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Abstract

Introduction:Blood-baseddiagnostics andprognostics in sporadicAlzheimer’s disease

(AD) are important for identifying at-risk individuals for therapeutic interventions.

Methods: In three stages, a total of 34 leukocyte antigens were examined by

flow cytometry immunophenotyping. Data were analyzed by logistic regression and

receiver operating characteristic (ROC) analyses.

Results:We identified leukocyte markers differentially expressed in the patients with

AD. Pathway analysis revealed a complex network involving upregulation of comple-

ment inhibition and downregulation of cargo receptor activity and Aβ clearance. A

proposed panel including four leukocyte markers – CD11c, CD59, CD91, and CD163

– predicts patients’ PET Aβ status with an area under the curve (AUC) of 0.93 (0.88 to
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© 2022 The Authors. Alzheimer’s & Dementia published byWiley Periodicals LLC on behalf of Alzheimer’s Association.

Alzheimer’s Dement. 2022;1–11. wileyonlinelibrary.com/journal/alz 1

 15525279, 0, D
ow

nloaded from
 https://alz-journals.onlinelibrary.w

iley.com
/doi/10.1002/alz.12813 by E

dith C
ow

an U
niversity, W

iley O
nline L

ibrary on [18/12/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://orcid.org/0000-0001-5500-4453
mailto:ben.gu@florey.edu.au
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://wileyonlinelibrary.com/journal/alz


2 HUANG ET AL.

BGRF1901; Victorian Government’s

Operational Infrastructure; Florey Institute;

NIA; NIH, Grant/Award Numbers: AG058252,

AG073979, AG051848

0.97). CD163 was the top performer in preclinical models. These findings have been

validated in two independent cohorts.

Conclusion: Our finding of changes on peripheral leukocyte surface antigens in AD

implicates thedeficit in innate immunity. Leukocyte-basedbiomarkers prove tobeboth

sensitive and practical for AD screening and diagnosis.

KEYWORDS

Alzheimer’s disease, CD11c, CD163, CD59, CD91, complement system, innate phagocytosis,
leukocyte biomarker, peripheral immune response, receptor for advanced glycation end products
(RAGE), ROC curve

1 NARRATIVE

1.1 Contextual background

Alzheimer’s disease (AD) is a neurodegenerative disease character-

ized by cognitive impairment, functional deterioration, and dementia.

Pathologically, AD is defined by the presence of amyloid plaques

and neurofibrillary tangles due to the accumulation of 42-amino-acid

amyloid-β peptide (Aβ42) and phosphorylated tau protein,1 respec-

tively.

The diagnosis of AD now relies on clinical assessment and on infor-

mation from imaging and biofluid markers, which aimed at detecting

the presence of Aβ42 and phosphorylated tau protein.2 Positron emis-

sion tomography (PET) neuroimaging and cerebrospinal fluid (CSF)

measurements, the most commonly used biomarkers, can yield an

accurate diagnosis of AD even in an asymptomatic group.2 Mounting

evidence indicates that the accumulation of amyloid in AD starts 20 to

30 years before clinically detectable cognitive impairment is observed,

suggesting thepresenceof a longperiodof asymptomaticAD.Although

the specific onset of this preclinical period is difficult to target, it is

potentially significant to identify subjects in this asymptomatic pre-

clinical stage of the disease. This is because newly developed disease

modifying treatments may mainly be effective during this asymp-

tomatic period. Currently, the preclinical phase of AD is identified in

asymptomatic individuals as abnormal amyloid levels detected via neu-

roimaging or fluid biomarkers.3 However, this approach is not feasible

as a routine screening tool in a clinical environment. Therefore, there

is a critical need to develop blood-based, cost-effective screening tools

to detect AD in asymptomatic patients. Because of this, the search for

preclinical blood-based biomarkers has become amajor focus.3–5

While current biomarkers have conventionally focused on the cen-

tral nervous system (CNS), emerging evidence from genetic, clinical,

cell biological, and animal studies have shown abnormal systemic

changes which are not only secondary to brain dysfunction but may

also impact AD progression, suggesting that these bi-directional inter-

actions between the brain and peripheral systems play a role in the

natural history of AD.6 Schwartz et al. previously described the pres-

enceof an active interchangeof immune cells between theCNSand the

periphery in the choroid plexus in animal models of AD.7 More recent

work from the same group demonstrated that inducing interferon

(IFN)-γ-dependent recruitment of monocyte-derived macrophages to

the brain resulted in the clearance of cerebral Aβplaques and improved

cognitive performance in a mice ADmodel.8 Thus, if these findings can

be replicated in preclinical and symptomatic AD patients, this interac-

tion between the CNS and the peripheral blood leukocytes may allow

for the detection of potential immune changes in the periphery of

AD. These immune changes could become blood-based biomarkers for

AD. Early studies have demonstrated the feasibility of this approach,

although the data are preliminary.9

1.2 Study conclusions, disease implications, and
therapeutic opportunities

We identified specific leukocyte markers that were differentially

expressed in the patients with AD compared with cognitively nor-

mal (CN) individuals. Pathway analysis revealed a complex network

involving upregulation of complement inhibition and downregulation

of cargo receptor activity and Aβ clearance. These findings may have

important implications in our understanding of the etiology and pro-

gression of AD and become the basis for the development of new

therapeutic approaches. Furthermore, the presence of a specific pat-

tern of immune changes can constitute a blood-based biomarker panel

for AD. Specifically, we proposed a panel including four leukocyte

markers –CD11c, CD59, CD91, andCD163 to predict patients’ PETAβ
statuswith anareaunder the curve (AUC)of 0.93 (0.88 to0.97). CD163

was the top performer in our preclinical models. In order to prove the

concept, one best-performed biomarker, the MFI of CD163 on CD14−

neutrophils (lnBM8), was added to the model. The AUC was improved

to 0.94 (CI: 0.86 to 0.98) (p= 0.063).

Our findings demonstrated that leukocyte surface antigens exhib-

ited differential expression in groups of older adults who met clinical

criteria for CN, MCI, and AD-dementia and were associated with amy-

loid pathology confirmed by PET imaging. The importance of plasma

biomarkers for AD has been suggested recently by Nakamura et al.

and Fossati et al.10–12 Our data may provide valuable insights sug-

gesting the relevance of using the AD-associated leukocyte markers

for the development of blood-based AD screening tools. However, the
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HUANG ET AL. 3

RESEARCH INCONTEXT

1. Systematic review: To put their findings into context,

the authors reviewed the literature using traditional

sources (e.g., PubMed), meeting abstracts and presen-

tations. The importance of identifying individuals with

preclinical Alzheimer’s disease (AD) for implementing

disease modifying therapies underlies the need for find-

ing reliable biomarkers that can be easily obtained and

administered at-scale. These data may provide the first

evidence for the utility of leukocyte biomarkers for AD

diagnosis. There have been several recent publications

describing the microglial markers associated with AD.

These relevant citations are appropriately cited.

2. Interpretation: Even in the absence of substantial pas-

sage of immune cells from the periphery to the brain,

abnormalities of peripheral immune cells may reflect dis-

ease effects on brain-resident microglia. Our findings

justify the use of blood cell biomarkers for a better

understanding of themolecular pathogenesis of AD.

3. Future directions: The manuscript proposes leukocyte

biomarkers for detecting AD. It would be important

to design a longitudinal study to test whether these

biomarkers could predict disease progression. Other

leukocyte antigens, such as RAGE, may yet prove useful.

Further studies are required to determine whether other

cell surface antigens (i.e., RAGE) should be included in the

development of amore sophisticated biomarker panel for

AD diagnosis.

FCIP method has its limitations. For example, blood cells cannot be

frozen and thawed in batches for testing; the FCIP method requires

daily maintained laboratory personnel, equipment, and logistic ser-

vices. Although these data have been validated in an independent

sample, it is cross-sectional, not longitudinal. A longitudinal study of

thesebiomarkers shouldbe conducted.Weacknowledgegeneralizabil-

ity as limitationbecauseAIBL is a convenience cohort, andwewill cover

this topic for future research.

2 CONSOLIDATED RESULTS AND STUDY
DESIGN

Our study was comprised of four stages. Stages I and II were

exploratory and were aimed at investigating major leukocyte and CD

markers. The scope of leukocyte surface antigens detected in Stage

II was readjusted in Stage III. In Stage III, immune markers associ-

ated with AD risk alleles that potentially operate through immune

cells, including microglia (thought to play a key role in AD pathogen-

esis), were included. Markers linked with newly identified changes in

leukocytes that may be associated with the onset of AD were also

included.2,13,14 These experiments resulted in the identification of

three key biomarkers that together had high validity and reliability in

identifying subjects presentingwith preclinical or clinical AD and other

brain biomarkers associated with the disease. We then validated them

in an independent cohort, Stage IV.

From amethodological point of view, we performed flow cytometry

immunophenotyping (FCIP) to identify which leukocyte markers were

differentially expressed in AD comparedwith CN individuals. Here, we

reported leukocyte surface antigens exhibited differential expression

in groups of older adults who met clinical criteria for CN, MCI, and

AD-dementia, andwere also associatedwith amyloid burdenmeasured

via the PET Centiloid score (CL). We found that several markers were

differentially expressed in patients with MCI/AD-dementia, includ-

ing both significantly upregulated and downregulated markers. The

upregulated proteins in patients with AD were mostly associated

with negative regulation of activation of membrane attack complex

or transcytosis, whereas the downregulated proteins were mostly

involved in cargo receptor activity orAβ clearance.After controlling for
co-expression clusters, we found four leukocytemarkers that were dif-

ferentially expressed to mark the profile of patients with AD: CD11c,

CD59, CD91, and CD163. The significance stayed after correction for

age, gender, education, and APOE ε 4 allele status.
Further examination of the identified AD-associated leukocyte

markers revealed a strong correlation with brain Aβ burden. For exam-

ple, we found a positive correlation between the CD59 (or CD91)

and PET Aβ score, such that a subject with a higher PET Aβ score

had a higher expression level of CD59 (or CD91). The AD-associated

leukocyte markers also showed tight correlation with cognitive scores.

Episodic memory is one of the best performed cognitive tests and

PACC is a comprehensive score, including MMSE and episodic mem-

ory. For example, CD59 (or CD91) was negatively correlated with both

episodic memory and Preclinical Alzheimer’s Cognitive Composite

(PACC) scores.

3 DETAILED METHODS AND RESULTS

3.1 Methods

3.1.1 Study design

This cross-sectional study comprised four stages. Stage I was

exploratory research to investigate major leukocyte markers, Stage

II was an update for Stage I, and Stage III was designed to prospec-

tively confirm the findings from previous stages. Finally, Stage IV was

designed to confirm the findings from Stage III.

3.1.2 Subjects and ethical approval

Participants in Stages I, II, and III were randomly selected from theAus-

tralian Imaging, Biomarkers and Lifestyle study (AIBL). The AIBL study
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4 HUANG ET AL.

TABLE 1 Demographic make-up of all stages

Demographics

Control

(< 25CL)a
Case

(> 25CL)

Number of participants (n) 197 221

Age (mean (SD)) 74.2 (6.5) 75.7 (8.1)

Sex=male (%) 87 (44.2) 115 (52.0)

Years of education (mean (SD)) 14.2 (3.1) 12.3 (3.1)

APOE genotype (%)

E2/E2 1 (0.5) 0 (0.0)

E3/E2 28 (14.4) 3 (1.4)

E3/E3 126 (64.9) 81 (37.7)

E4/E2 7 (3.6) 7 (3.3)

E4/E3 32 (16.5) 92 (42.8)

E4/E4 0 (0.0) 32 (14.9)

Clinical classification (%)

AD 10 (5.1) 61 (27.6)

CN 161 (81.7) 80 (36.2)

MCI 26 (13.2) 80 (36.2)

Image PET centiloid (mean (SD)) 1.1 (11.7) 85.6 (32.8)

MMSE (mean (SD)) 28 (2) 25 (4)

CDR (mean (SD)) 0.1 (0.3) 0.5 (0.5)

Episodicmemory (mean (SD)) 0.27 (2.71) -3.22 (3.66)

Composite PACC score (mean (SD)) 0.31 (3.03) -4.18 (4.55)

aStratified by amyloid-PET (centiloid). The validation cohort is excluded.

is a longitudinal observational cohort of CN, MCI and AD participants

recruited by specialist referral or in response to advertisement. AIBL

clinical classification is generated blind to biofluid or imaging amyloid

biomarkers. ADdiagnosis is determined by a consensus panel using the

DSM-IV (American Psychiatric Association, 1994) and ICD-10 (World

HealthOrganization, 1992)diagnostic criteria andAIBLexcludesmajor

psychiatric illness and somecardiovascular risk factors including exces-

sive drinking and untreated obstructive sleep apnoea.15 The subject

selection process was blind to any information about the subject. This

study integrates data from neuroimaging, biomarkers, lifestyle, and

clinical and neuropsychological evaluations. Classification on diagno-

sis and disease stage of the AIBL participants is based on both clinical

and neuroimaging/CSF evidence of Aβ accumulation. For Stage IV, the

samples were randomly recruited from subjects participating in the

Anti-Amyloid Treatment in Asymptomatic Alzheimer’s Disease (A4)

Study. For this study,we recruited76 subjects into Stage I, 142 subjects

into Stage II, and 200 subjects into Stage III from AIBL study partici-

pants. Each Stage recruited a different group of subjects from the AIBL

subject population. (Table 1; Break-up tables in S1). For Stage IV, we

obtainedwhole blood from 112 participants whowere blindly and ran-

domly selected from the cohort of subjects seen at US sites as part of

the screening process for the Anti-Amyloid in Asymptomatic AD (A4)

clinical trial (e.g., A4 Biobank Addendum, PI Rissman).16 The A4 partic-

ipant samples included were those who passed initial assessments and

had amyloid PET and CSFmeasures performed.

Excluding Stage IV, all datasets included a balanced number of

individuals classified clinically as CN, MCI, or AD-dementia. Patient

evaluation and diagnosis have been described elsewhere.15 All sam-

ples had corresponding PET Aβ and cognitive data (PET Aβ imaging

procedure and cognitive testing in Supporting information). This study

was approved by the Human Research Ethics Committee, St Vincent’s

Hospital, Melbourne (Ref: HREC-A 028/06) and the Eastern Health

Research and Ethics Committee (Ref: E05/1011). All participants and

patient caregivers completed written informed consent before partic-

ipation. All clinical and demographic information of AIBL participants

was masked until the collection of all biological measurements. Stage

IV subject samples were from those who consented to the A4 trial and

the A4 biobank Addendum.

3.1.3 Blood collection

For AIBL samples, peripheral whole blood was collected via venepunc-

ture between 8:00am and 10:30am after overnight fasting. Whole

bloodwaskept inEDTAanti-coagulantVacutainer tube (BectonDickin-

son Biosciences) andwas kept on ice during transportation. Processing

of whole blood was completed within 3 h after collection. For A4

samples, whole blood via venepuncture was collected from overnight

fasted participants. Blood collected was shipped overnight on ambi-

ent temperature gel packs and processed the following morning for

analyses.

3.1.4 Flow cytometry immunophenotyping (FCIP)

Cell surface staining procedures were carried out using the BD

standard protocol: aliquots of 100 μL fresh blood were added into

fluorescence-activated cell sorting (FACS) tubes with pre-mixed anti-

body cocktails. Mouse anti-human IgG monoclonal antibodies (mAbs)

conjugated with fluorophores, which were excited at FITC, PE, PerCP,

and APC channels, were used to stain leukocytes (Table S2). An aut-

ofluorescence tube containing only whole blood and an IgG isotype

control (BD Australia) tube were prepared for each AIBL sample. Opti-

mal concentration for antibodieswas determined by titration tests. For

intracellular staining, cells were fixed and permeabilized before mix-

ing with antibody cocktail according to the BD standard protocol. Flow

cytometry was performed by using FACSCalibur (BD Biosciences). All

flow data were stored in digital form and were analyzed using FlowJo

software (V10, FlowJo, LLC).

3.1.5 Statistical analysis

FCIP data were compared between CN, MCI, and AD-dementia

groups using one-way analysis of variance (ANOVA). Pearson product-

moment correlational analyses were conducted to examine the

strength of relationships between fluorescent intensity of mAbs

and PET Aβ centiloid, episodic memory and PACC score. Logis-

tic regression models created with the rms R package to predict
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HUANG ET AL. 5

F IGURE 1 Differential expression of the leukocytemarkers in AD. (A) AHeatmap of the expression levels of the top 27 down- and upregulated
AD-associated leukocytemarkers in CN,MCI, and AD-dementia. Blue and red represent a relative color scheme uses theminimum andmaximum
values in each row to convert values to colors. (B) A heatmap showing the pairwise correlations among AD-associated leukocytemarkers. Each
row and column represent one of the 27 AD-associated leukocytemarkers. Red and blue indicate positive and negative correlations between pairs,
respectively. Black squares denote the four clusters based on hierarchical clustering, and numbers in brackets on the right indicate the cluster
number. (C) A biplot showing both the loadings and the PC scores. Variables in cluster 1 and 2 are strongly correlated (values close to 1 or -1) with
PC1; while cluster 3 correlates strongly with PC2. (D) Representative GO term enrichment of the 12 AD-associated leukocytemarkers. The GO
terms of the down- and upregulated leukocytemarkers are indicated in blue and red, respectively.

outcome were made for individual biomarkers, individual biomark-

ers adjusted for covariates and combinatorial sets of biomarkers.

Detailed biomarker assessment can be found in Supporting informa-

tion. Heat map and hierarchical clustering were created in Morpheus

(https://software.broadinstitute.org/morpheus). Figures were plotted

in GraphPad Prism for Windows (Version 8.4.2, San Diego, California

USA).

4 RESULTS

4.1 Identification of differentially expressed
leukocyte markers in patients with AD

We performed FCIP to identify which leukocyte markers were differ-

entially expressed in AD. Among the 34 leukocyte markers assayed,

13 were differentially expressed in patients with clinically defined

MCI/AD-dementia, including five upregulated markers and eight

downregulated markers (Fold changes from 0.5 to 1.8, p-values from

7.9E-15 to 0.05; Heatmap in Figure 1A; Biological relevance in Table 2;

Individual figures in Figure S3, S4 and S5). In Stage I, the levels of

expression of CD11c (Figure 1) and P2X7 (Figure 2) were reduced in

the MCI/AD-dementia compared with CN, in which CD11c decreased

by 19% to 34% and P2X7 decreased by 20-42% (Table S7.1 in Sup-

porting information). Stage II confirmed the decreased expression of

CD11c in the MCI/AD-dementia compared to CN (Figure 1), in which

CD11c decreased by 14% to 23% (Table S7.2). It was also found

that CD11b (Figure 2) and CD33 (Figure 3 A and B) decreased in

the MCI/AD-dementia by 14% to 21% and 16% to 18%, individually

(Table S7.2). However, P2X7 was not different in Stage II. In Stage III,

11 leukocyte markers differentially expressed, including five upregu-

lated markers and six downregulated markers (Table S7.3 and S7.5). In

patients with MCI and AD-dementia, CD35, CD59, CD91, RAGE, and

Scara-1 increased by 40% to 47%, 27% to 78%, 44% to 59%, 31% and

32%, respectively (Figure 2A&E, Fig. S5.3, 5.4, 5.6, and S5.7); While

CD11c, CD18, CD36, CD163, MerTK and P2X7 decreased by 15% to

19%, 20% to 26%, 45%, 11% to 16%, 12% and 5% to 15%, respectively

(Figure 1, 5).

4.2 Functionally classify the AD-associated
leukocyte markers

We performed co-expression network analysis to examine the coregu-

lation patterns of the 27AD-associated leukocytemarkers followed by

hierarchical clustering analysis on the resultant correlationmatrix. The
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6 HUANG ET AL.

TABLE 2 Biological relevance and changes of potential biomarkers in AD

GO class (direct)

Potential

biomarkers Biological relevance to AD Changes in AD

Amyloid-beta binding andmicroglial

cell activation

CD11b Integrin subunit alphaM; complement component

receptor 3 alpha; phagocytosis; integrins; C3b

binding.

Stage I, III Nil; Stage II ↓

Integrin binding CD11c Integrin subunit alpha X; complement component

receptor 4 alpha; regulation of actin

cytoskeleton.

Stage I, II, III ↓

Amyloid-beta binding andmicroglial

cell activation

CD18/ITGB2 Integrin subunit beta 2; combines with different

alpha chains, for example, CD11b and CD11c, to

form different integrin heterodimers also

referred to as CR3 and CR4.

Stage III ↓

Protein binding CD33 GWAS associated gene for AD17; myeloid cell

surface antigen; immunoglobulin superfamily cell

adhesionmolecule.

Stage II ↓

Complement component C3b/4b

binding

CD35/CR1 GWAS associated gene for AD18; phagocytosis;

integrins; complement receptor 1.

Stage III ↑

Amyloid-beta binding and antigen

processing and presentation

CD36 Scavenger receptor class Bmember 1;

phagocytosis; receptor for oxidized low-density

lipoprotein (LDL)19; receptor for Aβ.20

Stage III ↓

Protein binding CD59 Complement inhibitory protein; prevent formation

of the complementmembrane attack complex

(MAC).21

Stage III ↑

Amyloid-beta binding and scavenger

receptor activity

CD91 Genetically associatedwi AD22–24; low-density

lipoprotein receptor-related protein 1; mediates

the endocytosis and degradation of secreted

amyloid precursor protein.25

Stage III ↑

Scavenger receptor activity CD163 Scavenger receptor. Stage III ↓

Protein binding and protein

phosphorylation

MerTK Receptor protein-tyrosine kinase; mediates

phagocytosis in microglial cells26 and retinal

pigment epithelium.27

Stage III ↓

Extracellularly ATP-gated cation

channel activity

P2X7 Innate phagocytosis.2 Stage I, III ↓; Stage II Nil

Amyloid-beta binding andmicroglial

cell activation

RAGE/AGER Mediates Aβ transport across the blood-brain
barrier and accumulation in brain28,29.

Stage III ↑

Amyloid-beta binding and scavenger

receptor activity

SCARA-

1/MSR1

Macrophage scavenger receptor 1; phagocytosis;

mediates uptake of fibrillar amyloid.30
Stage III ↑

GO: Gene ontology.

↑up-regulation.

↓down-regulation.

Nil: No change.

27 variables attributed toCD11c, CD36, CD59, CD91, CD163,MerTK,

and Scara-1. CD18, CD35, P2X7, and RAGE were excluded because

of extremely low sample number. This yielded four distinct clusters

(Figure 1B). Different cell types had similar expression profiles for a

specific leukocyte marker. For example, MFI of CD11c decreased in all

cell types including lymphocytes, monocytes and neutrophils. There-

fore, all five variables related to CD11c were classified into Cluster

1. The variables related to CD163 formed Cluster 2. Those related to

CD36 andMerTK were joined to form Cluster 3. The variables related

to CD59 and CD91 were joined to form Cluster 4. We also performed

a principal component analysis (PCA) to project each data point onto

the first two principal components to obtain lower-dimensional data

while increasing interpretability. This yielded three distinct clusters

(Figure 1C). Cluster 1 was composed of CD59 and CD91; Cluster 2

was dominated by CD163; Cluster 3 was dominated by CD11c; CD36,

MerTK, and Scara-1 were scattered between Cluster 2 and 3. Taken

together, the minimum number of AD-associated leukocyte mark-

ers required to sufficiently represent the leukocyte marker profile of

patients with ADwas four, including CD11c, CD59, CD91, and CD163.

Next, we identified enriched functional categories among the 13

AD-associated leukocyte markers by performing Gene Ontology (GO)

analysis (Figure 1D). The upregulated proteins in patients with AD

were associated with negative regulation of activation of membrane

attack complex (CD35 and CD59; false discovery rate [FDR]-adjusted
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HUANG ET AL. 7

F IGURE 2 Associations between the top two AD-associated leukocytemarkers and AD clinical stages, brain Aβ burden, and cognitive
function. AD-associated leukocytemarkers, CD59 and CD91, are presented in A-D and E-F, separately. The number of participants is 200
(CN= 124,MCI= 43, and AD= 33). Bar graphs aremean± standard deviation of themean and p value is decided by one-way ANOVA followed by
multiple comparison using Tukey honest significant difference (HSD). Correlation r and p values are decided by Pearson product-moment
correlational analysis. If the p-value is less than or equal to the significance level (alpha= 0.05), the correlation is deemed significantly different to
zero, and themagnitude of the correlation is given to talk to the strength of the Pearson correlation R value (low absolute R value< 0.25, medium
absolute R value of between 0.25 and 0.75, and high absolute R value of> 0.75. ***: p< 0.001; ****: p< 0.0001

F IGURE 3 Performance assessment of the top four AD-associated leukocytemarkers. (A) Paired sample area difference under the ROC
curves between Basemodel 1 and a composite panel, New 1, when predicting diseased state from non-diseased state. Basemodel 1 comprises of
age, sex, years of education, and APOE ε4 allele status. New 1 is formed by addingMFI of CD59 on T&B (BM4), MFI of CD163 on CD14-

neutrophils (BM8), MFI of CD91 on CD14+CD16+ monocytes (BM10) andMFI of CD11c on CD14−CD16+ monocytes (lnBM2) to Basemodel 1.
The New 1 panel proved an AUC of 0.93 (CI: 0.88 to 0.97), improved from the Basemodel 1 AUC of 0.88 (CI: 0.82 to 0.94) with a p value of 0.021
(DeLong test). (B) Assessing the improvement in risk prediction of New 1model over Base 1model. The difference between twomodels are shown
by the filled areas. Light blue and dark blue represent the improvements with (TRUE) andwithout (FALSE) the event of interest.
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8 HUANG ET AL.

p = 8.3E-5) or transcytosis (CD91 and RAGE; FDR-adjusted p = 6.4E-

3), whereas the downregulated proteins were involvedmostly in cargo

receptor activity (CD11b, CD18, CD36, and CD163; FDR-adjusted

p = 2.5E-6) or Aβ clearance (CD11b, CD18, and CD36; FDR-adjusted

p= 5.5E-4).

4.3 Differential leukocyte percentages for
patients with AD

We repeatedly identified alterations in percentages of lymphocytes

and monocytic subsets from Stage I, II, and III. We hereby use Stage

III data as an example. The absolute percentage of CD14− lympho-

cytes in whole blood was lowered in MCI and AD-dementia groups

compared with CN group by 11% (Figure S5.4) and correlated with

CL, episodic memory, and PACC scores (Figure 15A and 5). The dif-

ferences in the percentage of monocytes in whole blood between

CN, MCI, and AD-dementia groups were trivial. However, when we

divided the whole monocyte population into CD14+CD16+ (inter-

mediate), CD14+CD16− (classic), and CD14−CD16+ (nonclassic) sub-

populations and evaluated their relative percentage from the whole

monocyte population, the relative percentage of CD14+CD16−mono-

cytes was increased by 13% (p = 0.001) in AD-dementia and MCI

groups compared with CN group (Figure 8B and Table S7) and nega-

tively correlated with episodic memory and PACC (Figure 21C and D).

Interestingly, compared to the CN group, the relative percentage of

CD14+CD16+monocytes decreased by30% (p=0.023) inMCI groups

although thedifference inAD-dementia groupwasminor (Figure8C).A

lower relative percentage of CD14−CD16+monocytes inMCI group (-

29%; p= 0.015)was also observed in another tubewith smaller sample

size (Figure 8D).

4.4 Leukocyte markers correlated with brain Aβ
burden and cognition

Further examination of the AD-associated leukocyte markers iden-

tified a strong correlation with brain Aβ burden, with a positive

correlation between CD59 (or CD91) and PET Aβ score. Accord-

ingly, a subject with higher CL had higher expression level of CD59

(Figure 2B and Figure S5.11) (or CD91 (Figure 2F and Figure S5.12)).

The AD-associated leukocyte markers also showed a strong nega-

tive correlation with both cognitive scores. For example, CD59 (or

CD91)wasnegatively correlatedwithbothepisodicmemoryandPACC

(Figure 18) (or CD91 (Figure 19)).

4.5 A biomarker panel comprising four leukocyte
markers accurately distinguishes AD

Most of the AD-associated leukocyte markers were found in Stage III.

AD-associated leukocyte markers were added to a logistic regression

model to evaluate their performance in predicting disease presence

classified by PET Aβ imaging score, CL. We exercised extra caution by

removing those leukocytemarkers that did not have complete datasets

(e.g., RAGE; see Table S7.5 in Supporting information), and sorted out

ten representative variables, whichwere related to upregulated leuko-

cyte markers, CD59 and CD91; downregulated leukocyte markers,

CD11c and CD163; the percentages of CD14− lymphocytes (abso-

lute) and CD14+CD16− monocytes (relative) were included to make

12 candidates (Table S8 in Supporting information). However, leuko-

cyte percentage was subject to alterations in many other diseases and

therefore were not used for forming biomarker panel or composite in

this study.

InModel 1 (Table S8.1), Basemodel 1discriminatedbetween<25CL

and > 25CL with an AUC of 0.83 (CI: 0.78 to 0.89). One leukocyte

marker, the MFI of CD59 on T and B lymphocytes (BM4), had the best

improved AUC of 0.9 (CI: 0.84 to 0.94) in predicting disease presence

determined by PET Aβ imaging; Brier improvement of 19.4% to base

model; IDI with events of 0.09 (CI: 0.06 to 0.14) and without events of

0.03 (CI: -0.01 to 0.05). Another leukocyte marker, the MFI of CD91

on CD14+CD16+ monocytes (BM10), had similar improved AUC and

Brier score. Two other performing candidates, the MFI of CD163 on

CD14− neutrophils (BM8) and the MFI of CD11c on CD14−CD16+

monocytes (lnBM2), were included to form a panel of biomarkers enti-

tled New 1. The New 1 panel showed an AUC of 0.93 (CI: 0.88 to 0.97),

improved from the Base model 1 AUC of 0.88 (CI: 0.82 to 0.94) with a

p value of 0.021 (DeLong test, Figure 3A), Brier improvement 34.6%,

IDI with and without events (Figure 3B) of 0.14 (CI: 0.08 to 0.18) and

0.05 (CI: 0.01 to 0.08), respectively. New 1 had sensitivity of 0.87 (CI:

0.75 to 0.94), specificity of 0.86 (CI: 0.74 to 0.94) and overall accuracy

0.86 (Table S11 in supporting information). Thus, we identified 4 leuko-

cyte markers that associate both with AD clinical stages and brain Aβ
accumulation.

4.6 Results of Stage IV

Stage III identified CD11c, CD59, CD91, and CD163 as potential

biomarkers to differentiate individuals who were PET Aβ positive

(Cl > 25) versus those who were PET Aβ negative (CL < 25) after cor-

rection for age, gender, education and APOE ε 4 allele status (Model 1,

p = 0.021). We then validated them in an independent cohort (Stage

IV, N = 112 for the demographic and clinical characteristics are shown

in Table S1.7). Several leukocyte markers showed connection to clini-

cal diagnosis (Figure S6.1) or association with amyloid burden (Figure

S6.2), which were consistent with Stage III. A multivariable model

for the validation cohort found that a combination of CD59 & CD91

discriminated Aβ status, CL > 25 or CL < 25, with an AUC of 0.91

(CI: 0.81 to 0.99). The AUC was 0.1 higher than for the mean base

model AUC at 0.81 (CI: 0.72 to 0.9) after correction for age, gender,

education and APOE ε 4 allele status (p = 0.072). A combination of

CD11c, CD59, and CD91 had an AUC after correction at 0.95 (CI:

0.86 to 1), 0.14 above base model, p = 0.05, although this value could
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HUANG ET AL. 9

F IGURE 4 Scientific hypothesis andmolecular pathways inhibiting phagocytosis and complement. Left. Aβ cross-membrane transportation is
augmented given that both CD91 and RAGE increased in AD;Middle. A schematic phagocyte shows down-regulation in phagocytic receptors,
MerTK and P2X7; scavenger receptors, CD36 and CD163; and cell adhesion integrins, CD11b, CD11c, and CD18, which can formCR3 and CR4;
Right (adapted fromKEGGmap04610). Complement pathways are activated by antigen-antibody complex. It triggers cascade to formC3b. C3b
binds to CR1 thatis upregulated in AD, and subsequentlystimulates phagocytosis.Whilst, iC3b binds to CR3 and CR4 thatare downregulated in
AD, and subsequently inhibit phagocytosis. On the other hand, C5b, C6, C7, C8, and C9 form themembrane attack complex (MAC). CD59
prevents formation ofMAC and lysis of target cells. Both inhibit opsonization, phagocytosis and clearance of pathogens which are involved in AD
pathogenesis and development.

reflect an overfitting due to the relatively small sample size (detailed

in Table S8.5).

4.7 Potential diagnostic value of CD163 in
preclinical AD

Next,we created several “preclinical” ADpredictingmodels. InModel 2

(Table S8.2), Base model 2 discriminated between < 25CL and > 25CL

and < 100CL with an AUC of 0.83 (CI: 0.76 to 0.9). The addition of the

MFIofCD163onCD14− neutrophils (BM8) to themodel had improved

AUC to 0.91 (CI: 0.84 to 0.95, p = 0.079). In Model 3 (Table S8.3), Base

model 3 discriminated CN< 25CL and CN> 25CL &MCI with an AUC

of 0.8 (CI: 0.73 to 0.87). Four biomarkers were added to themodel. The

AUC was improved to 0.9 (CI: 0.83 to 0.95) (p = 0.034). We also tried

in a Model 4 (Table S8.4), which only had 30 cases. Base model 4 dis-

criminated CN < 25CL and CN > 25CL with an AUC of 0.86 (CI: 0.79

to 0.93). In order to prove the concept, one best-performed biomarker,

the MFI of CD163 on CD14− neutrophils (lnBM8), was added to the

model. The AUC was improved to 0.94 (CI: 0.86 to 0.98) (p = 0.063).

Taken together, these results suggeste CD163 may prove to be useful

in preclinical diagnosis.

5 CONCLUSION

Our results suggest that leukocyte surface biomarkers involved in

Aβ transportation, innate phagocytosis and completement mediated

clearance pathways (Figure 4) are objective, measurable indicator of

ADprogression and could be valuable for early diagnosis. Themain lim-

itation of the current study is the cross-sectional nature of the study

design. The next step to address this limitation is to perform a longitu-

dinal study. A longitudinal study will be important not only to validate

the presence of amyloid, but also more importantly, to establish the

predictive value of the test to determine the odds of individuals for

disease progression, especially from normal to MCI and from MCI to

dementia. Furthermore, a longitudinal study will provide information

about the potential changes in these biomarkers over time as the dis-

ease progresses in a given individual. Finally, it will be important to

include thesebiomarkers in pharmacological trials of diseasemodifying
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10 HUANG ET AL.

compounds to establish their potential value in predicting response to

treatment.

These biomarkers could have a major impact on clinical practice by

allowing primary care physicians to identify individuals at high risk of

having amyloid burden in their brains with a simple blood test. Addi-

tionally, they could aid in the decision to proceed with more invasive

assessments such as amyloidPET. They also could be critical in identify-

ing asymptomatic patients that could be eligible for disease modifying

interventions such as anti-amyloid treatments.
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