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1 | BACKGROUND

Alzheimer’s disease (AD), the leading cause of dementia worldwide,
is characterized by the accumulation of extracellular amyloid beta
(AB) peptides within the brain.! With the global population aging, the
World Health Organization estimates the total number of people with
dementia is expected to increase rapidly from ~ 26 million in 2005
to > 139 million by 2050, which presents a public health challenge of
unprecedented magnitude.?

Converging evidence from both genetically at-risk cohorts and clin-
ically normal older individuals suggests that the underlying pathology
for AD, the most common form of dementia, begins years before the
onset of clinical symptoms.® As a result, a state of early neurodegener-
ation, or mild cognitive impairment (MCI), is recognized as a phase in
which individuals have cognitive symptoms of a mild nature but gener-
ally continue to function normally in the community. Individuals with
MCI are at an alarming increased risk of progression to dementia, with
a conversion rate of ~ 10% to 15% per year.* Being an intermediate
state between normal cognitive aging and dementia, MCl serves as a
critical window for both preventive and therapeutic intervention to
delay the occurrence of dementia during aging.”

Through years of research, the central role of A3 in the pathogen-
esis of MCI and AD was established.® Numerous attempts have been
made to investigate the prognostic role of deposition of brain amy-
loid and levels of AB in the cerebrospinal fluid (CSF) and peripheral
blood.” The accumulation of amyloid § is evident in patients suffering
from MCI8 and drives the conversion from MCI to AD. Approximately
50% to 70% of patients with MCI showed significant cortical amy-
loid positron emission tomography (PET) retention.”1° Furthermore,
in longitudinal studies assessing the effect of AS deposition on disease
progression, MClI patients with high amyloid PET retention at baseline
have a higher rate of progression to AD than those with low Ag bur-
den, with sensitivity ranging from 83.3% to 100% and specificity from
41.1% to 100%, respectively.!! Thus, further understanding of the role

amyloid, mild cognitive impairment, T cell response

* Amyloid-reactive polyfunctional T cell responses can be detected in the peripheral

* Amyloid-reactive T cell response is significantly enhanced in individuals with mild
cognitive impairment compared to age-matched, cognitively unimpaired individuals.
* The unique discriminative accuracy of amyloid-reactive T cell response is signif-

icantly higher than phosphorylated tau181 and is not a result of overall T cell

* Future studies are needed to determine the predictive role of amyloid-reactive T cell
responses in disease progression and if the amyloid-reactive immune response could
be a therapeutic target for the treatment of neurodegeneration.

of amyloid-associated pathogenetic mechanisms at the MCI stage is
needed to design therapies aimed at reducing or eliminating AS from
the brain.1213

Neuroinflammation is an important aspect of neurodegeneration
after the deposition of toxic amyloid plaques.'5 Deposition of amy-
loid plaques leads to the activation of microglial cells,'¢ further inciting
downstream proinflammatory responses’ and recruiting T cells to the
brain.'8 Studies have pointed out that aberrant secretion of proinflam-
matory cytokines by T cells contributes to the neuroinflammation?
and modulation of the phagocytotic ability of microglia.2° Dai and
Shen showed that a small number of AD patients had an increased
CD4+/CD8+ T cell ratio in the peripheral blood,!? suggesting a dis-
turbance of the immune system is involved in AD pathogenesis.

Accumulating studies?122

indicate that diverse systemic phenotypic
changes of immune cells are observed in AD and MCI. Recent data from
> 360,000 participants from the UK Biobank?® and China2“ further
demonstrated peripheral immunity changes are associated with the
risk of incident dementia. While these exciting studies point to the pos-
sibility of monitoring the peripheral immune system to detect cognitive
decline, they lack the specificity of processes of neurodegeneration.
These observations are thus subjective to numerous systemic and envi-
ronmental factors that could impact an individual’s overall immune
homeostasis.

Protecting us against various pathogens and cancers, human T
lymphocytes are characterized by their repertoire diversity and inter-
individual variability.2> Given the importance of Agin the pathogenesis
of MCI and AD, we hypothesized that the T cell-specific (or, -reactive)
immune response toward Ag is involved in the disease course of neu-
rodegeneration, and such changes can be captured in the periphery
in MCI individuals. In this study, we tested the T cell polyfunctional
response toward AB in MCl patients from two prospective cohort stud-
ies in Taiwan. Furthermore, we compared the amyloid-reactive T cell
response to plasma phosphorylated tau 181 (p-tau181) on the accu-

racy of discriminating MCl from cognitively normal (CN) individuals.
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2 | METHODS

RESEARCH IN CONTEXT
2.1 | Human subjects

We included 69 patients with MCI and another 69 age-matched CN
individuals from the Epidemiology of Mild Cognitive Impairment Study
in Taiwan (EMCIT) study.2® The participants reside in the communi-
ties of neighboring towns of the hospital in New Taipei City. Individuals
with active cancer, recent hospitalization, or current infection were
excluded. The study was approved by the Far Eastern Memorial Hos-
pital (FEMH) institutional ethical committee (FEMH 105147-F). The
study was carried out according to the ethical standard of FEMH, and
written informed consent was obtained from all participants.

An additional 120 samples (41 MCI, 79 CN) were recruited from
the Taiwan Precision Medicine Initiative of Cognitive Impairment and
Dementia (TPMIC) study. The TPMIC study is an ongoing cohort initi-
ated in 2021, with the ultimate enrollment of > 1000 elderly Taiwanese
to build a precision medicine platform by integrating multiple modal-
ities, including magnetic resonance imaging and PET neuroimaging,
genetics, and immunoassay, to identify and integrate novel biomark-
ers linking progression from MCI to dementia. The participants were
recruited from FEMH (FEMH 110065-F) and Cardinal Tien Hospital
(CTH-110-2-1-014). Both institutions’ ethical committees approved
the TPMIC study.

For both cohorts, the diagnosis of MCl was confirmed by an expert
panel comprising a neurologist, a psychiatrist, and a clinical psychol-
ogist, based on National Institute on Aging-Alzheimer’s Association
criteria.?’

2.2 | Sample processing and peripheral blood
mononuclear cells isolation

For all samples, the blood was sampled when cognitive function tests
were performed. On the day of blood sampling, peripheral blood
mononuclear cells (PBMCs) were immediately isolated by Ficoll-Paque
PLUS gradient centrifugation following the manufacturer’s protocol
(GE Healthcare). PBMCs were frozen in liquid nitrogen for long-term

preservation.

23 |
protein

Full-length (1-42) and peptide pool of AB

The full-length AB protein (A81-42, A21G, Flemish variant)?®
sequence is DAEFRHDSGYEVHHQKLVF-
FGEDVGSNKGAIIGLMVGGVVIA.  The
peptide sequence (both from JPT Peptide Technologies) is
DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVVIA.

Using protein-spanning mixtures of overlapping peptides is highly

amino acid

full-length wild-type

efficient for stimulating T lymphocytes for diagnostic applications. A
peptide pool composed of 10 sequences created based on 15mer
amino acid length with sequential three amino acid shifts of the
A21G full-length AB protein (AB1-42) was produced by Kelowna

1. Systemic review: The authors reviewed current lit-
erature on Alzheimer’s disease (AD) and mild cogni-
tive impairment (MCI) biomarkers based on periph-
eral immune response using diverse assays available in
PubMed. Several studies have pointed to the general
involvement of the immune system and T cells in AD, but
the role of amyloid-reactive T cells has not been explored
in MCI, nor has the head-to-head comparison to existing
blood-based biomarkers been made.

2. Interpretation: Our results demonstrate the feasibility of
detecting peripheral T cell response toward amyloid pep-
tides using the polyfunctionality assay. Such response is
significantly elevated in patients with MCI. The discrimi-
native accuracy of amyloid T cell response is also superior
to plasma phosphorylated tau 181.

3. Future directions: Our study proposes to use amyloid-
reactive T cell response as a novel biomarker for MCI. The
ongoing Taiwan Precision Medicine Initiative of Cognitive
Impairment and Dementia longitudinal follow-up results
will extend our findings. In addition, amyloid-reactive
T cell response also holds the potential to become a
modifiable therapeutic target.

Internal Scientific Inc. The sequences are the following: DAEFRHDS-
GYEVHHQ (AB1-15), FRHDSGYEVHHQKLV (AB4-18), DSGYEVH-
HQKLVFFG (AB7-21), YEVHHQKLVFFGEDV (AB10-24), HHQKLVF-
FGEDVGSN (AB13-27), KLVFFGEDVGSNKGA (AB16-30), FFGED-
VGSNKGAIIG (AB19-33), EDVGSNKGAIIGLMYV (AB22-36), GSNKGAI-
IGLMVGGYV (AB25-39), and KGAIIGLMVGGVVIA (AB28-42). For tests
on EMCIT samples, the ABA21G peptide pool and A21G full-length
peptide were used for T cell stimulation. For tests on TPMIC cohort

samples, AB1-42 full-length wild-type peptide was also used.

2.4 | T cell stimulation and quantification of
amyloid-specific T cell response

T cell stimulation and polyfunctionality analyses were performed as
described in our previous studies.?”3 The full-length Abeta protein
(WT and A21G) and the amyloid peptide pool were used for PBMC
cell stimulation along with co-stimulation (anti-CD28/CD49d), anti-
CD107a, Golgistop (monensin), and Golgiplug (brefeldin A) for 6 hours
at 37°C. Afterward, cells were stained with anti-CD3, anti-CDS8,
anti-CD4, and Live/Dead cell viability assay (Invitrogen) for 20 minutes
before fixation with Cytofix/Cytoperm buffer (BD Biosciences). Cells
were fixed, washed, and stained with anti-CD40L, anti-IL-2, anti-
TNFa, and anti-IFNy. Results were acquired using a multicolor flow
cytometer (Beckman Coulter Cytoflex) at the FEMH Core Lab. Flow
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cytometry results were analyzed using FlowJo (Tree Star). After gated
on live CD3+ cells, CD4+ and CD8+ cells were analyzed separately
for cytokine expression in response to each stimulation (Figure S1 in
supporting information). Frequency of reactive cells expressing each
effector function among CD4+ or CD8+ T cells was determined. A
combinatorial gating strategy based on the gates of each effector
function was further applied to determine co-expression statistics
using the FlowJo Boolean gate platform. The total amyloid-specific T
cell response frequency was derived by summing the percentages of
amyloid-reactive cells expressing at least one effector function among
total CD8+ or CD4+ T cells (% CD8+ or % CD4+).2?

2.5 | Polyfunctionality assay controls

For all PBMC stimulation conditions, a mock control (without peptide
stimulation) was used as a background control. In addition, the chem-
icals PMA/ionomycin were used as positive controls to stimulate all
T cells as a reference of total T cell reactivity. For TPMIC samples,
an additional unrelated cytomegalovirus (CMV) antigen (pp65 peptide

pool, JPT Peptide Technologies) was also tested.

2.6 | p-tau181 measurement

p-taul81 was measured at Veritas laboratory (Taipei, Taiwan). The
Simoa Human pTau181 Advantage V2 assay was used according to the
manufacturer’s protocol using the Simoa HD-X analyzer.

2.7 | Statistical analyses

Comparing T cell responses between groups was investigated using
the Student t test. The area under the receiver operating characteristic
curve (AUROC) was used to examine the discriminative performance
of these effector functions as potential biomarkers. AUROCs and their
confidence intervals (Cls) were calculated based on 2000 bootstrap
samples using the non-parametric method (rocreg command in STATA).
Due to age difference between MCI and CN adults in the TPMIC
sample, age-adjusted AUROCs were additionally calculated by regress-
ing continuous age in the model. The equality of AUROCs between
p-taul81 and T cell effector functions was tested using roccomp com-
mand in STATA. All statistical analyses were conducted in STATA 17
(StataCorp LLC).

3 | RESULTS
3.1 | Study population
Detailed demographic information on EMCIT and TPMIC study par-

ticipants is listed, respectively, in Table S1 and Table S2 in supporting
information.

3.2 | T cell reactivity against Ag peptide
demonstrates a distinct polyfunctionality profile

We and others have used multicolor flow cytometry to monitor human
virus antigen-specific T cell polyfunctionality.>1-3% An intracellular
cytokine detection polyfunctionality assay detects multiple cytokine T
cells generated in response to specific antigen challenges simultane-
ously on a single-cell basis and is used to monitor infectious disease
activity,®* vaccine efficacy,3® and immune protection.3¢ However, poly-
functional response toward amyloid peptide has never been reported.
Figure S1 shows the representative staining of amyloid-reactive poly-
functional T cell response. The combinatorial polyfunctional contribu-
tion of each effector function is shown in Figure S2 in supporting infor-
mation. CD4+ amyloid-reactive CD4+ T cells are tumor necrosis factor
alpha (TNF-«) producers, while some also produce interferon gamma
(IFN-y) and interleukin (IL)-2. CD8+ amyloid-reactive T cells are mostly
IFN-y and CD107a producers, which is compatible with the higher
cytotoxic potential of CD8+ T cells (Figure S2). Both CD4+ and CD8+
subsets produce variable levels of CD40L, a co-stimulation molecule
indicating recent T cell activation. Compared to our previous analy-
ses on human immunodeficiency virus-reactive®2 or CMV-reactive T
cells,2? which exhibited a high percentage of co-expression of TNF-a
and IFN-y, amyloid-reactive polyfunctional response patterns are dis-
tinct in that a large percentage of CD4+ T cells produce TNF-a alone
and a large percentage of CD8+ T cells produce IFN-y alone. Thus, the
polyfunctional response pattern of amyloid-reactive T cells is unique

and different from other antigenic T cell responses against viruses.

3.3 | Enhanced Ag-specific T cell response in MCI
individuals of the EMCIT cohort

Next, we compared the magnitude of T cell responses against Ag full-
length peptide A21G and the amyloid A21G peptide pool between MCI
participants with CN individuals from the EMCIT cohort (Table 1). In
CD4+ cells, MCl individuals exhibited statistically significantly higher
amyloid-specific responses in almost all individual effector functions
(CD107a, IFN-y, IL-2, and TNF-a, except CD40L) and the combined
total response (TR, which integrated the response magnitude from all
five functions tested). Amyloid-reactive CD4+ T cells TR was signif-
icantly increased in MCI patients compared to CN individuals (mean
[standard deviation (SD)]: 0.79% [0.73] vs. 0.27% [0.35], p < 0.001).
For CD8+ T cells, the differences were milder, but amyloid-reactive
CD8+ T cells TR was also increased in MCI individuals compared to
CN individuals (mean [SD]: 0.67% [0.80] vs. 0.59% [0.4], p = 0.026).
The comparisons failed to reach statistical significance for most sin-
gle CD8+ functions, except for IL-2. Notably, there were no differences
in the control stimulation condition (PMA/ionomycin, which activates
all T cells) between MCI and control participants (data not shown).
This indicates that the overall functionality of all the T cells in a given
individual was not different between MCI and CN, and analyzing the
overall functionality without antigen specificity will not be able to dis-
tinguish MCI from CN. p-tau181 is an established biomarker for AD
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TABLE 1 Comparisons of amyloid-specific T cell response between cognitively normal elderly and MCl individuals in the EMCIT cohort.

CD4+ Tcell
Biomarker mean (SD) Normal (n = 69) MCI (n = 69)
Amyloid pool TR 0.27(0.35) 0.79(0.73)
CD40L 0.12(0.20) 0.088 (0.14)
CD107a 0.05 (0.095) 0.25(0.32)
IFN-y 0.051(0.096) 0.17(0.19)
IL-2 0.034(0.056) 0.12(0.14)
TNF-a 0.088(0.22) 0.29(0.46)
Amyloid full TR 0.51(0.61) 0.93(0.73)
CD40L 0.1(0.11) 0.14(0.25)
CD107a 0.043(0.074) 0.21(0.27)
IFN-y 0.043(0.071) 0.18(0.18)
IL-2 0.061(0.093) 0.18 (0.21)
TNF-a 0.36(0.58) 0.45 (0.60)

CD8+ T cell
p value Normal (n = 69) MCI (n = 69) p value
<0.001** 0.40(0.59) 0.67 (0.80) 0.026*
0.28 0.19(0.43) 0.25(0.42) 0.47
<0.001* 0.091(0.18) 0.15(0.28) 0.13
<0.001** 0.094 (0.14) 0.18(0.24) 0.015*
<0.001** 0.036(0.09) 0.094 (0.20) 0.033*
0.001* 0.048(0.11) 0.088 (0.25) 0.24
<0.001** 0.54(0.74) 0.77 (1.11) 0.14
0.29 0.19(0.38) 0.25(0.56) 0.46
<0.001** 0.12(0.28) 0.19 (0.42) 0.27
<0.001** 0.19(0.27) 0.14(0.16) 0.27
<0.001** 0.054 (0.086) 0.17 (0.53) 0.074
0.37 0.11(0.19) 0.14(0.19) 0.52

Note: TR, total T cell response frequency of CD4+ or CD8+ T cells. Values are shown as mean (SD).
Abbreviations: EMCIT, Epidemiology of Mild Cognitive Impairment Study in Taiwan; IFN-y, interferon gamma; IL-2, interleukin 2; MCI, mild cognitive
impairment; TNF-a, tumor necrosis factor alpha; SD, standard deviation; TR, total response.

*p value < 0.05.
**p value < 0.001.

that is elevated in the initial stage of MCI even when only subtle
changes in brain pathology are detected.?”%8 In the EMCIT cohort, we
found that MCI individuals also demonstrated higher levels of plasma
p-tau181 compared to CN subjects, although the differences did not
reach statistical significance (mean [SD]: 3.22 [2.26] pg/mL vs. 2.66
[1.68] pg/mL,p=0.1).

The AUROC was used to examine the discriminative performance
of these effector functions (CD40L, CD107a, IFN-y, IL-2, TNF-«, and
TR) as potential biomarkers between MCI and CN subjects (Figure 1).
The AUROC for the total CD4+ T cell responses to full-length amyloid
peptide was 0.83 (Cl: 0.76-0.9; Figure 1A). The highest AUROC was
0.86 for CD107a. The AUROC for the amyloid peptide pool respond-
ing to CD4+ T cell TR response was 0.72 (Cl: 0.64-0.81), with the
highest AUROC being 0.84 for IFN-y (Figure 1C). In both stimula-
tion conditions, CD4+ T cell TR frequency performed better than
plasma p-tau181 (AUROC: 0.59 [0.5-0.69]; p = 0.01 compared to
CD4+ full-length stimulation; p = 0.051 compared to CD4+ peptide
pool stimulation; Table S3 in supporting information) in predicting MCI
versus CN. The discriminative ability of CD8+ T cell responses was
less satisfactory and similar to p-tau181 (Figure 1B,D). In summary,
CD4+ amyloid-specific responses exhibit good performance in sepa-
rating MCI from CN when either full-length amyloid peptide-based
stimulation or peptide pool-based stimulation was used. CD8+ T cell
responses and p-tau181 were both less accurate.

3.4 | Enhanced AgB-specific CD4+ and CD8+ T cell
response in MCI individuals from the TPMIC cohort

To validate the above findings based on participants from the EMCIT
cohort, we selected an additional 41 MCI individuals and 79 CN

individuals from the TPMIC cohort (for demographic data, see Table
S2). In addition to the A21G full-length amyloid peptide and A21G
amyloid peptide pool used in EMCIT cohort samples, another peptide
sequence, the AB1-42 wild-type amyloid full-length peptide, was also
included for T cell stimulation (Table 2) for TPMIC samples. In contrast
to results from the EMCIT cohort, MCl individuals in the TPMIC cohort
demonstrated significantly higher levels of plasma p-tau181 compared
to CN subjects (mean [SD]: 4.04 [2.47] pg/mL vs. 2.01 [0.90] pg/mL,
p <0.001).

The magnitude of each effector function elicited from full-length
wild type AB31-42 amyloid and full-length A21G amyloid peptide were
similar (Table 2). Consistent with the findings from EMCIT cohort
samples, both CD4+ and CD8+ T cell response parameters were sig-
nificantly increased in MCI individuals compared to CN. However,
the differences were greater for TPMIC samples. In all three amyloid
stimulation conditions (and among both CD4+ and CD8+ T cell popu-
lations), the frequency of amyloid-reactive T cells was at least four to
six times higher in MCl than in CN individuals (Table 2; Figures S3,54 in
supporting information).

The AUROC analyses of amyloid-reactive T cell responses and
plasma p-tau181 in TPMIC MCI patients versus CN subjects are shown
in Figure 2 and Table S4 in supporting information. Among all the T
cell response parameters, successful discrimination between MCI and
CN was achieved in TPMIC samples, especially with the total T cell
response frequency (TR, age-adjusted AUROC > 0.9 in all stimulation
conditions), which incorporated the response from all five effector
functions tested. Along with TR, all single T cell function parameters
exhibited age-adjusted AUROC > 0.8. p-taul81 exhibited an age-
adjusted AUROC of 0.72 (Cl: 0.59-0.84). All the amyloid-reactive
TR parameters (both CD4+ and CD8+ T cells) exhibited statistically
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FIGURE 1 AUROC curve analysis of T cell responses and plasma p-tau181 in MCl patients (n = 69) versus CN subjects (n = 69) of the EMCIT
study. A, CD4+ T cell amyloid peptide pool response. B, CD8+ T cell amyloid peptide pool response. C, CD4+ T cell amyloid full-length A21G
peptide response. D, CD8+ T cell amyloid full-length A21G peptide response. AUROC, area under the receiver operating characteristic; CN,
cognitively normal; EMCIT, Epidemiology of Mild Cognitive Impairment Study in Taiwan; MCI, mild cognitive impairment; p-tau181,

phosphorylated tau 181.

significantly superior discriminative accuracy compared to p-taul81
to distinguish MCl from CN.

We additionally tested the discriminative accuracy of CMV-specific
T cell response (using the dominant pp65 protein peptide pool) and
PMA/ionomycin stimulation (Table S5 in supporting information). In
both experimental conditions (CMV or PMA/ionomycin-induced), poly-
functionality response AUROC was much inferior to either p-tau181 or
amyloid-reactive responses (Table S5).

Several previous reports suggest that peripheral T cell differentia-
tion status is associated with AD.?23740 We thus further checked the
T cell subset differentiation status in TPMIC cohort samples (Table
Sé in supporting information). We found that T cell differentiation
status was similar between MCI and CN subjects. Based on these find-
ings, non-antigen-specific, general T cellimmune status differences did
not distinguish MCI individuals from CN subjects. As a result, periph-
eral blood-derived amyloid T cell polyfunctionality response uniquely
differentiates individuals with MCI from normal elderly.

Because results from the TPMIC cohort showed superior distin-
guishability by amyloid T cell polyfunctionality to separate MCI from

CN subjects compared to results from the EMCIT cohort, we then

performed a sensitivity analysis to understand the potential factors
involved in the difference. MCl individuals from the EMCIT cohort
had milder disease; thus, separating them from CN individuals is likely
more challenging. The average Mini-Mental State Examination (MMSE)
score of MCl individuals in the EMCIT cohort was 24.9, while the aver-
age MMSE score of MCI individuals in the TPMIC cohort was 22. We
thus excluded individuals with MMSE < 17 in the TPMIC cohort and
analyzed the distinguishability by amyloid T responses. As shown in
Table S7 in supporting information, the modified TPMIC cohort has a
higher MMSE score compared to the EMCIT cohort. However, amyloid
T responses still demonstrated significant distinguishability between
MCI and CN individuals in the modified TPMIC cohort (Table S8 in
supporting information).

4 | DISCUSSION
Identification of novel blood-based biomarkers for preclinical demen-
tia and MCl is an urgent need in the field of dementia research that

will provide crucial therapeutic intervention opportunities.*>*2 Qur
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TABLE 2 Comparisons of amyloid-specific T cell response between cognitively normal elderly and MCl individuals in the TPMIC cohort.

CD4+ Tcell
Biomarker mean (SD) Normal (n =79) MCI (n=41)
Amyloid pool TR 0.15(0.31) 1.30(0.86)
CD40L 0.04(0.07) 0.28(0.22)
CD107a 0.03(0.06) 0.42(0.50)
IFN-y 0.02(0.02) 0.20(0.17)
IL-2 0.04 (0.06) 0.23(0.23)
TNF-a 0.10(0.30) 0.42(0.33)
Amyloid full TR A21G 0.10(0.16) 1.11(0.60)
CD40L 0.04 (0.09) 0.31(0.22)
CD107a 0.03(0.08) 0.34(0.31)
IFN-y 0.03(0.06) 0.20(0.20)
IL-2 0.02 (0.04) 0.23(0.20)
TNF-a 0.04 (0.09) 0.25(0.20)
Amyloid full TRWT 0.15(0.26) 1.24(0.69)
CD40L 0.08 (0.23) 0.28(0.22)
CD107a 0.04(0.11) 0.36(0.27)
IFN-y 0.03(0.07) 0.24(0.24)
IL-2 0.04 (0.07) 0.29(0.28)
TNF-a 0.06(0.13) 0.32(0.29)

CD8+ T cell

p value Normal (hn=79) MCI (n = 41) p value
<0.001** 0.28(0.34) 1.91(1.28) <0.001**
<0.001** 0.12(0.23) 0.81(1.11) <0.001**
<0.001** 0.14(0.26) 0.68(0.59) <0.001**
<0.001** 0.12(0.23) 0.35(0.24) <0.001**
<0.001** 0.07(0.13) 0.51(0.62) <0.001**
<0.001** 0.07(0.16) 0.23(0.25) <0.001**
<0.001** 0.30(0.69) 1.97(1.18) <0.001**
<0.001* 0.13(0.24) 0.73(0.91) <0.001**
<0.001** 0.10(0.23) 0.67(0.73) <0.001**
<0.001** 0.13(0.64) 0.52(0.39) <0.001**
<0.001** 0.06 (0.09) 0.41(0.32) <0.001**
<0.001** 0.03(0.06) 0.20(0.19) <0.001**
<0.001** 0.33(0.97) 2.17(1.42) <0.001**
<0.001** 0.12(0.22) 0.84(0.98) <0.001**
<0.001** 0.09(0.15) 0.87(1.24) <0.001**
<0.001** 0.18 (0.93) 0.54(0.57) 0.024*
<0.001** 0.07(0.12) 0.46(0.49) <0.001**
<0.001** 0.03(0.06) 0.27(0.25) <0.001**

Note: TR: total T cell response frequency of CD4+ or CD8+ T cells. Values are shown as mean (SD).
Abbreviations: IFN-y, interferon gamma; IL-2, interleukin 2; MCI, mild cognitive impairment; SD, standard deviation; TPMIC, Taiwan Precision Medicine
Initiative of Cognitive Impairment and Dementia; TNF-a, tumor necrosis factor alpha; TR, total response; WT, wild type.

*p value < 0.05.
**p value < 0.001.

results indicate that T cell responses toward full-length amyloid pep-
tide and amyloid peptide pools are both significantly enhanced in
MCI individuals. This observation is novel and unique because other
antigen-induced T cell responses were not simultaneously increased
in MCl individuals. In addition, amyloid-specific T cell responses sepa-
rate MCl individuals from CN individuals more accurately than plasma
p-taul81. Because enhanced immune cell activation and neuroin-
flammation are critical processes involved in the development and

propagation of MCl and AD,*41>

our findings implicate that circulatory
amyloid-specific T cell responses can potentially be used to monitor
disease activity and predict the prognosis of patients with cognitive
decline.

The differential findings between the EMCIT and TPMIC cohorts,
especially regarding the CD8+ T cell responses, are worthy of discus-
sion. In the EMCIT cohort, both CD8+ T cells and p-tau181 failed to
distinguish MCI from CN individuals. However, they both could satis-
factorily distinguish MCI from CN in the TPMIC cohort. The sensitivity
test we performed in Tables S7 and S8 showed that the severity of
cognitive impairment is not responsible for the difference. In con-
trast to the EMCIT cohort, significant differences between MCI and
CN individuals in age, cardiovascular disease, history of smoking, and
apolipoprotein E ¢4 carrier percentage were observed in the TPMIC
cohort. As aresult, itis possible that more MCl individuals in the TPMIC

cohort could be in the AD spectrum than MCl individuals in the EMCIT
cohort.

To the best of our knowledge, this current study is the first report
investigating amyloid-specific T cell response in MCI. Several previ-
ous publications had investigated amyloid-reactive T cell response in
the AD stage using older technologies and yielded conflicting results.
An earlier study*® found that T cell reactivity toward AB peptides
was enhanced during aging and trended even higher in patients with
AD based on proliferation assays and cytokine measurements in the
supernatants after T cells were stimulated with amyloid peptides for
48 hours. In that study, there was no distinction between CD4+ and
CD8+ T cells. Another study** investigated the peripheral blood lym-
phocyte subtypes of AD patients and identified that CD8+ Tgpmga cells
were increased in AD and also clonally expanded in AD patients’ CSF. A
recent report by Dhanwani et al.*> suggested T cell responses toward
several essential neuronal proteins involved in neurodegeneration,
including AB, amyloid precursor protein, tau, and alpha-synuclein, were
similar between AD patients and age-matched controls. This current
study shows that CD4+ and CD8+ T cell amyloid-specific responses
were both increased in MCl individuals. Importantly, because the unre-
lated control response (CMV) was not able to distinguish MCI versus
control, the enhanced amyloid-reactive T cell response is not a result of

overall T cell hyperreactivity. Nevertheless, besides patient population
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FIGURE 2 AUROC curve analysis of T cell responses and plasma p-tau181 in MCl patients (n = 41) versus CN subjects (n = 79) of

the TPMIC study. A, CD4+ T cell amyloid peptide pool response. B, CD8+ T cell amyloid peptide pool response. C, CD4+ T cell amyloid full-length
A21G peptide response. D, CD8+ T cell amyloid full-length A21G peptide response. E, CD4+ T cell amyloid full-length wild-type peptide response.
F,CD8+ T cell amyloid full-length wild-type peptide response. AUROC, area under the receiver operating characteristic; CN, cognitively normal;
MCI, mild cognitive impairment; p-tau181, phosphorylated tau 181; TPMIC, Taiwan Precision Medicine Initiative of Cognitive Impairment and

Dementia.

difference (AD vs. MCI), significant differences exist in the methodol-
ogy adopted for T cell assays compared to the current study. Geginat
et al. used a 2-week long triple-color IFN-y, IL-10, and IL-5 Fluorospot
assay, which critically depends on the continuous in vitro proliferation
and survival of antigen-specific T cells, which is subjective to signifi-
cant biases from non-antigen-specific T cells responding to cytokines
in the culture medium.*¢ On the other hand, our study adopted a 6
hour-only polyfunctionality assay, which makes it easier to acquire

consistent responses than cellular proliferation over days. Because

reactivity toward amyloid peptides is limited to a very small population
of all T cells, our multi-marker approach increased the absolute value
of measurements to the range > 0.1% and demonstrated the superior
ability to distinguish MCI from CN individuals compared to p-tau181.
The role of the adaptive immune response in the pathogenesis
of MCI and AD remains an evolving field of research. Enhanced T
cell response against AS might be detrimental as it could enhance
neuroinflammation and facilitate neurodegeneration. In a recent

animal study,*” CD4+, amyloid-specific effector T cell clones, when
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transferred into a susceptible transgenic mouse model (APP/PS1) of
AD, accelerated memory impairment and increased brain amyloid bur-
den. It has also been shown that IFN-y production by amyloid-specific
Th1 cells, but not Th2 or IL-17-producing cells, increased microglial
activation and plaque burden in APP/PS1 mice.*® Future interventions
to deplete amyloid-reactive T cells or increase amyloid-reactive
regulatory cells might provide therapeutic benefits.

The primary strengths of our study include the large sample size and
detailed characterization of amyloid-reactive T cell response parame-
ters. Nevertheless, our study has several important limitations. First,
because this is a cross-section analysis, the ability of amyloid-specific T
cell responses to predict the progression of cognitive decline still needs
to be investigated. Second, study participants with available amyloid
PET scan results are few. Without amyloid PET scan results, it is
unclear how many MCl individuals in this study are within the AD spec-
trum. Thus, the generalizability of amyloid T response and p-tau181
in this study population is limited. The role of amyloid-specific T cell
responses in amyloid-positive versus amyloid-negative MCI patients
should be explored in the future. These questions will be investigated
in the TPMIC cohort as the participants enter the follow-up phase and
PET scan results become available. Finally, CyTOF (cytometry by time
of flight) technology, which is capable of more cellular markers and
broader analyses, could provide additional insights into the distinction

between MCI and normal individuals.

ACKNOWLEDGMENTS

The authors thank all study participants, coordinators, and technicians
for assisting the EMCIT and TPMIC cohort study. The authors also
thank the FEMH biobank for providing specimens for technological
control experiments. Yen-Ling Chiu and Yi-Fang Chuang designed the
study and provided the funding source; Sui-Hing Yan, Yi-Chien Liu, and
Yi-Fang Chuang recruited study participants; Yen-Ling Chiu, Yi-Fang
Chuang, Yi-Chien Liu, Yang-Teng Fan, Chiung-Fang Chang, Ruo-Wei
Hung, and TienYu Owen Yang performed tests on subjects, processed
the data, performed experiments, and analyzed the results; Yen-Ling
Chiu and Yi-Fang Chuang wrote the manuscript and submitted the
manuscript. The following grants support this study: Far Eastern
Memorial Hospital Innovation Grant PI20180001, Far Eastern Memo-
rial Hospital internal research grant FEMH-2021-C-047; Far Eastern
Memorial Hospital and National Yang Ming University collaboration
grant 107DN11, 108DN18, and 110DN18; Taiwan Ministry of Sci-
ence and Technology Grant 106-2628-B-010, 110-2321-B-418-001,
and 110-2321-B-418-002.

CONFLICT OF INTEREST STATEMENT
The authors declare no competing interests related to this study. The
authors have declared that there is no conflict of interest. Author

disclosures are available in the supporting information.

CONSENT STATEMENT
The study was approved by the FEMH institutional ethical committee
(FEMH 105147-F). The study was carried out according to the ethical

standards of FEMH. All human subjects provided informed consent.

Disease Monitoring

ORCID
Yen-Ling Chiu
Yi-Fang Chuang

https://orcid.org/0000-0003-4504-5571
https://orcid.org/0000-0002-5421-9855

REFERENCES

1. Ferri CP, Prince M, Brayne C, et al.; Alzheimer’s Disease International.
Global prevalence of dementia: a Delphi consensus study. Lancet.
2005;366(9503):2112-2117.

2. Cao Q, Tan CC, Xu W, et al. The prevalence of dementia: a sys-
tematic review and meta-analysis. J Alzheimers Dis. 2020;73(3):1157-
1166.

3. Morris JC. Early-stage and preclinical Alzheimer disease. Alzheimer Dis
Assoc Disord. 2005;19(3):163-165.

4. Gauthier S, Reisberg B, Zaudig M, et al.; International Psychogeriatric
Association Expert Conference on mild cognitive impairment. Mild
cognitive impairment. Lancet. 2006;367(9518):1262-1270.

5. Lissek V,Suchan B. Preventing dementia? Interventional approaches in
mild cognitive impairment. Neurosci Biobehav Rev. 2021;122:143-164.

6. Rabinovici GD, Jagust WJ. Amyloid imaging in aging and dementia:
testing the amyloid hypothesis in vivo. Behav Neurol. 2009;21(1):117-
128.

7. Baldeiras|,Santanal, Leitao MJ, et al. Addition of the Abeta42/40 ratio
to the cerebrospinal fluid biomarker profile increases the predictive
value for underlying Alzheimer’s disease dementia in mild cognitive
impairment. Alzheimers Res Ther. 2018;10(1):33.

8. Krell-Roesch J, Vassilaki M, Mielke MM, et al. Cortical f-amyloid bur-
den, neuropsychiatric symptoms, and cognitive status: the Mayo Clinic
Study of Aging. Transl Psychiatry. 2019;9(1):123. doi:10.1038/s41398-
019-0456-z

9. Small GW, Kepe V, Ercoli LM, et al. PET of brain amyloid and tau in mild
cognitive impairment. N Engl J Med. 2006;355(25):2652-2663.

10. Villemagne VL, Chetelat G. Neuroimaging biomarkers in Alzheimer’s
disease and other dementias. Ageing Res Rev. 2016;30:4-16.

11. MaY, Zhang S, Li J, et al. Predictive accuracy of amyloid imaging for
progression from mild cognitive impairment to Alzheimer disease with
different lengths of follow-up: a meta-analysis. [Corrected]. Medicine.
2014;93(27):e150.

12. Sims JR, Zimmer JA, Evans CD, et al., TRAILBLAZER-ALZ 2
Investigators. Donanemab in early symptomatic Alzheimer dis-
ease: the TRAILBLAZER-ALZ 2 randomized clinical trial. JAMA.
2023;330(6):512-527.

13. van Dyck CH, Swanson CJ, Aisen P, et al. Lecanemab in early
Alzheimer's disease. N Engl J Med. 2023;388(1):9-21.

14. Chitnis T, Weiner HL. CNS inflammation and neurodegeneration. J Clin
Invest.2017;127(10):3577-3587.

15. Heneka MT, Carson MJ, Khoury JE, et al. Neuroinflammation in
Alzheimer’s disease. The Lancet Neurology. 2015;14(4):388-405.

16. Leng F, Edison P. Neuroinflammation and microglial activation in
Alzheimer disease: where do we go from here? Nat Rev Neurol.
2021;17(3):157-172.

17. Taipa R, das Neves SP, Sousa AL, et al. Proinflammatory and anti-
inflammatory cytokines in the CSF of patients with Alzheimer’s
disease and their correlation with cognitive decline. Neurobiol Aging.
2019;76:125-132.d0i:10.1016/j.neurobiolaging.2018.12.019

18. Zhang X, Wang R, Chen H, et al. Aged microglia promote periph-
eral T cell infiltration by reprogramming the microenvironment of
neurogenic niches. Immun Ageing. 2022;19(1):34.

19. Dai L, Shen Y. Insights into T-cell dysfunction in Alzheimer’s disease.
Aging Cell. 2021;20(12):e13511.

20. Sommer A, Fadler T, Dorfmeister E, et al. Infiltrating T lymphocytes
reduce myeloid phagocytosis activity in synucleinopathy model. J
Neuroinflammation. 2016;13(1):174.

21. Cao W, Zheng H. Peripheral immune system in aging and Alzheimer’s
disease. Mol Neurodegener. 2018;13(1):51.


https://orcid.org/0000-0003-4504-5571
https://orcid.org/0000-0003-4504-5571
https://orcid.org/0000-0002-5421-9855
https://orcid.org/0000-0002-5421-9855
https://doi.org/10.1038/s41398-019-0456-z
https://doi.org/10.1038/s41398-019-0456-z
https://doi.org/10.1016/j.neurobiolaging.2018.12.019

100f 10 Diagnosis, Assessment

22.
23.
24.

25.

26.

27.

28.

29.

30.

31
32.
33.

34.

35.

36.

37.

CHIU ET AL.

Disease Monitoring

van Olst L, Coenen L, Nieuwland JM, et al. Crossing borders in
Alzheimer’s disease: a T cell's perspective. Adv Drug Deliv Rev.
2022;188:114398.

Zhang YR, Wang JJ, Chen SF, et al. Peripheral immunity is associated
with the risk of incident dementia. Mol Psychiatry. 2022;27(4):1956-
1962.

Li JQ, Zhang YR, Wang HF, et al. Exploring the links among periph-
eral immunity, biomarkers, cognition, and neuroimaging in Alzheimer’s
disease. Alzheimers Dement (Amst). 2023;15(4):e12517.

Sacre K, Carcelain G, Cassoux N, et al. Repertoire, diversity, and
differentiation of specific CD8 T cells are associated with immune
protection against human cytomegalovirus disease. J Exp Med.
2005;201(12):1999-2010.

Chuang YF, Liu YC, Tseng HY, et al. Urban-rural differences in the
prevalence and correlates of mild cognitive impairment in community-
dwelling older adults in Taiwan: the EMCIT study. J Formos Med Assoc.
2021;120(9):1749-1757.

Albert MS, DeKosky ST, Dickson D, et al. The diagnosis of mild cog-
nitive impairment due to Alzheimer’s disease: recommendations from
the National Institute on Aging-Alzheimer’s Association Workgroups
on diagnostic guidelines for Alzheimer’s disease. Alzheimers Dement.
2011;7(3):270-279.

Cras P, van Harskamp F, Hendriks L, et al. Presenile Alzheimer demen-
tia characterized by amyloid angiopathy and large amyloid core type
senile plaques in the APP 692Ala—Gly mutation. Acta Neuropathol.
1998;96(3):253-260.

Chiu YL, Lin CH, Sung BY, et al. Cytotoxic polyfunctionality maturation
of cytomegalovirus-ppé5-specific CD4 + and CD8 + T-cell responses
in older adults positively correlates with response size. Research Sup-
port, N.I.LH., Extramural Research Support, Non-U.S. Gov't. Scientific
Reports. 2016;6:19227.

Sung BY, Lin YH, Kong Q, et al. Wnt activation promotes memory
T cell polyfunctionality via epigenetic regulator PRMT1. J Clin Invest.
2022;132(2):e140508.

Van Epps P, Banks R, Aung H, Betts MR, Canaday DH. Age-related dif-
ferences in polyfunctional T cell responses. Immun Ageing. 2014;11:14.
Chiu YL, Shan L, Huang H, et al. Sprouty-2 regulates HIV-specific T cell
polyfunctionality. J Clin Invest. 2014;124(1):198-208.

Sutherland JS, Young JM, Peterson KL, et al. Polyfunctional CD4(+)
and CD8(+) T cell responses to tuberculosis antigens in HIV-1-
infected patients before and after anti-retroviral treatment. J Immunol.
2010;184(11):6537-6544.

Choi YJ, Kim SB, Kim JH, et al. Impaired polyfunctionality of CD8(+) T
cells in severe sepsis patients with human cytomegalovirus reactiva-
tion. Exp Mol Med. 2017;49(9):e382.

LinL, Finak G, Ushey K, et al. COMPASS identifies T-cell subsets corre-
lated with clinical outcomes. Nat Biotechnol. 2015;33(6):610-616.
Boyd A, Aimeida JR, Darrah PA, et al. Pathogen-specific T cell polyfunc-
tionality is a correlate of T cell efficacy and immune protection. PLoS
One. 2015;10(6):e0128714.

Mielke MM, Hagen CE, Xu J, et al. Plasma phospho-tau181 increases
with Alzheimer’s disease clinical severity and is associated with

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

tau- and amyloid-positron emission tomography. Alzheimers Dement.
2018;14(8):989-997.

Thijssen EH, La Joie R, Wolf A, et al.; Advancing Research and
Treatment for Frontotemporal Lobar Degeneration (ARTFL) inves-
tigators. Diagnostic value of plasma phosphorylated tau181 in
Alzheimer’s disease and frontotemporal lobar degeneration. Nat Med.
2020;26(3):387-397.

Larbi A, Pawelec G, Witkowski JM, et al. Dramatic shifts in circulat-
ing CD4 but not CD8 T cell subsets in mild Alzheimer’s disease. J
Alzheimers Dis. 2009;17(1):91-103.

Pellicano M, Larbi A, Goldeck D, et al. Immune profiling of Alzheimer
patients. J Neuroimmunol. 2012;242(1-2):52-59.

Hampel H, O’Bryant SE, Molinuevo JL, et al. Blood-based biomarkers
for Alzheimer disease: mapping the road to the clinic. Nat Rev Neurol.
2018;14(11):639-652.

Teunissen CE, Verberk IMW, Thijssen EH, et al. Blood-based biomark-
ers for Alzheimer’s disease: towards clinical implementation. Lancet
Neurol. 2022;21(1):66-77.

Monsonego A, Zota V, Karni A, et al. Increased T cell reactivity to amy-
loid beta protein in older humans and patients with Alzheimer disease.
J Clin Invest. 2003;112(3):415-422.

Gate D, Saligrama N, Leventhal O, et al. Clonally expanded CD8 T
cells patrol the cerebrospinal fluid in Alzheimer’s disease. Nature.
2020;577(7790):399-404.

Dhanwani R, Pham J, Premlal ALR, et al. T cell responses to neural
autoantigens are similar in Alzheimer’s disease patients and age-
matched healthy controls. Front Neurosci. 2020;14:874.

Geginat J, Sallusto F, Lanzavecchia A. Cytokine-driven proliferation
and differentiation of human naive, central memory, and effector
memory CD4(+) T cells. J Exp Med. 2001;194(12):1711-1719.

Machhi J, Yeapuri P, Lu Y, et al. CD4+ effector T cells accelerate
Alzheimer’s disease in mice. J Neuroinflammation. 2021;18(1):272.
Browne TC, McQuillan K, McManus RM, O'Reilly JA, Mills KH, Lynch
MA. IFN-gamma production by amyloid beta-specific Th1 cells pro-
motes microglial activation and increases plaque burden in a mouse
model of Alzheimer’s disease. J Immunol. 2013;190(5):2241-2251.

SUPPORTING INFORMATION

Additional supporting information can be found online in the Support-

ing

Information section at the end of this article.

How to cite this article: Chiu Y-L, Yan S-H, Fan Y-T, et al.
Ap-reactive T cell polyfunctionality response as a new
biomarker for mild cognitive impairment. Alzheimer’s Dement.
2025;17:€70042. https://doi.org/10.1002/dad2.70042


https://doi.org/10.1002/dad2.70042

	Ab-reactive T cell polyfunctionality response as a new biomarker for mild cognitive impairment
	Abstract
	1 | BACKGROUND
	2 | METHODS
	2.1 | Human subjects
	2.2 | Sample processing and peripheral blood mononuclear cells isolation
	2.3 | Full-length (1-42) and peptide pool of Ab protein
	2.4 | T cell stimulation and quantification of amyloid-specific T cell response
	2.5 | Polyfunctionality assay controls
	2.6 | p-tau181 measurement
	2.7 | Statistical analyses

	3 | RESULTS
	3.1 | Study population
	3.2 | T cell reactivity against Ab peptide demonstrates a distinct polyfunctionality profile
	3.3 | Enhanced Ab-specific T cell response in MCI individuals of the EMCIT cohort
	3.4 | Enhanced Ab-specific CD4+ and CD8+ T cell response in MCI individuals from the TPMIC cohort

	4 | DISCUSSION
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST STATEMENT
	CONSENT STATEMENT
	ORCID
	REFERENCES
	SUPPORTING INFORMATION


