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Abstract

INTRODUCTION: The apolipoprotein E (APOE) ¢4 allele exerts a significant influence
on peripheral inflammation and neuroinflammation, yet the underlying mechanisms
remain elusive.

METHODS: The present study enrolled 54 patients diagnosed with late-onset
Alzheimer’s disease (AD; including 28 APOE ¢4 carriers and 26 non-carriers). Plasma
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inflammatory cytokine concentration was assessed, alongside bulk RNA sequencing

mononuclear cells (PBMCs).
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RESULTS: Plasma tumor necrosis factor a, interferon y, and interleukin (IL)-33 levels
increased in the APOE ¢4 carriers but IL-7 expression notably decreased. A negative
correlation was observed between plasma IL-7 level and the hippocampal atrophy
degree. Additionally, the expression of IL-7R and CD28 also decreased in PBMCs of
APOE ¢4 carriers. SCRNA-seq data results indicated that the changes were mainly
related to the CD4+ Tem (effector memory) and CD8+ Tem T cells.
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1 [ INTRODUCTION

Mounting evidence has suggested that polymorphisms in the
apolipoprotein E (APOE) gene, particularly the APOE ¢4 allele, are
closely linked to the development of Alzheimer’s disease (AD).!
APOE ¢4 is recognized as a primary susceptibility gene for AD, due
to its role in accelerating amyloid plaque formation, tau protein
phosphorylation, and intensifying the neuroinflammatory process.2>
APOE ¢4 allele carriers exhibit marked disparities in immune cells and
inflammatory cytokines compared to non-carriers, both in the central
nervous system (CNS) and peripheral blood.2* However, the exact
mechanisms of APOE ¢4 in affecting neuroinflammation in AD remain
elusive.

APOE is a major apolipoprotein with a critical role in lipid
metabolism, particularly in the transport and clearance of lipids.® It
has isoform-dependent effects on the immune system and inflam-
matory responses, potentially because of the differences in lipid
metabolism.>~® Due to the structural differences in two residues of
its domain (Arg158 and Cys112), the three APOE isoforms have dis-
tinct lipid-bound structures (¢2, €3, and £4), leading to varying affinities
for different lipoprotein receptors.® APOE €4 shows a higher affinity
for very-low-density lipoprotein (VLDL) particles and cholestenone,
while APOE ¢2 and APOE 3 display a greater affinity for high-
density lipoprotein receptors rich in phospholipids.>? Such variation
in lipid metabolism will result in disparities in immune cell activa-
tion and the antigen presentation process.® 1911 |n antigen-presenting
cells (APCs), cholesterol-enriched specialized microdomains known
as lipid rafts serve as sites where major histocompatibility complex
class Il (MHC-Il) molecules concentrate, thereby optimizing T-cell

activation.!? APOE &4 carriers show higher levels of low-density

hippocampal atrophy.

DISCUSSION: These findings shed light on the role of the downregulated IL-7/IL-
7R pathway associated with the APOE &4 allele in modulating neuroinflammation and

Alzheimer’s disease, apolipoprotein E allele 4, bulk RNA sequencing, hippocampal atrophy,
interleukin 7R signaling pathway, peripheral blood mononuclear cells, single-cell RNA sequencing

* The apolipoprotein E (APOE) ¢4 allele decreases plasma interleukin (IL)-7 and
aggravates hippocampal atrophy in Alzheimer’s disease.

* Plasma IL-7 level is negatively associated with the degree of hippocampal atrophy.

* The expression of IL-7R signaling decreased in peripheral blood mononuclear cells
of APOE ¢4 carriers

* Dysregulation of the IL-7/IL-7R signal pathways enriches T cells.

lipoprotein and cholestenone, which may potentially worsen T-cell
activation and inflammation. Moreover, the APOE ¢4 isoform correlates
with increased levels of activated T cells and heightened susceptibility
to apoptosis in CD4(+) T cells,!® underscoring the intricate impact of
APOE ¢4 on immune cell dynamics.

Apart from regulating T cells, the APOE genotype also affects
cytokine expression levels, and impacts both systemic circulation and
the brain.814-17 For instance, lipopolysaccharide (LPS) induction has
demonstrated a more pronounced increase in interleukin (IL)-1p, IL-
6, and tumor necrosis factor (TNF)-« levels among APOE &4 carriers.®
This isoform-dependent effect extends to the levels of IL-10, IL-13,
and IL-8 as well.161819 The altered cytokine profiles, stemming from
Th1 and Th2 cells, underscore the influence of the APOE ¢4 genotype
on both innate and adaptive immune responses.2® Notably, cytokines
such as TNF-a, interferon (IFN)-y, IL-1p5, IL-6, IL-7, IL-10, IL-12, IL-17,
IL-18, IL-33, and monocyte chemoattractant protein 1 (MCP-1) are
also implicated in activating the innate immune response of microglial
cells.?2-24 However, the clinical importance of these inflammatory
factors remains to be fully elucidated.

Typically, IL-7 is a 25-kD protein that binds to a heterodimer
receptor, IL-7R, which consists of the IL-7R a and universal y chains.
It mainly targets lymphocytes and promotes the activity of B pro-
genitor cells, thymocytes, and peripheral mature T cells from human
or mouse bone marrow.2” Initially characterized as a survival factor
for T and B cell precursors in mice, playing a critical role in their T
and B cell development,2>2% |L-7 is now recognized as a key regula-
tor in the lymphatic system. A previous study observed a negative
association between plasma IL-7 and age in APOE ¢4-carrying familial
Alzheimer’s disease (FAD) patients, suggesting its potential involve-

ment in neuroinflammation.1® Furthermore, IL-7 has also been linked
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to hippocampal neuronal death?’-2? and may contribute to structural
deterioration in AD, particularly among APOE &4 carriers.®® The
relationship between hippocampal atrophy and inflammatory factors
in APOE ¢4 carriers warrants further investigation.

To deepen our understanding of how the APOE &4 allele affects
immune cells and cytokines in AD, we analyzed clinical profiles and
cytokine levels using bulk and single-cell RNA sequencing of periph-
eral blood mononuclear cells (PBMCs). Our study unveiled aberrant
regulation of the IL-7R signal in T cells, offering novel insights into

neuroinflammatory mechanisms.

2 | METHODS

2.1 | Subjects

Fifty-eight patients diagnosed with AD were enrolled in this study
after providing informed and explicit consent to participate. The study
protocol was approved by the Clinical Research Ethics Committee
of the First Affiliated Hospital of Shantou University Medical Col-
lege (approval number: 2020-115-XZ2). All participants were informed
individually of the detailed research protocol. Written informed con-
sent or assent with proxy consent was obtained from all subjects
prior to enrollment, in accordance with the latest Declaration of
Helsinki. Diagnosis was established by neuroimaging and assessments
conducted by neurology specialists, encompassing a comprehensive
analysis of neuropsychological evaluations, magnetic resonance imag-
ing (MRI) data, and clinical manifestations. The inclusion criteria for this
study were as follows®!: (1) participants aged between 50 and 85 years;
(2) self-reported memory loss persisting for at least 1 year; (3) a Mini-
Mental State Examination (MMSE) score of < 26 (for individuals with at
least 7 years of education: MMSE score < 26; for those with 1-7 years
of education: MMSE score < 24; for individuals with < 1 year of edu-
cation: MMSE score < 19); (4) MRI scans indicating medial temporal
atrophy (MTA), which includes the hippocampus, entorhinal cortex, and
amygdala; and (5) a MTA visual evaluation scale score of > 2.

2.2 | MRI scan and hippocampal atrophy degree

We conducted MRI scans using a 3.0 T MRI scanner equipped with
a standard 8-channel head coil. Various imaging sequences, including
T1 fluid-attenuated inversion recovery (FLAIR), T2 FLAIR, T2 weighted
image, sagittal T2 fast spin echo, and diffusion-weighted imaging, were
acquired to rule out any irrelevant intracranial lesions. The detailed
scanning sequence and methodology are provided in the supplemen-
tary materials in supporting information. To assess the degree of
hippocampal atrophy, we adopted the medial temporal atrophy scale
from a previous publication.3? Two independent raters, a neurolo-
gist and a radiologist, evaluated the MTA scores. Discrepancies were
resolved through discussion. Abnormal scores were defined as follows:
MTA score of > 1 for patients younger than 65 years old, MTA score of
> 2 for those aged 66 to 75 years, and MTA score of > 3 in patients aged
> 75 years. Hippocampal atrophy was further quantified by measuring
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RESEARCH IN CONTEXT

1. Systematic review: We searched PubMed using the
terms “Alzheimer’s disease,” “apolipoprotein allele,”
“peripheral blood mononuclear cells,” and “IL7R,” since
January 1, 1990. However, the effect of the apolipopro-
tein E (APOE) ¢4 allele on the peripheral monocyte
pathway has not yet been fully addressed.

2. Interpretation: This study is the first to validate the
importance of the interleukin (IL)-7R pathway in regulat-
ing neuroinflammation at the APOE ¢4 allele. We found
that the APOE ¢4 allele decreased the expression of IL-
7R in peripheral blood mononuclear cells. The changes
mainly occurred in the CD4+ Tem and CD8+ Tem T cells.
Plasma IL-7 also decreased in the APOE ¢4 carriers, which
was related to the degree of hippocampal atrophy and
cognitive function. The present study may provide novel
insights into the inflammatory mechanisms associated
with APOE ¢4 alleles.

3. Future directions: The IL-7/IL-7R pathway may play a
critical role in regulating peripheral T cells and neuroin-
flammation, and may become a target for future thera-
peutic interventions in the treatment of Alzheimer’s dis-
ease.

the length of the hippocampal head, hippocampal body, and temporal
horn (Figure 1A). A decrease in length corresponded to an increase in

the degree of hippocampal atrophy.

2.3 | Blood sampling

We obtained peripheral blood samples and subjected them to centrifu-
gation at 300 g and 4°C for 5 minutes. From the collected blood, 1 mL
was used for APOE genotyping, while the remaining 3 mL was des-
ignated for plasma and PBMC collection. The resulting supernatant,
which contained plasma, was preserved for subsequent examination of
inflammatory factor levels. To isolate PBMCs, we used the Histopaque
density gradient method for RNA sequencing (RNA-seq), and detailed

procedures are provided in the supplementary materials.

2.4 | APOE genotyping

We conducted APOE genotyping using the SNaPshot Multiplex Sys-
tem, following the methodology outlined in a previous publication. The
genotyping involved sequencing rs429358 and rs7412 located in exon
4 of the APOE gene. APOE status was categorized based on the pres-
ence of one or more copies of €2, 3, and 4. An APOE ¢4-positive status
was confirmed for individuals with the €4/¢4, €3/¢4, or €2/<4 genotype,

while all other genotypes were classified as non-APOE ¢4 carriers.3!
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Impact of APOE ¢4 allele on hippocampal atrophy. (A) lllustration of the method used for measuring hippocampal dimensions. This

measurement involves assessing the distance from the upper region of the hippocampus to the lower region of the hippocampus, or to the TB, as
observed in MRI oblique coronal slices of the HH and HB. B, In the case of HH slices, APOE ¢4 allele carriers exhibited greater height measurements
from the left HH to the TB, as well as the height of the right HH, compared to non-carriers. This difference in measurements highlights the more
pronounced hippocampal atrophy observed in APOE ¢4 carriers. APOE, apolipoprotein E; HB, hippocampal body; HH, hippocampal head; MR,

magnetic resonance imaging; TB, temporal bottom

2.5 | Inflammatory cytokine measurements using
Luminex liquid chip technology

In this study, we used Luminex liquid chip technology to assess the
plasma levels of 13 inflammatory cytokines in AD patients. These
cytokines included TNF-a, IFN-y, IL-18, IL-5, IL-6, IL-7, IL-8, IL-10, IL-
13, IL-17, 1L-18, IL-33, and MCP-1. The detailed procedure for this

aspect of the study is provided in the supplementary materials.

2.6 | Measurement of plasma amyloid beta levels
Additionally, we measured plasma levels of amyloid beta (AB)1-42
and AB1-40 using liquid-phase flow cytometry, using the Meso Scale
Discovery platform (MSD).

2.7 | Bulk RNA-seq and analysis of PBMC

RNA was extracted from the PBMCs of 10 patients with AD (four
non-APOE ¢4 carriers and six APOE ¢4 carriers) using standard extrac-
tion protocols. Subsequently, RNA samples underwent quality control
assessment through agarose gel electrophoresis, the Agilent 2100 bio-
analyzer, and the NanoPhotometer spectrophotometer. Detailed pro-
cedures for bulk RNA-seq analysis are outlined in the supplementary
materials.

2.8 | Single-cell sequencing and analysis of PBMC
To increase sequencing depth and improve cost efficiency, a sample
pooling strategy was used by combining data from four non-carrier
and six carriers PBMC samples. The combined dataset was analyzed
using the R package Seurat. First, a Seurat object was created for
the two sample groups. Stringent thresholds were set for data qual-
ity control, requiring cells to have between 200 and 5000 expressed
features (nFeatures), between 500 and 15,000 total counts (nCount),
and < 20% mitochondrial genes. To account for potential batch effects,
the IntegrateData function was used to integrate the two samples.
Subsequently, the RunPCA function from the R package Seurat was
applied to reduce the dimensionality of the dataset. Clustering analy-
sis was then conducted using the FindClu function, with a resolution
parameter set to 1. Single-cell RNA sequencing (scRNA-Seq) libraries
were prepared using the SeekOne MM Single Cell 3’ library prepa-
ration kit. Sequencing was performed on either the Illumina NovaSeq
6000 platform with a paired-end read length of 150 bp (PE150) or the
DNBSEQ-T7 platform with a read length of PE100.

2.9 | Single cell RNA-seq cell ranger pipeline and
cell cluster analysis

The Cell Ranger software (10X Genomics) was used to perform bar-

code and unique molecular identifier counting, after filtering and
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alignment to the GRCh37 (hg19) reference genome, to generate the
feature-barcode matrix and determine clusters. Dimensionality reduc-
tion was performed using principal component analysis, and the first 10
principal components were used to generate clusters by the k-means
and graph-based algorithms, respectively. Data analysis was performed
by the Loupe Cell Browser software (10X Genomics) on Cloupe files
displaying Uniform Manifold Approximation and Projection (UMAP)
projections of cell transcriptome.

2.10 | Single cell RNA-seq functional and pathway
enrichment analysis

The differentially expressed genes (DEGs) for each cell type were
imported into Metascape (http:/metascape.org/) for Gene Ontology
analysis of biological processes and the Kyoto Encyclopedia of Genes
and Genomes (KEGG). The WikiPathways analysis was performed with

afalse discovery rate (FDR) of < 0.01 as the cut-off value.

2.11 | Pseudo-temporal analysis, protein-protein
interaction network analysis, cell-cell interaction
analysis

Subpopulations associated with CD4+ T cells were identified, and
quasi-temporal analysis on all cells was conducted using the Monocle 2
algorithmin the R package (version 2.26.0). Meanwhile, Metascape was
used to conduct the protein-protein interaction (PPI) network anal-
ysis; whereas the molecular complex detection (MCODE) algorithm
was used to identify closely related modules in the network. Addition-
ally, the R package CellChat (v 1.1.3) tool was used to infer cell-cell
interaction networks.

2.12 | Statistical analysis

The data are presented as mean + standard deviation. All data
were analyzed using the SPSS version 22 (IBM) software, and the
comparison between groups was considered statistically significant
with a P value of < 0.05. Differences in age, years of schooling,
neuropsychological assessment, plasma level of AS peptide, plasma
level of inflammatory cytokines, and hippocampal height between
APOE ¢4 carriers and non-carriers were compared using independent-
samples t test or the Mann-Whitney test. Differences in sex and
comorbidities were assessed using the chi-square test. We used
the R package linkET (v. 0.05) to create combined network heat
maps. Additionally, we calculated Pearson linear correlation coef-
ficients to analyze the associations between hippocampal height
and plasma levels of inflammatory cytokines or AB peptides. Lin-
ear regression analysis was used to further examine the correla-
tions between hippocampal height and plasma levels of inflammatory

cytokines.
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3 | RESULTS

3.1 | Participant characteristics

A total of 54 AD patients were enrolled in this study, with an even
distribution between APOE ¢4 carriers (n = 28, 78.6% female) and non-
carriers (n = 26, 69.2% female). There were no significant differences
between the two groups in terms of age; education level; or diag-
noses of hypertension, diabetes, lacunar infarction, arthritis, tumors,
or other diseases (Table 1). Cognitive functions were assessed using
the Mini-Mental State Examination (MMSE) and the Montreal Cogni-
tive Assessment (MoCA), revealing no significant differences between
the two groups (Table 1). Similarly, visual rating scales for MTA were
used to preliminarily evaluate the degree of hippocampal atrophy, with
no significant difference observed in the MTA score (t = —1.140; 95%
confidence interval [Cl], —0.226 to 0.589; P = 0.377). Furthermore, the
pathological state was evaluated by measuring plasma levels of A31-
40 and AB1-42, with no significant differences found in these levels
between the groups.

Measurement of plasma inflammatory cytokine levels revealed that
APOE ¢4 carriers exhibited higher plasma levels of TNF-a, IFN-y, and
IL-33, and lower levels of IL-7 than non-carriers.

The plasma levels of 13 inflammatory cytokines potentially linked
to AD pathogenesis were measured. While most measured cytokines
showed no significant differences between APOE &4 carriers and non-
carriers (Table 1), a key distinction in the levels of IL-7, IL-33, TNF-«,
and IFN-y was observed. Specifically, APOE &4 carriers had signifi-
cantly lower levels of IL-7 compared to non-carriers, recording a 42.5%
decrease (t=2.463; 95% Cl, —3.638 to —0.357; P =0.018). In contrast,
plasma levels of TNF-¢, IFN-y, and IL-33 were all significantly higher in
the APOE ¢4 carriers group compared to the non-carrier group.

3.2 | APOE ¢4 carriers exhibited more significant
atrophy

Hippocampal atrophy analysis revealed more pronounced structural
changes in AD patients who were APOE ¢4 carriers compared to non-
carriers (Figure 1B,C,D). Notably, the height of the left hippocampal
body displayed a greater degree of atrophy in the APOE ¢4 carrier group
compared to the non-carriers (Figure 1C). Furthermore, APOE ¢4 carri-
ers exhibited a visible widening of the temporal horn widths within the
hippocampal head (Figure 1D), suggesting more extensive atrophy in

this brain region.

3.3 | Correlation between inflammatory cytokine
levels and hippocampal atrophy: plasma IL-7
correlates with hippocampus atrophy degree

Correlation analysis between plasma levels of inflammatory cytokines
and hippocampal height of all patients is illustrated in Figure 2, with
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TABLE 1 Clinical characteristics and concentration of plasma inflammatory cytokines in APOE ¢4-carrying and non-APOE ¢4-carrying

Alzheimer’s disease.

APOE ¢4 carriers Non-APOE ¢4 carriers Differences between
Mean (SD) Mean (SD) groups (95% Cl) p-value
APOE genotype (patients) 28 26
Sex [female %] 22[78.571] 18[69.231] NA 0.4382
Age 72.68 (8.060) 70.85(8.048) -2.569106.234 0.407
Education level 5.821(4.405) 6.115 (4.520) -2.731t02.142 0.810
Comorbidity
Hypertension [%] 7[25.000] 6[23.767] NA 0.870?
Diabetes [%] 4[14.286] 5[19.231] NA 0.6292
Arthritis [%] 3[10.714] 3[11.538] NA 0.9242
Number of lacunar cerebral 1.321(0.819) 1.423(0.857) -0.559t00.356 0.658
infarction area
Coronary heart disease [%] 5[17.857] 1[3.846] NA 0.105?
Cancer [%] 1[3.571] 1[3.846] NA 0.958?
Neuropsychological assessments
MMSE score 11.464(8.230) 14.961(8.166) -7.977 t00.983 0.123
MoCA score 7.704(6.317) 9.960 (6.931) -5.946t01.434 0.225
MTA 2.643(0.731) 2.462(0.761) -0.226t0 0.589 0.377
Plasma Ag peptides
Plasma AB1-40 (pg/mL) 87.865(29.050) 95.154 (37.853) -30.251t0 15.674 0.524
Plasma AB1-42 (pg/mL) 4.061(2.319) 4.372(2.069) -1.761to0 1.140 0.666
Ratio of plasma AB1-42 and 0.044(0.018) 0.047(0.021) -0.016t00.010 0.648
AB1-40
Plasma levels of inflammatory cytokines
TNF-alpha (pg/mL) 2.392(1.445) 1.803(1.522) -0.221t0 1.399 0.019°
IFN-gamma (pg/mL) 111.391(16.842) 95.867 (16.205) 6.484t0 24.562 0.001
IL-1beta (pg/mL) 31.069 (6.692) 30.367 (7.663) -3.218t04.624 0.721
IL-5 (pg/mL) 10.510(3.973) 9.687 (3.695) -1.276t02.923 0.435
IL-6 (pg/mL) 0.979 (0.760) 1.218(1.263) -0.803t00.325 0.399
IL-7 (pg/mL) 2.708 (2.065) 4.706 (3.626) -3.638t0 -0.357 0.018
IL-8 (pg/mL) 4.164(7.858) 5.015(10.101) -5.773t04.071 0.730
IL-10 (pg/mL) 11.440(3.786) 13.054 (4.425) -3.8581t00.630 0.155
IL-13 (pg/mL) 631.916(238.264) 610.120(230.720) -106.454 to 150.045 0.734
IL-17 (pg/mL) 11.061(6.259) 11.186(6.861) -3.707 to 3.458 0.945
IL-18 (pg/mL) 247.066(191.891) 334.452(252.529) -209.319 to 34.5477 0.156
IL-33 (pg/mL) 4.949 (3.004) 3.094(1.131) 0.597t03.113 0.004
MCP-1 (pg/mL) 572.854(1322.922) 283.402 (64.963) -232.104t0811.008 0.258

Abbreviations: A3, amyloid beta; APOE, apolipoprotein E; Cl, confidence interval; IFN, interferon; IL, interleukin; MCP-1, monocyte chemoattractant pro-
tein 1; MMSE, Mini-Mental State Examination; MoCA, Montreal Cognitive Assessment; MTA, medial temporal atrophy; SD, standard deviation; TNF, tumor

necrosis factor.
2Indicates analysis with a method of Fisher exact test.
bIndicates analysis with a method of Mann-Whitney.

additional details provided in Table S1 and Figure S1 in supporting
information. Among these inflammatory cytokines, significant corre-
lations with specific aspects of hippocampal height were observed.

Specifically, IL-13 exhibited a significant correlation with the height

of the left hippocampal head (P = 0.048, r = 0.270), while IL-6 dis-
played a significant correlation with the height of left hippocampal
body (P = 0.043, r = —0.276). In the right hippocampal head slices,

IL-5 revealed significant correlations with the right hippocampal body
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FIGURE 2 Correlation of IL-7 with hippocampal atrophy. A, Correlation analysis illustrating the relationship between 13 inflammatory
cytokines and the degree of hippocampal atrophy in the left HH slices. B, Correlation analysis shows the association between 13 inflammatory
cytokines and hippocampal atrophy in the right HH slices. C, A significant correlation was observed between IL-7 levels and the height
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height (P = 0.017, r = 0.323) and the height of the right hippocampal
body (P = 0.020, r = 0.316). Additionally, IL-6 exhibited a significant
correlation with the width of the right temporal horn (P = 0.028,
r = 0.298). Notably, among all the cytokines analyzed, only IL-7 con-
sistently demonstrated a significant correlation with the degree of
atrophy in the left hippocampal length (Figure 2A,B). This correla-
tion was observed on both the slices of the left hippocampal head
(Figure 2C,D), spanning from hippocampal head to temporal bottom
(r=0.298; 95% ClI, 0.096 to 0.564; P = 0.029), as well as within the
left hippocampal body (Figure 2E,F), ranging from hippocampal body
to temporal bottom (r = 0.289; 95% Cl, 0.080 to 0.443; P = 0.034)
and within the hippocampal body itself (r = 0.274; 95% Cl, —0.023
to 0.499; P = 0.045). While IL-5 exhibited correlations with the right
hippocampal body (hippocampal body to temporal bottom: r = 0.323;
95% Cl, 0.082 to 0.526; P = 0.017 and hippocampal body: r = 0.312;
95% Cl, 0.066 to 0.567; P = 0.020), it did not display any significant
correlation with atrophy. Interestingly, all other examined inflamma-
tory cytokines showed no significant associations with the thickness of
the hippocampal head, body, or the width of the temporal horn. Table
S1 provides additional details from the correlation analysis, including
results related to the height of the left hippocampal head.
Subsequently, a linear correlation analysis was conducted to com-
pare APOE &4 carriers and non-carriers using the linear regression
method. Among non-carriers, no significant correlation was identi-
fied between the IL-7 level and the height of both the left and
right hippocampus (Figure S1AB). However, among APOE ¢4 carri-
ers, a noteworthy correlation was observed between the IL-7 level
and the height of the left hippocampal head (Figure S1C, hippocam-
pal head to temporal bottom: R2 = 0.190; 95% Cl, 0.072 to 0.729;

P =0.019 and hippocampal head: R2 = 0.344: 95% Cl, 0.149 to 0.532;
P = 0.001). Notably, this correlation was not observed in relation to
the height of the right hippocampal head (Figure S1D). No significant
correlation was found between the width of the bilateral temporal
horns and IL-7 levels in either the APOE ¢4 carrier or non-carrier
groups (Figure S1A-D). These results suggest that a clear correlation
exists between lower plasma IL-7 levels and more severe hippocam-
pal atrophy. Notably, this trend was not observed in relation to other
inflammatory cytokines.

In addition, the correlations between the levels of 13 inflammatory
cytokines and plasma AB1-40, AB1-42, and AB1-42/A were analyzed.
As a result, the level of each of the inflammatory cytokines was found
to significantly correlate with the levels of A31-40, AB1-42, and AB1-
42/AB, as shown in Table S2 in supporting information.

3.4 | Plasma IL-7 levels are associated with the
number of APOE ¢4 allele carriers and number of
lacunar cerebral infarction area

To investigate the factors influencing plasma IL-7 levels, the Pear-
son/Spearman correlation method was used to analyze the relationship
between plasma IL-7 and various factors including age, sex, number
of APOE &4 alleles, hypertension, diabetes, arthritis, number of lacu-
nar cerebral infarction areas, coronary heart disease, cancer, MMSE
score, MoCA score, AB1-40, AB1-42, and AB1-42/1-40. The results
revealed significant correlations between IL-7 levels and sex (r = —0.38;
P = 0.12), number of APOE ¢4 alleles (r = —0.301; P = 0.027), number
of lacunar cerebral infarction areas (r = 0.516; P < 0.001), and MTA
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score (r = —0.306; P = 0.024). Subsequently, linear correlation anal-
ysis with IL-7 as the dependent variable and sex, number of APOE ¢4
alleles, number of lacunar cerebral infarction areas, and MTA score as
independent variables showed a linear correlation between the num-
ber of APOE ¢4 alleles (3= —0.309, P=0.008) and the number of lacunar
cerebral infarction areas (8 =0.514, P < 0.001) and IL-7 levels.

3.5 | Bulk RNA-seq analysis revealed
downregulation of IL7R and CD28 genes, which are
associated with the biological process of enrichment
in lymphocyte activation

In this study, bulk RNA-seq analysis was conducted to explore the
gene expression profiles of PBMCs in AD patients with different
APOE genotypes using rigorous criteria (|log2fc| > 1 and FDR < 0.05).

Our findings shed light on the alterations in transcriptomic profiles

associated with distinct APOE genotypes (Figure 3A). The analysis
identified DEGs, among which, FLJ42393, ULBP2, LOC105378721,
CNBD2, PALM2AKAP2, and PRSS57 were upregulated, while IL7R,
CD28, GCNT4, and USP32P1 were downregulated (Figure 3B,C,D). In
our attempt to elucidate the biological relevance of these DEGs, path-
way analysis using Metascape unveiled a significant enrichment of
immune activation-related biological processes such as “lymphocyte

» o«

activation,” “leukocyte activation,” and “cell activation” (Figure 3E).
This suggests that the downregulation of IL7R and CD28 genes may
play a pivotal role in regulating lymphocyte activation in AD patients
with distinct APOE genotypes. To validate this finding, human SY5Y
cells expressing APOE ¢4 and APOE 3 were used (Figure S2A in sup-
porting information). The cell experiment corroborated the results
obtained by quantitative polymerase chain reaction, demonstrating
that APOE ¢4 significantly reduced the expression levels of IL7R and
CD28 (Figure S2B). This indicates that the downregulation of IL7R and

CD28 may be attributed to the presence of the APOE ¢4 allele, rather
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than disease status, thereby explaining differences in APOE &4 carri-
ers. Further details regarding methods and results are available in the
supplementary materials.

3.6 | Single-cell RNA-sequencing showed that the
downregulated genes of T cells were enriched in the
IL-7 signaling pathway

In this study, we used scRNA-seq to explore the gene expression pro-
files of T cells, specifically focusing on the downregulated genes in
association with the IL-7 signaling pathway. The analysis began with
the pooling of 13,850 PBMCs from 10 AD patients, including both non-
APOE ¢4 carriers (n = 4) and APOE ¢4 carriers (n = 6). The detailed
analytical process is outlined in Figure S3A-C in supporting informa-
tion. To ensure the robustness of the analysis, linear dimensionality
reduction was performed on the single-cell data, systematically eval-
uating the percentage of information represented by each principal
component and identifying the principal components before the inflec-
tion point for subsequent analysis (Figure S3D). Subsequently, the
top 20 principal components were selected for conducting clustering
analysis (Figure S3E). Using the Seurat package, the FindNeighbors
and FindClusters functions were used to perform unsupervised clus-
tering analysis on the 13,850 cells, setting a resolution parameter
to 1, effectively clustering the cells into 44 distinct categories. The
UMAP technique was applied to visualize these clusters, as depicted
in Figure S4A,B in supporting information. For further characteriza-
tion of cell subtypes, marker genes specific to each cell type were
identified within our subgroups. Using the CellMarker database, which
consolidates extensive information from > 100,000 published papers,
encompassing cell markers, tissue types, cell types, cancer data, and
their respective sources. Our analysis resulted in the compilation
of 13,605 cell markers for 467 cell types across 158 human tis-
sues/subtissues and 9148 cell markers for 389 cell types across 81
mouse tissues/subtissues. These markers were cross-referenced with
relevant literature to generate comprehensive bubble charts (Figure
S4C).

In the final phase of our analysis, the identified clusters were anno-
tated based on the results obtained from the bubble chart (Figure
S5A-D in supporting information). This comprehensive annotation
revealed the presence of four prominent cell types, namely B cells
(n=620), macrophages (n = 1073), T cells (n = 9412), and natural killer
(NK) cells (n = 2745), among others, as illustrated in Figure S5C.

Building upon these annotation results, our next step was to exam-
ine the expression pattern of the IL7R gene across the aforementioned
cell types, as presented in Figure 4A. Notably, we observed that the
expression of IL-7R in T cells was significantly higher compared to
other cell types, indicating the potential significance of T cells in our
study. However, upon analyzing the expression distribution of IL-7R
among different types of T cells, no significant difference was discerned
between APOE ¢4 carriers and non-carriers, as shown in Figure 4B.

UMAP analysis was used to visualize the cells in two-dimensional

space and SingleR was used to annotate the cell type. Four cell types
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were identified: T cell, B cell, NK cell, and macrophages. DEGs for each
immune cell type were screened with |log2fc| > 0.25 and FDR < 0.05
between AD patients having different APOE genotypes. Compared
to the non-carriers, the numbers of upregulated genes identified for
each cell type of APOE ¢4 carriers were: 33 for T cells, 32 for NK
cells, 30 for monocytes, and 24 for B cells; whereas the numbers of
downregulated genes identified for each cell type were: 40 for T cells,
35 for monocytes, 28 for NK cells, and 12 for B cells. Metascape
unveiled a significant enrichment of immune activation-related biolog-
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ical processes such as “innate immune response,” “positive regulation

of cytokine production,” “immune effector process,” and “antigen pro-
cessing and presentation” (Figure 4C). Notably, IL-7 signaling pathway
downregulation was only seen in T cells. These results indicated the
direction of the IL-7 related research would focus on T populations in

PBMCs.

3.7 | Single cell RNA sequencing analysis of the
subsets of T cell subsets in AD

A comprehensive investigation was conducted on T cell populations
in AD using scRNA-seq. To unravel the intricacies within this subset,
dimensionality reduction clustering was conducted, with the results
elegantly depicted in Figure S6A in supporting information. Our anal-
ysis was on delineating the subset of T cells, recognized as pivotal
components in this context, encompassing a total of 9412 cells,
including 5060 T cells from APOE ¢4 carriers and 4352 T cells from
non-carriers (Figure S6B,C). Subsequently, the clustering results were
meticulously annotated, drawing insights from a bubble chart (Figure
S6D). The identified key subpopulations within T cells comprised
CD4+Naive T cells (n = 4591), CD4+Tem cells (n = 1379), CD4+Treg
cells (n=243),CD8+Naive T cells (n = 173), CD4+Tem cells (n = 1070),
and CD4+CD8+T cells (n = 1956). Distinguishing among these sub-
populations was paramount for unraveling the complexity of T cell
responses in AD. APOE &4 carriers exhibited a lower proportion of
CD8+ Tem T cells. This observation suggests a potential link between
APOE genotype and specific T cell subpopulations, shedding new light
on the pathophysiology of AD.

To gain deeper insights into the molecular landscape of T cell subsets
in AD, the differences in gene expression patterns between APOE ¢4
carriers and non-carriers were meticulously scrutinized. The focused
analysis centered on genes associated with the IL-7R-related path-
ways, comprising pivotal players such as IL7R, CD28, TREM1, TREM2,
AP-1 (JUN), STAT5A, KLF4, and EGR1. The results, depicted in Figure 5,
unearthed intriguing disparities between these two groups. Notably,
APOE ¢4 carriers exhibited lower expression levels of critical genes
within the IL-7R pathway, including IL7R, CD28, and JUN, in their T
cells. This finding pointed to potential regulatory mechanisms specific
to APOE ¢4 carriers that modulate the expression of these genes. A
deeper dive into specific T cell subpopulations revealed distinctive pat-
terns: CD4+ Tem T cells displayed concurrent downregulation of CD28
and JUN, while CD8+ Tem T cells exhibited simultaneous reductions

in IL7R and JUN expression. These intricate variations underscore the
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multifaceted role of T cell subsets in AD and may provide crucial clues
to the disease’s pathogenesis.

Pseudo-temporal analysis of single cells is a powerful technique
used to model gene expression data in a time-series fashion, shed-
ding light on the dynamic processes of gene expression changes within
individual cells. Our pseudo-temporal analysis unraveled that CD4+
naive cells exhibited a progression toward a CD4+ Tem phenotype,
eventually culminating in a CD4+ Treg state (Figure S7A in support-
ing information). The trend in the differentiation of T cells remained
consistent across both APOE ¢4 and non-APOE ¢4 groups (Figure S7B).
Intriguingly, the expression level of IL-7R exhibited a gradual increase

over time, signifying its role in this differentiation process (Figure

S7C). Remarkably, this trend in IL-7R expression remained consis-
tent across both APOE ¢4 and non-APOE &4 groups (Figure S7D). This
pseudo-temporal analysis demonstrated the correlation between IL-7
expression and T cell differentiation.

To elucidate the genetic underpinnings of these PBMC subsets, the
DEGs specific to each subset were integrated using a PPl network in
Metascape. The metascape analysis also revealed the IL-7 signaling
pathway was enriched in the downregulated genes of T cells (Figure
S8 in supporting information). These changes from T cells are mainly
enriched in critical biological processes, including “cytokine signaling

»n o«

in the immune system,” “viral myocarditis,” and “antigen processing

and presentation” (Figure S9A in supporting information). Within the
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non-carriers. It offers a comparative view of how these genes are expressed in distinct cell clusters associated with different APOE genotypes,
highlighting potential differences in gene expression patterns. APOE, apolipoprotein E

network, two significant modules comprising 27 key genes that play
pivotal rolesin T cell differentiation and function were identified. These
key genes were derived from CD4+ naive T cells, CD8 effector T
cells, and CD8 memory T cells. Functional and pathway enrichment
analysis of these key genes highlighted the involvement of “antigen
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processing and presentation,” “cytokine signaling in the immune sys-

tem,” and the “IL-7 signaling pathway” in Module 1 (Figure S9B,C).
“IL-7 signaling pathway,” “
the downregulated genes of T cells. The IL-7—(IL-7R+IL2RG) interac-
tion played a central role in shaping the IL-2 family signaling pathway
network in both non-APOE ¢4 and APOE ¢4 carriers (Figure S9D,E).

This comprehensive analysis sheds light on the intricate landscape

IL-2 signaling pathway” were enriched in

of T cell subpopulations, providing a foundation for understanding
their functional roles and interactions in the context of different APOE
genotypes.

4 | DISCUSSION

Numerous studies have demonstrated the influence of the APOE ¢4
allele on neuroinflammation, particularly regarding proinflammatory
and anti-inflammatory processes. Our study also investigated cytokine
profiles, revealing distinct patterns in TNF-a, IFN-y, IL-33, and IL-7
expression levels between APOE ¢4 carriers and non-carriers. Cor-
relation analysis with hippocampal atrophy indicated a significantly
negative relationship only with IL-7. Both bulk RNA-seq profiling and
scRNA-seq of PBMCs also revealed significant downregulation of IL-
7R pathways (IL7R, CD28, JUN1) in PBMCs, particularly associated
with CD4+Tem and CD8+Tem T cells. Our research underscores the

importance of the IL-7/IL-7R pathway in driving inflammation and
hippocampal atrophy in individuals with the APOE ¢4 allele.

IL-7 is primarily produced by bone marrow and thymic stromal
cells, 2633 but is influenced by multiple factors. For instance, previous
studies have shown that plasma IL-7 levels may vary based on sex, with
different relationships observed between IL-7 levels and depression
scores in female and male AD patients.3* Age is another factor, with IL-
7 levels decreasing with age in APOE ¢4-carrying FAD patients but not
in non-carriers, suggesting a combined effect of age and APOE ¢4 on IL-
7 levels.2® Furthermore, studies have indicated a positive relationship
between IL-7 levels and Toll-like receptor 4 (TLR4), which is associ-
ated with the nuclear factor kappa-light-chain-enhancer of activated
B cells intracellular signaling pathway and is severely decreased in AD
patients.3> Our study revealed that plasma IL-7 levels were influenced
by the number of APOE alleles and the number of lacunar cerebral
infarction sites, with APOE ¢4 alleles exerting a negative effect and
lacunar cerebral infarction sites exerting a positive effect. Collectively,
these findings indicate that plasma IL-7 is affected by multiple factors,
with the APOE ¢4 allele and aging being significant influences.

The role of IL-7 in inflammation remains a subject of debate.
Some studies suggest that it acts as a pro-inflammatory cytokine
in diseases such as viral infections and autoimmune disorders. Ele-
vated IL-7 levels as associated with increased T cell proliferation
and enhanced virus-clearing abilities, while lower levels may weaken
immune function.3¢ However, IL-7/IL-7R also plays a significant role in
the anti-inflammatory process.3”:38 For instance, glucocorticoid (GC)
exerts immune-suppressive effects by binding to GC receptors with
GC-response elements in the N-terminal region®” regulating the tran-

scription of target genes. IL-7 can counteract cell death by GCs,
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rendering cells more responsive to IL-7 after exposure to GCs. In addi-
tion, IL-7 has been reported to influence immune balance by promoting
the expansion and function of CD4+CD28- and CD8+CD28- cytotoxic
T cells through the Janus kinase pathway.®? Therefore, IL-7 likely plays
a pivotal role in maintaining immune homeostasis by modulating both
pro-inflammatory and anti-inflammatory responses.

The effect of the APOE &4 allele on immune cells may indeed
be mediated through the IL-7/IL-7R signaling pathway. Studies have
reported that individuals expressing the APOE ¢4 isoform (c4/¢3-¢4/¢4)
exhibit increased circulating levels of activated T cells compared to
those expressing wild-type apoE3 (¢3/¢3) or apoE2 isoform (¢2/¢3-
€2/¢2).11 However, APOE e4-carrying AD patients demonstrate higher
rates of CD4+ T cell apoptosis and a more rapid decline in CD4+
cell counts compared to non-carriers.'®> Moreover, when stimulated
with various Toll-like receptor (TLR) ligands, APOE e4-positive cul-
tures produce significantly higher levels of cytokines involved in the
standard TLR-triggered cascades than apoE3 cultures.*° In elder con-
trols, plasma IL-7 levels have a positive correlation with TLR levels,
but this correlation is lost in AD patients.3> IL-7, essential for lympho-
cyte development and maintenance, 24! has been shown to undergo
expression changes consistent with CD4+naive T cells transitioning
into CD4+ Tem and eventually progressing into CD4+Treg (regula-
tory T) cells, as evidenced by our scRNA-seq pseudo-temporal analysis.
The lower levels of plasma IL-7 observed in APOE ¢4-carrying AD
patients may hinder CD4+ T cell proliferation. A recent meta-analysis
has reported a decline in CD8+ cells in AD patients compared to
healthy individuals.*>*3 Similar to CD4 T cells, the changes in CD8
cells are closely related to IL-7 signaling. The lower expression of IL-
7R in memory CD8+ T cells is also considered a signature of aging
cells and is associated with neurocognitive functioning in AD.** These
findings collectively suggest that the impact of the APOE ¢4 allele on
neuroinflammation is likely regulated through the IL-7/IL-7R signaling
pathway.

Our results indicated that, compared to non-carriers, APOE ¢4 has
varying effects on the IL-7R signaling pathway in CD4+ Tem and CD8+
Tem cells. The CD28, JUN1, and ULBP2 expression decreases in CD4+
Tem cells, while IL-7R and JUN1 levels in CD8+ Tem cells decrease
in APOE ¢4 carriers. The AP-1 pathway is crucial for the activation
of NK cells, T cells, and phagocytes, particularly in T cells in the pro-
cess of antigen presentation.*> The binding of apoE to its receptors
triggers dual leucine zipper kinase activation, leading to the activa-
tion of extracellular signal-related kinase 1/2, ultimately increasing AS
levels through the AP-1-mediated transcription of amyloid precursor
protein.5 The activation processes of €2, €3, and ¢4 isoforms are differ-
ent in this process, thus exerting different effects on the IL-7R/AP-1
pathway.? Recent studies have highlighted the association between the
survival of memory T cells and the IL-7-mediated fatty acid esterifica-
tion and triglyceride (TG) metabolism. Noteworthily, APOE 4 has been
suggested to impair intracellular lipid homeostasis, thereby compro-
mising the regeneration of memory T cells.” Additionally, CD28, one
of the key costimulatory molecules of T cells, is recruited to the T cell
receptor (TCR) lipid raft region for cytokine signal transduction.*¢ Lipid

metabolism is also vital for the proper functioning of CD28. However,

APOE ¢4 may disrupt intracellular lipid homeostasis by increasing the
unsaturation of fatty acids and the accumulation of intracellular lipid
droplets.” Furthermore, it is postulated that APOE €4 may enhance
lipid raft formation,*” primarily because of its increased affinity for
the VLDL and TGs. This propensity could potentially render a higher
susceptibility to cell death caused by the accumulation of excessive
lipids. As a consequence, it is hypothesized that APOE ¢4 could accel-
erate the aging process and contribute to the degeneration of memory
T cells. The data from this study unequivocally demonstrate that both
the downregulation of IL-7 signaling and the reduction in CD28 expres-
sion are indicative of immune system dysfunction in APOE 4 carriers.
Additionally, the observed downregulations of IL7 and IL7R suggest the
age-related decline and deterioration of the immune function. There-
fore, it is postulated that these changes occur during aging, which
mirrors other aging processes observed in individuals with AD.

Furthermore, our study found increased expression of PRSS57 and
PALM2AKAP2 in APOE &4 carriers. PRSS57 has been linked to reg-
ulatory properties in inflammation and innate immune reactions,*®
with higher levels associated with multiple sclerosis and CD34+ cell
apoptosis.*8 The increased expression of PRSS57 may suggest a poten-
tial role in APOE ¢4’s regulation of neuroinflammatory response.
PALM2AKAP2, on the other hand, is related to plasma membrane
dynamics and has functional links in unusual manners.*? Its prenylated
form has been reported to enhance cancer cell migration by activat-
ing ezrin.’® However, the implications of PRSS57 and PALM2AKAP2
for the pathogenesis of AD and their involvement in the regulation
of neuroinflammation by APOE ¢4 remain unclear, warranting further
research to confirm their functions.

While the relationship between the APOE ¢4 allele and plasma IL-7
levels is evident, its precise role in AD pathogenesis remains elu-
sive. Previous studies have reported lower levels of plasma IL-7 in
dementia patients, with a negative correlation observed with neu-
ropsychiatric symptoms.2>34>1 Conversely, other studies have found
a negative relationship between plasma IL-7 levels and daily living
abilities.>2 Moreover, the present study did not find a clear correlation
between the plasma IL-7 levels and AB1-42 or AB1-42/A31-40, whichiis
consistent with previous findings.'*

In our study, a positive correlation was observed between the
plasma IL-7 levels and the degree of left hippocampal atrophy, which
has implications for working memory and cognitive functions. We spec-
ulate that hippocampal atrophy may result from disorders in neuronal
regeneration and maturation due to lower expression of IL-7/IL-7R.
While IL-7 is known for its role in immune cell development, its involve-
ment in neuronal regeneration is not well understood and lacks robust
research support. However, limited studies suggest that IL-7 may play a
role in the differentiation of neurons and the development of glial cells
in neural precursor cells within the brain.2”-28 |L-7 has been detected
in both embryonic and adult mouse brains and has been shown to
have neuronotrophic effects on primary hippocampal cultures.>3 Addi-
tionally, IL-7, basic fibroblast growth factor (bFGF), and transforming
growth factor (TGF) work together to promote neuronal maturation,
with Cx33 and Cx40 serving as important markers during this pro-

cess. IL-7 alone induces Cx40 expression, while IL-7 in conjunction
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with bFGF and TGF induces Cx33 expression in progenitor cells.??
These findings suggest that IL-7 may have additional roles beyond
immune regulation, such as in neuronal regeneration and maturation,
but further experiments are required to confirm this hypothesis.

Many scholars believe that aging of the immune system may accel-
erate the progression of pathological changes of AD.>*>> This might
be related to changes in the IL-7/IL-7R pathway. Research on mice has
shown that IL-7 expression declines with age, contributing to thymic
atrophy,”® and affecting TCR cells.>” Similarly, thymic involution in
humans occurs progressively throughout the first three decades of
life58 and is responsible for the aging of immune cells.>8-¢0 The aging
of human immune cells in older adults is also closely related to the
expression of IL-7R.6* A decline in plasma IL-7 levels with age has been
observed in AD patients, with a more pronounced decline seen in car-
riers of the APOE ¢4 allele compared to non-carriers.!® This evidence
suggests that the gradual decrease in plasma IL-7 levels is a consis-
tent and ongoing process, accelerated in APOE ¢4 carriers. Therefore,
the influence of the APOE ¢4 allele on the IL-7 signaling pathway may
be a causal factor, rather than a consequence, of pathological damage
in AD.

In summary, the present study provides compelling evidence that
the APOE 4 allele affects the immune system through the IL-7 signaling
pathway, potentially contributing to the hippocampal atrophy in AD. IL-
7, akey immune cell growth factor, has been increasingly recognized as
a valuable tool in immunotherapy. Our research aimed to highlight the

importance of IL-7 in AD and raise awareness among neurologists.
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