both cognitively healthy HCS and in-
dividuals with MCI. Here, based on A PET imaging data, we se-
lected subgroups that were clearly AB-negative and strongly
AB-positive (HCS—, HCS+, MCI+) to study the effect of high AB bio-
marker levels on the immune profile using mass cytometry and
scRNA-seq (Fig. 1). Altered AD biomarker levels, hippocampal atro-
phy data, and details on APOE ¢4 and £2 genotypes are summarized
in Supplementary Fig. 2A-W and Table 2.

Using CyTOF immunophenotyping for blood-derived PBMCs,
we identified major immune cell populations (Supplementary
Fig. 3A) with comparable proportions across diagnostic groups
(Supplementary Fig. 3B). We then increased the resolution and
identified canonical immune cell populations (here defined as

‘landmark nodes’) including subsets of B cells, CD4" and CD8" T
cells, myeloid cells, innate lymphocytes, and unconventional T
cells (Fig. 2F and G). We compared the proportions of landmark
nodes across the three diagnostic groups and observed for
CD57low CD8* TEMRA/effector cells an increased relative abun-
dance in MCI+ (P=0.0027) compared to HCS— (Fig. 2H).

Generally, proportions of peripheral immune cell subsets could
be biased by subclinical levels of viral infections. Moreover, particu-
larly herpesvirus infections have been suggested to be associated
with AD pathogenesis.***° Therefore, study participants were
tested for elevated serum immunoglobulin (IgG and IgM) titres
against CMV, EBV, HSV 1 and 2, and VZV. As expected, the majority
of individuals were tested positive for IgG antibodies against EBV
and VZV, while 40% of study subjects tested positive for anti-CMV
IgG (Supplementary Fig. 3C). However, no significant differences
in antiviral IgG serum titres between diagnostic groups were ob-
served (Supplementary Fig. 3D). We controlled for an influence of
herpesvirus infections on the abundances of canonical immune
cell populations by correlating serum Herpesviridae IgG titres
with landmark node abundances. Most Herpesviridae IgG titres
had no influence on landmark node abundances (Supplementary
Fig. 3E). However, anti-CMV IgG titres appeared to have significant
effects on a number of landmark nodes, such as CD4* and CD8*
memory T cells as well as on unconventional CD56" T cells
(Supplementary Fig. 3E).

As the proportions of peripheral CD8* TEMRA/effector cells were
also affected by anti-CMV IgG titres, we tested for CMV IgG-adjusted
residuals to exclude that the observed difference was due to CMV re-
activation. We confirmed the increase of CD8" TEMRA/effector land-
mark node abundance in MCI+ (P=0.0021) compared to HCS-,
even when corrected for a potential influence of CMV infections
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Figure 1 Study design for the analysis of T-cell reactivity in early Alzheimer’s disease. In total, three study populations were analysed. Study partici-
pants were characterized using cognitive testing, amyloid-f (Ap) PET imaging and fluid Alzheimer’s disease (AD) biomarkers. Study population 1: Paired
peripheral blood mononuclear cells (PBMCs) and CSF immune cells of AD biomarker-negative and -positive cognitively healthy subjects (HCS— and HCS
+) were analysed via mass cytometry by time-of-flight (CyTOF). Study population 2: Individuals were divided into cerebral Ap-negative and -positive
cognitively healthy subjects (HCS- and HCS+), and AB-positive mild cognitive impairment (MCI+) subjects. PBMCs were analysed via CyTOF and sin-
gle-cell RNA sequencing. Serum was used for quantification of anti-Herpesviridae antibody titres. Study population 3: Study participants were divided
into HCS—, HCS+ and MCI+ groups. Functional analysis of T-cell secretome and epitope specificity was performed via spectral flow cytometry.

on CD8" TEMRA/effector cell abundances (Fig. 2I). Interestingly, in
this study population, the comparison between HCS+ and HCS—
did not reach statistical significance (P = 0.1275), in contrast to previ-
ous findings in other populations (Fig. 2D and E'®). Frequencies of
other T-cell subpopulations, including CD4* central memory (CM),
CD4" effector memory (EM), regulatory T cells (Tregs) and unconven-
tional T-cell subsets, were unchanged across the diagnostic groups
after applying the adjustment for anti-CMV IgG titres
(Supplementary Fig. 3F-]).

To associate CD8* TEMRA/effector immunophenotype with tau
pathology, HCS and MCI subjects were subdivided in an alternative
grouping according to the median of p-tau217 plasma levels
(2.46 pg/ml) in study population 2 instead of using AB PET data.
For readability, we refer to subjects above the median level as
‘p-tau217+’, emphasizing that this is not a clinical cut-off for tau
biomarkers. CD8" TEMRA/effector cell abundance was increased
in MCI p-tau217+ compared to HCS p-tau217-, which was also con-
firmed after adjustment for CMV IgG titres (Supplementary Fig. 3K
and L).

Multiple linear regression analysis showed that the effects of
age on CD4" and CD8* T-cell landmark node abundances were min-
or, with estimates close to 0 (Supplementary Fig. 3M). In addition,
only the proportions of B and NK cell landmark nodes were affected
by sex (Supplementary Fig. 3M).

Collectively, our data suggest an expansion of CD8" TEMRA/ef-
fector cells in peripheral blood and CSF of subjects in early AD

stages, independent of latent Herpesviridae infections. Notably,
these immune changes are already evident at the preclinical
asymptomatic AD stage (HCS+).

Single-cell transcriptomics indicate less
immunosuppression in early AD

We performed scRNA-seq for the same set of 30 PBMC samples
from study population 2 to delineate the function of T lymphocytes
in early AD at the transcriptional level. Overall, the scRNA-seq data
analysis revealed comparable PBMC populations as in the previous
mass cytometry data, including B cells, CD4" and CD8* T cells, in-
nate lymphocytes, and myeloid cells (Fig. 3A and B). We did not
find significant differences in relative abundances of main PBMC
subsets (Supplementary Fig. 4A). Consistent with CyTOF-based sur-
face characterization (Fig. 2F and G), we found CD4" naive, memory,
TEMRA/effector and Tregs within the CD4" T-cell compartment
(Fig. 3C and D). Interestingly, while the relative abundance
of CD4* Tregs was unchanged across diagnostic groups (Fig. 3E
and Supplementary Fig. 3H), gene set enrichment analysis
(GSEA) on this subset revealed significantly decreased enrichment
scores for pro-inflammatory (TNF and IL-6 signalling),
immunosuppression-related (TGFB  signalling) and Treg
maturation-related (IL-2 and STATS signalling) gene modules, and
in parallel increased scores for anergy-related gene modules in
HCS+ compared to HCS— (Fig. 3F and Supplementary Table 1).
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Figure 2 Increased abundance of CD8" TEMRA cells in CSF and blood of amyloid-B-positive individuals. (A) Study population 1: Violin plot depicting

CSF amyloid-p (Ap)az/a0 ratio in cognitively healthy subjects (HCS). Subjects

were categorized as biomarker-positive if AB4z/40 ratio in CSF was below

threshold value (HCS+, cut-off =0.079). (B) Uniform manifold approximation and projection (UMAP) coloured by CSF T-cell subsets obtained with
FlowSOM clustering for all non-naive CD3" cells in the CSF. (C) Corresponding heat map depicting median scaled marker expression within CSF
T-cell subsets. (D) Violin plot showing relative abundance of CD8" TEMRA cells among total CSF T cells. (E) Violin plot showing relative abundance

of CD8" TEMRA cells among total peripheral T cells. (F) Study population 2:

Scaffold map of total CD45" cells analysed via mass cytometry by time-

of-flight (CyTOF). Each node represents a cell cluster, including landmark nodes (manually annotated and merged FlowSOM clusters, shown in colours)
and cluster nodes (unsupervised FlowSOM clusters, in grey). (G) Corresponding heat map depicting median scaled marker expression within each land-
mark node. (H) Violin plot showing relative landmark node abundance for the CD8* TEMRA/effector CD57low node among total CD8* T cells. (I) Violin
plot showing anti-CMV (Cytomegalovirus) IgG-adjusted landmark node abundance for the CD8* TEMRA/effector CD57low node among total CD8" T
cells. Statistical significance was calculated using non-parametric unpaired Wilcoxon rank-sum test (A, D and E), or non-parametric Kruskal-Wallis
test with false discovery rate (FDR) method of Benjamini and Hochberg (H and I). Selected P-values < 0.1 (FDR 10%) are displayed. DN = double negative;
EM = effector memory cell; HCS— = Ap-negative healthy control subjects; MCI+ = AB-positive mild cognitive impairment; mDC = myeloid dendritic cell;
NK = natural killer cell; pDC = plasmacytoid dendritic cell; TEMRA =T effector memory cells re-expressing CD45RA.

Conversely, MCI+ displayed an increased enrichment score for
pro-inflammatory (IL-6 signalling) and a decreased enrichment
score for the immunosuppression-related gene module (TGFp sig-
nalling) compared to HCS— (Fig. 3F). In the CD8" T cell compart-
ment, we identified CD8* activated naive, naive, memory and
TEMRA/effector cells (Fig. 3G and H). Single-cell transcriptomics
also confirmed the increase of the CD57low CD8* TEMRA/effector

cell cluster in MCI+ compared to HCS— (Fig. 3I). For this cluster,
GSEA showed significantly decreased scores for pro-inflammatory
gene modules (inflammatory response, TNF and IL-6 signalling) in
CD57low CD8" TEMRA/effector cells of HCS+ compared to HCS-.
In contrast, we observed increased enrichment scores of
pro-inflammatory gene modules and simultaneously decreased
cytotoxicity-related gene modules in MCI+ compared to HCS—
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(Fig. 3] and Supplementary Table 1). As for the mass cytometry data,
age and sex differences had only minor influences on landmark
cluster abundances, with estimates close to 0 in a multiple linear
regression analysis (Supplementary Fig. 4B).

Taken together, the single-cell transcriptional profiling of CD4*
and CD8* T-cell populations in the blood of subjects with early
AD indicates a possible impairment of CD4" Treg function and per-
ipheral tolerance in the preclinical AD stage (HCS+). Potentially, this
could provide the basis for developing adaptive immune responses
against auto-antigens, such as Ap-based aggregates in preclinical
AD. On the other hand, in MCI+, a less immunosuppressive Treg
and a more pro-inflammatory CD8* TEMRA/effector transcriptomic
signature appear to accompany neurodegeneration, as indicated by
elevated plasma NfL levels (Supplementary Fig. 2F and G), reduced
hippocampal volumes (Supplementary Fig. 2J-M), and the onset of
cognitive decline.

To investigate the functional component of T cells in the early AD
continuum, we analysed the T-cell secretome and reactivity
against AD pathology-related antigen pools. For this, we used
PBMCs from study population 3, consisting of 44 study participants,
which includes HCS and MCI subjects grouped based on Ap PET im-
aging into cerebral AB-negative and AB-positive subjects (Table 3).
An overview of altered AD biomarker levels and APOE ¢4 and
€2 genotype information is provided in Supplementary Fig. 5A-S
and Table 3.

We first measured the production of cytokines and cytolytic mo-
lecules per single cell for ex vivo reactivated T cells via spectral flow
cytometry (Fig. 4A). We identified CD4" and CD8* T-cell subsets via
automated FlowSOM clustering (Fig. 4B and C). Within these sub-
sets, we used activation markers, cytokines and cytolytic molecules
to obtain clusters with specific patterns of activation state and
secretome. For CD4*EM T cells, we identified seven functional clus-
ters (Fig. 4D). A pro-inflammatory CD4" EM T-cell cluster containing
high levels of Interferon-gamma (IFN-y) (CD4" EM Cluster 1) was de-
creased in HCS+and MCI+ groups compared to HCS— (Fig. 4E). In con-
trast, CD4* EM Clusters 3,4 and 5 showed an activation pattern with
increased expression of immune homeostasis-related Fas-receptor
(CD95) and with higher expression of the immune checkpoint
‘programmed cell death receptor 1’ (PD-1) (CD4" EM Cluster 3) or pro-
duction of type 2 T helper (Ty2) cell-related cytokines such as IL-4
and IL-13 (CD4* EM Clusters 4 and 5). The frequency of these clusters
was increased in HCS+ subjects compared to HCS— and MCI+
(Fig. 4F-H). For CD4"* CM T cells, we identified eight functional clus-
ters, of which CD4* CM Cluster 6 displayed a pro-inflammatory im-
mune signature with high levels of IFN-y and decreased frequency in
HCS+ compared to HCS- (Fig. 41 and J). For CD8* TEMRA/effector
cells, we identified eight functional clusters (Supplementary Fig.
6A). Of these, CD8" TEMRA/effector Cluster 8 showed a CD95" activa-
tion pattern with high expression of inhibitory immune checkpoint
marker CTLA-4, as well as anti-inflammatory cytokines IL-4, IL-10
and IL-13. This cluster was reduced in MCI+ compared to HCS—
and HCS+ (Supplementary Fig. 6B).

For investigating the antigen specificity of T cells, we employed
an in vitro antigen presentation assay in which we pulsed PBMCs
with peptide pools of AD pathology-related putative antigens or
positive control antigens derived from influenza, CMV and EBV
viruses (Fig. SA). As readout, we measured the surface expression
of T-cell markers for antigen-specific activation via spectral flow

C. Rickenbach et al.

cytometry (Fig. 5A). Peptide pools of putative antigen candidates
were designed using different approaches including limited prote-
olysis (LiP) and in silico predictions. A previously described source of
AD-related peptide antigens is the Ap;_4, peptide,”* the major com-
ponent of Ap fibrils and AB plaques. To uncover regions of Af fibrils
that are more prone to structure-dependent digestion and potential
presentation to T cells by antigen-presenting cells (APCs), we per-
formed LiP for A fibrils. We produced A fibrils and partially di-
gested them in vitro using Proteinase K, a broad-specificity
protease that cleaves proteins in a structure-dependent manner**
(Supplementary Fig. 6C and D). With this approach, we found that
the N-terminus of AB;_4» peptide had a higher density of half-tryptic
sites, indicating increased structure-dependent digestion while
being located within the AB fibril (Supplementary Fig. 6E).
Conversely, the mid-sequence and C-terminus were structurally
less accessible for Proteinase K and more hidden within the AB fi-
bril. Due to the different accessibility of AB;.4, peptide regions with-
in the fibril, we included peptide pools deriving from the linear
AB1.45 divided into N-terminal, mid-sequence and C-terminal pools
(Supplementary Table 2). In addition, we included a peptide pool
deriving from full-length 2N4R tau and axonal ON4R tau variant re-
presenting both AD- and neurodegeneration-related antigens.*
For the tau pool, we selected linear peptides showing higher pre-
dicted affinity towards HLA molecules using the NetMHCIIpan
database*®** (Supplementary Fig. 6F). Moreover, tau-derived
autoantigens have already been described in the general popula-
tion, therefore we also tested tau peptides, which have previously
been shown to have the highest percentage of total T-cell re-
sponses® (Supplementary Table 3). All selected peptides were
15-mers, which are preferentially presented by HLA class II to
CD4" T cells.

We tested our antigen candidates with a subset of study popula-
tion 3 that contained cerebral AB-negative and -positive HCS
and MCI subjects (Supplementary Fig. 7A). First, we compared
positive control antigens with unpulsed conditions and selected
optimal co-stimulatory readout parameters for CD4* EM (OX40)
and CM (4-1BB, CD25hi and 0OX40) T cells (Fig. 5B and C and
Supplementary Fig. 7B-D). Compared to the unpulsed condition,
we identified autoreactive CD4* EM and CM T cells responsive to
AB mid-sequence and C-terminus, but not to N-terminal AB or tau
pools. This reactivity was most pronounced in HCS+ and, to a lesser
extent, in HCS- subjects (Fig. 5B and C and Supplementary Fig. 7C).
These results stood in contrast to the LiP findings, which indicated
that the AB N-terminus is most accessible for antigen processing
and presentation, suggesting the involvement of immune tolerance
towards the AP N-terminus. In addition, CD4* EM and CM T cells
from MCI+ subjects generally exhibited decreased reactivity to all
peptide pools tested within the same reaction time and under the
same conditions as cells from HCS individuals, displaying only
weak reactivity against Ap mid-sequence peptide pool (Fig. 5B and
C and Supplementary Fig. 7C). Focusing solely on MCI-derived cells
across different stimulations reinforced this notion of diminished
antigen reactivity in MCI+, extending even to positive control anti-
gens (Supplementary Fig. 7E-H).

In summary, we report that compared to MCI, the preclinical
AD stage (HCS+) is characterized by T cells with a less pro-
inflammatory but more Ty2 response-related immune profile.
Moreover, CD4* memory T cells showed an intact antigen-specific
response to AB-derived linear peptide epitopes in cognitively
healthy subjects, but less so in AB-positive MCI subjects.
Specifically, this immune response is directed against the mid-
sequence and C-terminal fragments of the AP peptide. This
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Figure 3 Single-cell RNA sequencing analysis reveals downregulated CD4" Treg gene signatures in preclinical Alzheimer’s disease. (A) Uniform mani-
fold approximation and projection (UMAP) of total peripheral blood mononuclear cells (PBMCs) in single-cell RNA sequencing (scRNA-seq) data, col-
oured by cluster assignment according to unsupervised graph-based clustering with Louvain algorithm. (B) Heat map depicting scaled gene
expression within each PBMC cluster. (C) UMAP of CD4" T-cell sub-clusters in scRNA-seq data coloured by cluster assignment according to unsuper-
vised graph-based clustering with Louvain algorithm. (D) Heat map depicting scaled gene expression within each CD4* T-cell subcluster. (E) Violin plot
showing relative abundance of CD4* regulatory T cells (Tregs) among total CD4* T cells. (F) Heat map depicting enrichment scores for CD4* Tregs in the
three diagnostic groups for selected gene sets. (G) UMAP of CD8" T-cell sub-clusters coloured by cluster assignment according to unsupervised graph-
based clustering with Louvain algorithm. (H) Heat map depicting scaled gene expression within each CD8"* T-cell subcluster. (I) Violin plots showing
relative abundance of CD8" TEMRA/effector CD57low cluster among total CD8" T cells. (J) Heat map depicting enrichment scores for the CD8*
TEMRA/effector CD57low cell cluster in the three diagnostic groups for selected gene sets. For relative abundance, statistical significance was calcu-
lated using non-parametric Kruskal-Wallis test with false discovery rate (FDR) method of Benjamini and Hochberg. Selected P-values <0.1 (FDR
10%) are displayed. HCS+/— = Ap-positive/negative healthy control subjects; MCI+ = AB-positive mild cognitive impairment; TEMRA = T effector mem-
ory cells re-expressing CD45RA.

combined immunological framework could theoretically favour a
protective adaptive immune response against pathological com-
pounds in preclinical AD.

populations from the early AD continuum used here are character-
ized in terms of neuropsychological assessment, cerebral Af status,
blood-based AD biomarkers, and anti-viral antibody titres.

With this work, we show that peripheral and cerebral adaptive
immune cell changes are functionally distinct in individuals in the
early stages of AD. These early stages include preclinical AD
(Ap-positive and cognitively healthy) and AB-positive MCI. For the
CD8* subtype of T cells, we found substantially increased frequen-
cies of TEMRA/effector cells in the blood of MCI cases and even

Discussion

This study provides an in-depth analysis of the adaptive immune
system in early AD by using state-of-the-art single-cell techniques,

such as multidimensional mass cytometry combined with gene ex-
pression analysis via sScCRNA-seq, as well as single-cell secretome
analysis and antigen presentation assays. Moreover, the study

in the CSF of preclinical AD cases, but their target antigens still
remain elusive. Moreover, these cells proved to have a less
pro-inflammatory transcriptomic signature in preclinical AD, a
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Figure 4 Secretome analysis reveals type 2 T helper-related and anti-inflammatory T-cell profiles in preclinical Alzheimer’s disease. (A) Study popu-
lation 3: Peripheral blood mononuclear cells (PBMCs) were reactivated ex vivo, T-cell secretome was analysed via spectral flow cytometry. (B) Uniform
manifold approximation and projection (UMAP) of total T cells coloured by cluster assignment based on unsupervised FlowSOM clustering. (C)
Corresponding heat map depicting scaled median expression within each T-cell cluster. (D) Heat map depicting scaled median expression for activa-
tion markers and cytokines to identify seven functional clusters of CD4" effector memory (EM) cells (using automated FlowSOM clustering). (E-H) Violin
plots showing relative abundance of Cluster 1 (E), Cluster 3 (F), Cluster 4 (G) and Cluster 5 (H) among total CD4" EM cells. (I) Heat map depicting scaled
median expression for activation markers and cytokines to identify eight functional clusters of CD4* central memory (CM) cells (using automated
FlowSOM clustering). (J) Violin plot showing relative abundance of Cluster 6 among total CD4" CM cells. Statistical significance was calculated using
non-parametric Kruskal-Wallis test with false discovery rate (FDR) method of Benjamini and Hochberg. Selected P-values < 0.1 (FDR 10%) are displayed.
DN = double negative; HCS+/— = AB-positive/negative healthy control subjects; MCI+ = Ap-positive mild cognitive impairment; TEMRA =T effector
memory cells re-expressing CD45RA.

pattern that appeared to reverse in individuals at a more advanced adaptive immune responses in preclinical AD. And indeed, func-
disease stage, i.e. Ap-positive MCI. A different picture emerged for tional analyses show that CD4* memory T cells from preclinical
the CD4" T helper and Treg subtype. Here, we observed a less im- AD subjects display a more Ty2-like phenotype, secrete B cell-
munosuppressive gene profile for Tregs in preclinical AD and MCI, stimulating cytokines, such as IL-4, and react against AB-derived

leaving still the possibility of successfully mounting beneficial antigens in vitro. In particular, our study demonstrates the presence
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Figure5 Altered T-cell reactivity towards Alzheimer’s disease (AD)-related peptide epitopes in early AD stages. (A) Peripheral blood mononuclear cells
(PBMCs) from a subset of 30 subjects from study population 3 were pulsed for 16 h with anti-CD28 agonistic antibody and AD-related peptide pools.
Expression of antigen-specific T-cell markers were measured via spectral flow cytometry. (B and C) Violin plots depicting the relative abundance of
0X40* cells among total CD4" effector memory (EM) (B), and total CD4" central memory (CM) (C) T cells, comparing diagnostic groups after pulsing
with AD-related peptide pools. Positive and negative control data were pooled from all study groups. The P-values indicate statistical significance
by comparison with unpulsed negative control. Statistical significance was calculated using non-parametric Kruskal-Wallis test with false discovery
rate (FDR) method of Benjamini and Hochberg. Selected P-values < 0.1 (FDR 10%) are displayed. Ap = amyloid-p; APC = antigen-presenting cell; HCS+/—
= Ap-positive/negative healthy control subjects; MCI+ = AB-positive mild cognitive impairment.

of autoreactive CD4" memory T cells preferentially targeting mid-
sequence and C-terminus regions of the Ap;.4, peptide. However,
the more advanced MCI disease stage appeared to be characterized
by less immunoreactivity, as any antigen-specific immune re-
sponse previously seen in the cognitively healthy stage was nolong-
er evident. Importantly, we show that our immunophenotyping
results are independent of latent background infections with wide-
spread Herpes viridae.

In line with our previous studies,'® we observed an increased
abundance of CD8" TEMRA/effector cells in peripheral blood and
CSF of individuals in the early AD continuum. Similar results
have previously been reported for CSF-derived cells from patients
with MCI and AD.' As for other neurodegenerative diseases, in-
creased numbers and clonal expansion of CD8* TEMRA cells have
also been observed in amyotrophic lateral sclerosis type 4 (ALS4)
patients, suggesting their general involvement in neurodegenera-
tion.*® In our study, the increased expression of pro-inflammatory

gene modules in CD8* TEMRA/effector cells of MCI subjects in
combination with less immunosuppressive Treg function might
indicate a contribution of CD8" TEMRA/effector cells to the general
hyper-inflammatory environment observed in MCI and AD. Indeed,
a study using in vitro 3D modelling of the human brain showed
increased infiltration of CD8" T cells into AD brain cultures accom-
panied by exacerbated neuroinflammation and neurodegenera-
tion.*” Compared to AB pathology, accumulation of neurofibrillary
tangles made of hyperphosphorylated tau is more associated
with neurodegeneration and cognitive decline.*® In line with this,
in a previous study we also found increased numbers of CD8"
TEMRA/effector cells in individuals with high plasma levels of
p-taul81.’® This finding was replicated in the present study in
MCI subjects with elevated plasma levels of p-tau217, an AD bio-
marker that correlates more strongly with brain Af and paired hel-
ical filament tau (PHFtau) tangles than p-tau181.*° Moreover, recent
studies suggest the involvement of CD8* T cells in tau pathology,
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potentially driving neurodegeneration in response to tau-derived
antigens.”®*! To better associate CD8* TEMRA/effector immuno-
phenotyping data with tau pathology, future studies and follow-up
assessments will have to include more specific biomarkers tracking
tau aggregation, such as tau PET or fluid biomarker candidates,
such as MTBR-tau243.>? In future studies, we will design peptide
pools deriving from the major components of AD pathology, A
and tau, and other sources that are preferentially presented to
CD8" T cells. To date, we have not found specific responses of
CD8" TEMRA/effector cells against AD-related (auto)antigens, but
antigen presentation setups optimized for CD8* T cells will address
this matter. Importantly, one might have to also consider other
CD8* T-cell subtypes that might be involved in AD pathology, e.g.
potentially beneficial, suppressive CD8" PD-1" T cells that might
help shut down hyper-inflammatory microglia.>® In most cases,
cytotoxic CD8* T cells are known to react against cytoplasm-
derived antigens such as viral or tumour antigens. CD8"* T cells re-
acting against viral epitopes have been detected in ALS, Parkinson’s
disease (PD) and AD patients.***®>* Virus infections could trigger
the activation of cross-reactive T cells via molecular mimicry and
antigen-independent bystander activation,> and indeed the exist-
ence of cross-reactive T cells has been suggested in multiple scler-
osis and narcolepsy.>¢>®

For CD4" T cells, we observed an intact reactivity to Ap-derived
epitopes in the mid-sequence and C-terminus of AB;_4» peptide in
cognitively healthy individuals with and without cerebral Ap bur-
den. This was evidenced by the increased frequency of CD4" mem-
ory T cells expressing antigen-specific co-stimulatory immune
checkpoints OX40 and 4-1BB, both members of the tumour necrosis
factor receptor superfamily. Conversely, we observed no reactivity
towards A N-terminus peptide pool. Previous studies reported in-
creased T-cell reactivity against AB-derived antigens in AD patients
and age-matched cognitively healthy subjects.?*?* However, these
studies did not perform a detailed AD biomarker analysis, namely
AP PET scan and AD blood-based biomarkers. The lack of reactivity
towards N-terminal fragments of Af suggests that autoreactive T
cells against the Ap N-terminus might be subjected to peripheral
tolerance. Originally, upon cleavage of transmembrane self-protein
APP by a- and y-secretase in the non-amyloidogenic pathway, Ap
N-terminus is released within the sAPPa fragment and A
mid-sequence/C-terminus is part of the p3 peptide, making both
available for processing and antigen-presentation by APCs, and
ultimately for induction of peripheral immune tolerance.* In con-
trast, AB;.42 peptide is a product of the amyloidogenic pathway, and
during oligomerization and fibril formation, the C-terminus is
located within the internal and hidden part of the Ap fibril, and
thus less accessible for structure-dependent digestion by
APCs.%%2 This could result in autoreactive T cells specific for the
C-terminus of AB,.4, that escape tolerance during AD pathology.
As the N-terminal segment is located on the external and more ac-
cessible part of the A fibril, it is prone to structure-based diges-
tion,®° as shown by the LiP results. Hence, epitopes residing in the
N-terminal segment might be preferentially presented by APCs
and continue to induce strong peripheral tolerance, which might
prevent a successful T-cell response against N-terminal AB;.4,.

The topic of immune tolerance in AD has been the subject of
controversial debates. On the one hand, there are voices calling
for therapeutic approaches that can limit immunosuppression
and thus enable the adaptive immune system to act more effective-
ly against pathological features of AD. Breaking immune tolerance
using approaches such as immune checkpoint blockade of PD-1 or
PD-1ligand (PD-L1) in B-amyloidosis and tauopathy mouse models

C. Rickenbach et al.

was shown to cause a systemic immune response, recruiting
monocyte-derived macrophages to the brain, and resulting in re-
duced AD-associated pathology.®®>®* Interestingly, blockade of the
immune checkpoint in these experiments resulted not only in mo-
bilization of monocytes to the brain but also in additional recruit-
ment of CD4* Tregs,”®® suggesting that targeting PD-1 also
alleviates the suppression of Tregs. On the other hand, enhancing
local CD4* Treg populations, particularly in the meninges, may
help restrict effector cell infiltration into the brain and, in turn,
mitigate neuroinflammation.®® It has been postulated that in com-
mon autoimmune diseases, but also in AD, it may be necessary to
enhance Treg expansion and immunomodulatory function, e.g.
by ex vivo expansion or in vivo treatment with IL-2.7° Ultimately,
both approaches appear to result in increased immunomodulatory
potential of Tregs, which would be optimal for containing hyperin-
flammation and potentially harmful CD8* T-cell responses in later
AD stages, but they do not solve the problem of apparently sup-
pressed beneficial T-cell responses in preclinical AD. The duality of
these T-cell responses may help explain why certain immunosup-
pressive strategies in AD (e.g. broad steroid medication, such as pred-
nisone) have yielded disappointing results,’’ as they may
inadvertently inhibit both harmful and protective immune pathways.

CD4" memory T cells displayed increased reactivity to
AD-related antigens, particularly in cognitively healthy subjects,
while MCI subjects showed a general decrease in T-cell immunor-
eactivity. In line with these results, studies using mouse models
of B-amyloidosis showed that infiltrating T cells in brains with ad-
vanced AP pathology produced less pro-inflammatory cyto-
kines.”>”* Indeed, we observed lower frequencies of T helper cell
subsets producing IL-4 and IL-13 in AB-positive MCI, which could re-
sultin less stimulation of antibody-producing B cells’*”® and there-
fore less immunoglobulins potentially opsonizing Ap plaques for
clearance. Considering that Ap accumulation in the brain begins
decades before the onset of AD-related symptoms,”’” T-cell
hypo-responsiveness in AB-positive MCI might also be caused by
exhaustion due to chronic antigen exposure. We reported previous-
ly that antigen presentation by myeloid-derived phagocytes is im-
paired under A stress in vitro and ex vivo in brain-derived APCs
from p-amyloidosis mouse models.”®> Impaired myeloid-derived
phagocyte function and AB clearance might be among the causes
for dysfunctional antigen presentation and subsequent reduced
T-cell activation observed in AD patients and p-amyloidosis mouse
models.72'73'78

In light of generally increased numbers and the more
pro-inflammatory gene expression profile of CD8" TEMRA/effector
cells in AB-positive MCI, this may be further evidence that CD8* T
cells are involved in AD pathology or neurodegeneration, possibly
through their contribution to neurcinflammation. Interestingly,
this CD8" T-cell gene expression profile aligns with recent findings
on brain-resident CD8" memory T cells in a mouse model of
B-amyloidosis, which exhibited transcriptomic features reminiscent
of CD8* T cells in acute viral infection models, also without an accom-
panying upregulation of cytotoxic markers.”® Without knowledge of
the target antigen, it remains speculative whether their role is benefi-
cial or harmful. Moreover, in the absence of specific antigenic stimula-
tion, we have not yet fully captured the pro-inflammatory secretome
in our functional assays. However, their pro-inflammatory nature at
the transcriptomic level suggests that CD8" T cells, particularly
TEMRA/effector cells, may further drive and exacerbate neuronal
loss if responsive to antigens associated with AD pathology or neuro-
degenerative processes, and if they reach the CNS in their activated
state.”’*° Considering the fact that potential target antigens for these
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CD8" T cells would first occur in the CNS, early changes in the CD8"
T-cell compartment in the CSF could already arise in the preclinical
stage of AD, as observed in this study. Nevertheless, the immune setup
in preclinical AD still appears to be favourable for potentially beneficial
CD4" T cells targeting AB, because peripheral immunosuppression
is downregulated in general, and CD4" memory T cells show
antigen-specific responses. This could, in theory, favour clearance of
pathological AB aggregates via B cell stimulation. However, as CD4*
T-cell specificity is aimed at parts of Ap that are more hidden within
the aggregated fibril structure, this response might miss its target. In
fact, most Ap-targeting antibodies, which have been tested to success-
fully elicit plaque clearance, bind epitopes within or near the
N-terminus of the A peptide.2*#?In contrast, T-cell responses against
the N-terminus of Ap appear to be suppressed. Thus, there could be an
epitope mismatch that complicates proper CD4* T-cell stimulation in
preclinical AD. Future studies focusing on Tregs and peripheral toler-
ance in preclinical AD might provide further insight into this matter.
Itisimportant to mention that our antigen candidate pools were
not exhaustive, and in addition, the selection of peptide epitope
candidates was quite stringent for long proteins, such as tau, se-
lecting only peptides with high affinity for HLA molecules.
Potential autoantigens, however, might have lower HLA affinity to
escape immune tolerance mechanisms. Moreover, to date we
have mainly considered linear peptide antigens without modifica-
tions. But especially tau, with its multitude of post-translational
modifications, such as phosphorylations at multiple sites, might
harbour more potential T-cell epitopes. Thus, our findings do not
exclude the possibility of relevant tau-specific immune responses,
but we did not observe such tau-specific responses in this study.

Conclusions

This research sheds light on the complex immunological changes in
early AD stages, underscoring the importance of developingboth tai-
lored immunomodulatory therapies and reliable immune-related
biomarkers for more nuanced intervention strategies. While it might
be important in preclinical AD to support potentially beneficial CD4*
T-cellimmune responses, it may become necessary in later stages to
block potentially harmful T-cell responses that otherwise aggravate
neuroinflammation and neurodegeneration. To determine which
immune responses are truly protective over time, it will be crucial
to conduct long-term longitudinal studies.
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