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N E U R O S C I E N C E

Associations of plasma soluble CD22 levels with  
brain amyloid burden and cognitive decline 
in Alzheimer’s disease
Xian-Le Bu1,2,3†, Pu-Yang Sun1,3†, Dong-Yu Fan1,3,4†, Jun Wang1,3, Hao-Lun Sun4, Yuan Cheng1,3, 
Gui-Hua Zeng1,3, Dong-Wan Chen1,3, Hui-Yun Li1,3, Xu Yi1,3, Ying-Ying Shen1,3, Luke A. Miles5, 
Paul Maruff5,6, Ben J. Gu5, Christopher J. Fowler5, Colin L. Masters5*, Yan-Jiang Wang1,2,3,7,8*

CD22 has been suggested to contribute to Alzheimer’s disease (AD) pathogenesis by inhibiting microglial amyloid  
(A) phagocytosis. Soluble CD22 (sCD22) generated by cleavage from cell membranes may be a marker of inflammation 
and microglial dysfunction; but alterations of sCD22 levels in AD and their correlation with AD biomarkers remain 
unclear. Plasma sCD22 levels were measured in cognitively normal non-AD participants and patients with preclinical 
AD and AD dementia from a Chinese cohort and the Australian Imaging, Biomarkers and Lifestyle Flagship Study 
of Ageing. Plasma sCD22 levels were elevated in patients with preclinical and dementia AD. Plasma sCD22 levels 
were negatively correlated with cerebrospinal fluid (CSF) A42 levels and A42/A40, and positively correlated 
with CSF phosphorylated tau levels and brain A burden, but negatively correlated with cognitive function. More-
over, higher plasma sCD22 levels were associated with faster cognitive decline during follow-up. These findings 
suggest that CD22 plays important roles in AD development, and that sCD22 is a potential biomarker for AD.

INTRODUCTION
Alzheimer’s disease (AD) is the most common form of dementia. 
The number of patients with AD continues to increase with the ag-
ing of the population causing a heavy burden on families and soci-
eties (1). The senile plaques formed by the amyloid  (A) peptide 
and neurofibrillary tangles consisting of hyperphosphorylated tau 
proteins in the brain are the pathological hallmarks of AD (2, 3). 
Microglia mediate crucial functions to support the central nervous 
system and they play key roles in the pathogenesis of AD. It is known 
that microglia are able to clear protein aggregates and cellular de-
bris to maintain cerebral homeostasis (4). This function is impaired 
in AD, with studies showing that the reduced A phagocytic capac-
ity of microglia may be a mechanism underlying AD development 
(5). However, the mechanisms of impaired microglial homeostatic 
function in AD remain unclear. A wide range of receptors expressed 
on microglia recognize exogenous or endogenous stimuli and initi-
ate innate immune responses (5). Genome-wide association studies 
on large sporadic AD populations have found that rare coding vari-
ants in PLCG2, ABI3, TREM2, and CD33 expressed on microglia are 
associated with a higher risk of AD (5–7).

Sialic acid–binding immunoglobulin-like lectin (Siglec) recep-
tors on microglia can inhibit phagocytosis when activated by sialic 
acid–bearing entities (7, 8). CD22, also called siglec-2, was previously 
thought to be mainly expressed on mature B cells (9). It was found 

that CD22 is a negative regulator of microglial phagocytosis in the 
brain, and that inhibition of CD22 promotes microglial phagocyto-
sis of A oligomers and lessens cognitive impairment in aged mice 
(10). A recent study revealed that CD22 was expressed in oligoden-
drocytes in the human brain and that its receptor was expressed on 
microglia (11). Soluble CD22 (sCD22) is generated by the cleavage 
of the extracellular domain of CD22. Several studies indicate that 
sCD22 may be a marker of inflammation and microglial dysfunc-
tion (11–13). Thus, questions arise as to whether CD22 is involved 
in the pathogenesis of AD and whether the level of sCD22 changes 
pathologically in AD. In the present study, we aimed to test the al-
teration of sCD22 levels in blood from cognitively normal non-AD 
(CN) participants and patients who had either preclinical or clinical 
AD and investigate the association of sCD22 with brain A deposition 
and cognitive decline in two independent cohorts.

RESULTS
Characteristics of the participants
The demographic and clinical features of the Chongqing cohort are 
shown in table S1. There was no difference in age or education levels 
among the CN, preclinical AD, and AD dementia groups. The AD 
dementia group had a higher percentage of female participants and 
apolipoprotein E (APOE) 4 carriers. The median Mini-Mental State 
Examination (MMSE) score for the AD dementia group was lower 
than that of CN and preclinical AD participants. As expected, patients 
with preclinical AD had lower cerebrospinal fluid (CSF) A42 and 
A40 levels and higher total tau (t-tau) and phosphorylated tau 
(p-tau) 181 levels than CN participants.

In the Australian Imaging, Biomarkers and Lifestyle (AIBL) co-
hort (table S2), preclinical AD and AD dementia participants were 
older and had a higher frequency of APOE 4 carriers than CN par-
ticipants, but there were no differences among the three groups in 
sex or education level. The median MMSE score of the AD demen-
tia group was lower than those of the CN and preclinical AD groups. 
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The episodic memory (EM) and Preclinical Alzheimer Cognitive Com-
posite (PACC) scores of the preclinical AD and AD dementia groups 
were both lower than those of the CN group.

Plasma sCD22 levels in the Chongqing and ABIL cohorts
We tested the plasma levels of sCD22 in both the Chongqing and 
AIBL cohorts. In the Chongqing cohort, the plasma sCD22 levels in 
patients with preclinical AD (1748.7 ± 808.3 pg/ml versus 1385.1 ± 
775.3, P < 0.05) and AD dementia (1766.7 ± 639.7 pg/ml versus 1385.1 ± 
775.3, P < 0.05) were both higher than those in CN participants (Fig. 1A). 
In the AIBL cohort, patients with preclinical AD (1257.6 ± 491.1 pg/ml 
versus 1069.2 ± 376.2, P < 0.001) and patients with AD dementia 
(1635.6 ± 343.3 pg/ml versus 1069.2 ± 376.2, P < 0.001) also had higher 
plasma sCD22 levels than CN participants, with plasma sCD22 lev-
els in patients with AD dementia higher than those in patients with 
preclinical AD (1635.6 ± 343.3 pg/ml versus 1257.6 ± 491.1, P < 0.001) 
(Fig.  1D). We also compared plasma sCD22 levels by analysis of 
covariance (ANCOVA) with adjustment for age, sex, APOE 4 geno-
type, and comorbidities, and the results remained essentially the same 
(table S3).

We further investigated whether plasma sCD22 levels were related 
to age, sex, and APOE 4 genotype. No correlation of plasma sCD22 
with age was observed in the Chongqing cohort or AIBL cohort 
(fig. S1). Plasma sCD22 concentrations were elevated in APOE 4 

carriers compared to non-APOE 4 carriers (Fig. 1, B and E) but 
were not affected by sex in either the Chongqing or AIBL cohorts 
(Fig. 1, C and F).

Correlations of plasma sCD22 with AD core biomarkers 
in the Chongqing cohort
The associations between sCD22 and AD core markers in the Chongqing 
cohort were analyzed by partial correlation analyses with adjustment 
for age, sex, APOE 4 genotype, and comorbidities. The plasma sCD22 
level was negatively correlated with the CSF A42 level (r = −0.214, 
P = 0.027) and the ratio of CSF A42 to A40 (r = −0.210, P = 0.030) 
as well as CSF A42 to p-tau (r = −0.330, P = 0.001) but positively cor-
related with the CSF p-tau level (r = 0.196, P = 0.043) (Fig. 2, A to E). 
No correlations of plasma sCD22 with CSF t-tau or the ratio of CSF 
p-tau to t-tau were found (fig. S2).

Correlation of plasma sCD22 levels with A burden 
in the brain
We examined the association between plasma sCD22 levels and brain A 
burden as a continuous variable. As shown in Fig. 2F, plasma sCD22 
levels were positively correlated with brain A burden as reflected by 
11C Pittsburgh Compound B–positron emission tomography (PiB- 
PET) standard uptake value ratio (SUVR) (r = 0.338, P < 0.001) in the 
AIBL cohort after adjustment for age, sex, and APOE 4 genotype.

Fig. 1. Plasma levels of sCD22 in the Chongqing and AIBL cohorts. Comparison of plasma sCD22 levels between cognitively normal non-AD (CN), preclinical AD, and 
AD dementia participants in the Chongqing cohort (A) and AIBL cohort (D). Comparison of plasma sCD22 levels between non-APOE 4 carriers and APOE 4 carriers in 
the Chongqing cohort (B) and AIBL cohort (E). Comparison of plasma sCD22 levels between males and females in the Chongqing cohort (C) and AIBL cohort (F). P values 
are indicated with asterisks: *P < 0.05 and ***P < 0.001. N.S. denotes no significant difference.
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Associations between baseline plasma sCD22 levels 
and cognitive function
In the AIBL cohort, higher plasma sCD22 levels were correlated with 
lower MMSE (r = −0.203, P = 0.004), PACC (r = −0.238, P = 0.001), 
and EM (r = −0.287, P < 0.001) scores in the A-PET+ group and were 
correlated with lower PACC (r  =  −0.292, P  =  0.001) and EM (r  = 
−0.222, P = 0.010) scores in the A-PET− group after adjustment for age, 
sex, and APOE 4 genotype (Fig. 3). In the Chongqing cohort, higher 
plasma sCD22 levels were also correlated with lower MMSE scores 
(r = −0.214, P = 0.045) in the A-positive group but not in the A-​
negative group (Fig. 4). These results suggest that higher plasma sCD22 
levels are associated with worse cognition at baseline.

Associations between baseline plasma sCD22 levels 
and the subsequent cognitive decline rates
We also investigated the associations between baseline plasma sCD22 
levels and the rates of subsequent cognitive decline in the AIBL cohort. 

As shown in Fig. 5, A to C, baseline plasma sCD22 levels were cor-
related with the subsequent change in MMSE (r = −0.201, P = 0.009) 
and PACC (r = −0.164, P = 0.033) scores in the A-PET+ group but 
not in the A-PET− group after adjustment for age, sex, and APOE 
4 genotype. We next tested whether higher baseline plasma sCD22 
levels predicted longitudinal cognitive decline in the A-PET+ group. 
To this end, we computed a linear mixed model (adjusted for age, 
sex, and APOE 4 genotype) to test the interaction between plasma 
sCD22 levels and time on cognitive scores. As shown in Fig. 5, D to F, 
higher baseline plasma sCD22 levels were associated with a faster 
decline in MMSE (P < 0.001) and PACC (P < 0.001) scores over time 
in the A-PET+ group.

DISCUSSION
Our study found that plasma sCD22 was elevated in patients with 
AD, and that its level was correlated with brain A burden, CSF p-tau 

Fig. 2. Correlation of plasma sCD22 with AD core biomarkers and brain A burden. (A to E) Scatter plots representing the associations of plasma sCD22 with each of 
the AD CSF biomarkers in the Chongqing cohort. (F) Scatter plots representing the associations of plasma sCD22 with brain A burden reflected by A–positron emission 
tomography (PET) standard uptake value ratio (SUVR) in the AIBL cohort. Partial correlation analyses are adjusting for age, sex, APOE 4 genotype, and comorbidities. The 
shaded areas represent the 95% confidence intervals.

Fig. 3. Associations between baseline plasma sCD22 levels and cognitive function in the AIBL cohort. Scatter plots representing the correlations of plasma sCD22 
with MMSE (A), PACC (B), and EM (C) scores in the A-PET–negative and A-PET–positive groups. Partial correlation analyses are adjusting for age, sex, and APOE 4 geno-
type. The shaded areas represent the 95% confidence intervals.
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levels, and baseline cognitive impairment. Plasma sCD22 levels could 
predict the longitudinal cognitive decline over a 7.5-year follow-up. 
These findings suggest that sCD22 may play an important role in 
the pathogenesis of AD.

Microglia play crucial roles in maintaining brain homeostasis, 
such as clearing cellular debris and regulating synapse formation 
(14). Microglial dysfunction is a major component of AD pathogen-
esis (15, 16). The failure to clear A has been thought to be the main 
reason for brain A accumulation in sporadic AD (17). Microg-
lia play a central role in the clearance of A in the brain. In the AD 

brain, the capacity of microglia to clear A is largely compromised 
(18). However, the underlying mechanisms remain unclear. Recent 
studies have reported that CD22 is a negative regulator of microglial 
phagocytosis of A, and sCD22 impairs the lysosome function of 
microglia (10, 11). In our study, we found that plasma sCD22 was ele-
vated in patients with AD and was associated with brain A deposi-
tion and cognitive decline, implying that increased CD22 expression 
is a potential reason for the dysfunction of microglia in the AD brain. 
As sCD22 levels were associated with longitudinal cognitive decline 
in our study, it is intriguing to speculate that increased CD22 may also 
be involved in microglia-mediated synapse loss in AD. Our findings 
imply that CD22 might play an important role in the dysfunction of 
microglia in AD. This needs to be investigated in the future.

In addition, CD22 expression in microglia was up-regulated during 
aging and in AD (10, 19, 20). Several studies have shown that inhi-
bition of CD22 promotes A clearance by microglia and improves 
cognitive function (10, 20). A recent study found that blocking the 
interaction between sCD22 and microglia improved lysosome func-
tion in human pluripotent stem cell–derived microglia-like cells with 
Niemann-Pick type C patient mutation (11). These findings suggest 
that sCD22 may represent a potential therapeutic target for AD.

The AT(N) system has been proposed for use as biomarkers to 
chart core AD pathophysiological features, namely, the A pathway (A), 
tau-mediated pathophysiology (T), and neurodegeneration (N). As 
neuroinflammation, synaptic dysfunction, and blood-brain barrier 
alterations are important components of AD pathogenesis, the AT(N) 
biomarker matrix is expanding toward an ATX(N) system, where X 
represents candidate biomarkers for additional pathophysiological 
mechanisms (21). As microglial dysfunction is critical for the devel-
opment of AD, a biomarker to represent the functional status of 
microglia is needed. In our present study, plasma sCD22 was elevated 
in participants at the preclinical AD stage and further increased at 

Fig. 4. Associations of plasma sCD22 levels with baseline MMSE scores in the 
Chongqing cohort. Participants in the Chongqing cohort were binarized into brain 
A-negative (A−) or A-positive (A+) groups on the basis of their CSF A42 levels or 
A-PET imaging. Participants with normal measures of CSF A42 or negative A-PET 
were classified as A−. Participants with positive CSF A42 or A-PET were classified 
as A+. Partial correlation analyses are adjusting for age, sex, APOE 4 genotype, and 
comorbidities. The shaded areas represent the 95% confidence intervals.

Fig. 5. Associations between plasma sCD22 levels and the rate of cognitive decline in the AIBL cohort. (A to C) Scatter plots representing the correlations of plasma 
sCD22 levels with the decline of MMSE, PACC, and EM in the A-PET–negative and A-PET–positive groups. Partial correlation analyses are adjusting for age, sex, and 
APOE 4 genotype. The shaded areas represent the 95% confidence intervals. (D to F) Plasma sCD22 levels (low versus high) and time interaction were assessed in the 
A-PET–positive group only. The top (yellow) line is for low levels of sCD22, and the bottom (blue) line is for high levels of sCD22. Linear mixed model with adjustment for 
age, sex, and APOE 4 genotype. ***P < 0.001.
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the AD dementia stage. Changes in sCD22 were also correlated with 
core AD pathological hallmarks, baseline cognitive impairment, and 
longitudinal cognitive decline, suggesting that plasma sCD22 is a 
potential “X” candidate biomarker to reflect the microglial dysfunc-
tions of AD. This issue is worth investigating in the future.

The strengths of the current study are that the findings were rep-
licated in two independent and geographically dispersed cohorts 
and that all participants were confirmed with CSF AD biomarkers 
or A-PET, allowing us to study definitive CN and AD participants 
at different stages. All these factors improved the reliability of our 
findings. There are some limitations in our study. First, CD22 is also 
expressed on mature B cells, and brain CD22 levels were not mea-
sured in our study. Whether plasma sCD22 levels can accurately 
represent the sCD22 levels and functional status of microglia in the 
brain remains unknown. Second, as this is an observational study, 
we could not confirm the causal relationship between sCD22 and 
AD. Third, we could not compare plasma sCD22 with other bio-
markers to determine its relative diagnostic value for AD. Further-
more, CN participants in the Chongqing cohort were patients with 
benign prostatic hyperplasia, stress incontinence, varicose veins of 
the lower limbs, and rectal polyps and were less frequent in females, 
which is related to the risk of AD. Participants in the preclinical AD 
and AD dementia groups of AIBL were older and had a higher fre-
quency of APOE 4 carriers as compared with the CN participants. 
These might have a potential impact on plasma sCD22 levels.

In conclusion, our study provides human evidence to support 
the critical roles of CD22 in AD pathogenesis, suggesting that CD22 
may be a potential diagnostic biomarker and therapeutic target for 
AD. Further studies are warranted to fully understand the roles of 
CD22 in the pathogenesis of AD and its potential in the diagnosis 
and treatment of AD.

MATERIALS AND METHODS
Study participants
Chongqing cohort
All participants in the Chongqing cohort were recruited from the 
Chongqing Ageing & Dementia Study (CADS). This is an ongoing 
cohort study initiated in 2010 that aimed to explore the mecha-
nisms of the evolution of aging to AD to identify biomarkers of early 
diagnosis and interventional strategies for AD. Patients with AD 
dementia were enrolled from the Neurology Department of Daping 
Hospital. The clinical assessment and diagnosis of AD dementia 
were conducted following the protocol used previously (22). Briefly, 
the cognitive and functional statuses of participants with memory 
and cognitive complaints were assessed using a neuropsychological 
battery including the MMSE, Montreal Cognitive Assessment, Ac-
tivities of Daily Living, Auditory Verbal Learning Test, Clock Draw-
ing Test, Trail Making Test, Boston Naming Test, Digit Span Test, 
Clinical Dementia Rating, Pfeiffer Outpatient Disability Question-
naire, and Hachinski Ischemic Score, and participants were further 
subjected to PiB-PET to detect the load of brain A deposition. The 
diagnosis of AD was made according to the recommendations from 
the National Institute on Aging–Alzheimer’s Association workgroups 
on diagnostic guidelines for AD (23).

Preclinical AD and CN participants were recruited from indi-
viduals who underwent lumbar anesthesia for surgical treatment of 
noninflammatory diseases, including benign prostatic hyperplasia, 
stress incontinence, varicose veins of the lower limbs, and rectal 

polyps. CSF samples were collected during lumbar anesthesia be-
fore surgery. In the CADS cohort, the cutoff values to define abnor-
mal CSF core AD biomarkers were ≤930.35 pg/ml for A42 (A+), 
>48.56 pg/ml for p-tau 181 (T+), and >284.53 pg/ml for t-tau (N+). 
Preclinical AD was defined as normal cognition but abnormal AD 
core biomarkers, and CN was defined as normal cognition and AD 
core biomarkers according to the Alzheimer’s continuum category 
(24, 25).

Participants were excluded if they had (i) concomitant neurological 
disorders potentially affecting cognitive function; (ii) severe cardiac, 
pulmonary, hepatic, renal, or neoplastic disorders; (iii) a family history 
of genetic diseases; and (iv) refused to participate in the study.

Last, a total of 46 patients with AD dementia, 46 patients with pre-
clinical AD, and 66 CN participants from the CADS cohort were in-
cluded in the present study. Written consent was obtained from all 
participants or their legal representatives. The study was approved 
by the Institutional Review Board of Daping Hospital.
AIBL participants
The AIBL study is a large-scale longitudinal study of aging, neuroim-
aging, biomarkers, lifestyle, and clinical and neuropsychological analysis 
(www.aibl.csiro.au). Participants in the AIBL study were followed 
up for 90 months with visits from baseline at 18-month intervals to 
determine the predictive utility of biomarkers, cognitive parameters, 
and lifestyle factors as indicators of AD and future cognitive decline. 
Detailed information about the study design, participant recruitment, 
and clinical assessments was previously described (26). AD diagnosis 
was made according to the recommendations from the National 
Institute on Aging–Alzheimer’s Association workgroups on diagnostic 
guidelines for AD (23). The AIBL-PACC, consisting of the MMSE, 
Wechsler Adult Intelligence Scale-Revised Digit Symbol Coding, 
Wechsler Memory Scale-Revised Logical Memory delayed recall, and 
the Free and Cued Selective Reminding Test (free recall plus total re-
call), was used as a measure of cognitive change over time (27). EM 
was chosen as another measure of cognitive change over time (28). 
All participants were subjected to brain A-PET imaging following 
the protocol described previously (29). The AIBL study was approved 
by the institutional ethics committees of Austin Health, St. Vincent’s 
Health, Hollywood Private Hospital, and Edith Cowan University. All 
participants gave written informed consent before entering the study.

A total of 339 AIBL participants were included in the present study. 
Among them, 138 A-PET− cognitively normal participants were clas-
sified as CN controls, 173 A-PET+ cognitively normal participants 
were classified as preclinical AD, and 28 patients with A-PET+ AD 
were classified as AD dementia.

AD core biomarkers and sCD22 measurements
Fasting CSF samples and blood samples were subjected to centrifu-
gation immediately after being drawn and stored at −80°C until use. 
A42, A40, t-tau, and p-tau levels in the CSF of the Chongqing co-
hort were determined using commercially available enzyme-linked 
immunosorbent assay (ELISA) kits (Innotest, Fujirebio Europe, Ghent, 
Belgium) in the laboratory of the Neurology Department in Daping 
Hospital, which joined the Alzheimer’s Association quality control pro-
gram. Plasma levels of sCD22 were measured using human sCD22 
ELISA kits (Antigenix America Inc., Huntington Station, NY) follow-
ing previously published methods (13, 30, 31). The linearity of the 
dilution of the sCD22 ELISA kit was shown in fig. S3, and the linear 
regression analysis indicated the best-fit line of y = 1.1557x-89.624 
(R2 = 0.995). The intra-assay precision was ≤11.42% coefficient of 

http://www.aibl.csiro.au
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variation (table S4), thus demonstrating good reproducibility be-
tween sCD22 ELISAs. The spike-and-recovery assessment showed 
that the recovery rates of sCD22 in plasma at the low spike, median 
spike, and high spike of the standard sCD22 sample were 91.82, 89.61, 
and 88.43%, respectively (table S5), indicating that the sample matrices 
had minimal effect on the ability of the assay to accurately quantify 
sCD22. ELISA measurements were performed by experienced lab-
oratory technicians who were blinded to the clinical information 
about the samples.

Statistical analyses
Baseline characteristics with continuous variables were described as 
medians/means where appropriate, and categorical data were sum-
marized as absolute frequencies. Differences in the frequencies of 
sex and APOE 4 categories were assessed by the chi-square test. 
Comparative group P values were determined by an independent-​
samples t test, Mann-Whitney U test, one-way analysis of variance 
(ANOVA), or ANCOVA with adjustment for age, sex, APOE 4 geno-
type, and comorbidities. Correlations of sCD22 with AD biomarkers, 
brain A-PET SUVR, and baseline cognition were tested by partial 
correlation analyses adjusted by age, sex, APOE 4 genotype, and 
comorbidities, and r represents the partial correlation coefficient. 
Linear mixed models were used to examine the influence of low/high 
sCD22 levels (split via the median) on cognitive decline over time ad-
justed for age, sex, and APOE 4 genotype. Statistical analyses were 
performed using SPSS (version 20) and GraphPad Prism (version 
7.0a). Two-sided P < 0.05 was used to define statistical significance.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/ 
sciadv.abm5667

View/request a protocol for this paper from Bio-protocol.

REFERENCES AND NOTES
	 1.	 GBD 2016 Dementia Collaborators, Global, regional, and national burden of Alzheimer’s 

disease and other dementias, 1990-2016: A systematic analysis for the Global Burden 
of Disease Study 2016. Lancet Neurol. 18, 88–106 (2019).

	 2.	 A. Alzheimer, Über eine eigenartige Erkrankung der Hirnrinde. Allg. Z. Psych. Psych.-gerich. Med. 
64, 146–148 (1907).

	 3.	 C. L. Masters, G. Simms, N. A. Weinman, G. Multhaup, B. L. McDonald, K. Beyreuther, 
Amyloid plaque core protein in Alzheimer disease and down syndrome. Proc. Natl. Acad. 
Sci. U.S.A. 82, 4245–4249 (1985).

	 4.	 K. Borst, A. A. Dumas, M. Prinz, Microglia: Immune and non-immune functions. Immunity 
54, 2194–2208 (2021).

	 5.	 D. V. Hansen, J. E. Hanson, M. Sheng, Microglia in Alzheimer’s disease. J. Cell Biol. 217, 
459–472 (2018).

	 6.	 J. C. Bis, X. Jian, B. W. Kunkle, Y. Chen, K. L. Hamilton-Nelson, W. S. Bush, W. J. Salerno, 
D. Lancour, Y. Ma, A. E. Renton, E. Marcora, J. J. Farrell, Y. Zhao, L. Qu, S. Ahmad, N. Amin, 
P. Amouyel, G. W. Beecham, J. E. Below, D. Campion, L. Cantwell, C. Charbonnier, 
J. Chung, P. K. Crane, C. Cruchaga, L. A. Cupples, J. F. Dartigues, S. Debette, J. F. Deleuze, 
L. Fulton, S. B. Gabriel, E. Genin, R. A. Gibbs, A. Goate, B. Grenier-Boley, N. Gupta, 
J. L. Haines, A. S. Havulinna, S. Helisalmi, M. Hiltunen, D. P. Howrigan, M. A. Ikram, 
J. Kaprio, J. Konrad, A. Kuzma, E. S. Lander, M. Lathrop, T. Lehtimaki, H. Lin, K. Mattila, 
R. Mayeux, D. M. Muzny, W. Nasser, B. Neale, K. Nho, G. Nicolas, D. Patel, M. A. Pericak-Vance, 
M. Perola, B. M. Psaty, O. Quenez, F. Rajabli, R. Redon, C. Reitz, A. M. Remes, V. Salomaa, 
C. Sarnowski, H. Schmidt, M. Schmidt, R. Schmidt, H. Soininen, T. A. Thornton, G. Tosto, 
C. Tzourio, S. J. van der Lee, C. M. van Duijn, O. Valladares, B. Vardarajan, L. S. Wang, 
W. Wang, E. Wijsman, R. K. Wilson, D. Witten, K. C. Worley, X. Zhang; Alzheimer’s Disease 
Sequencing Project, C. Bellenguez, J. C. Lambert, M. I. Kurki, A. Palotie, M. Daly, 
E. Boerwinkle, K. L. Lunetta, A. L. Destefano, J. Dupuis, E. R. Martin, G. D. Schellenberg, 
S. Seshadri, A. C. Naj, M. Fornage, L. A. Farrer, Whole exome sequencing study identifies 
novel rare and common Alzheimer’s-Associated variants involved in immune response 
and transcriptional regulation. Mol. Psychiatry 25, 1859–1875 (2020).

	 7.	 R. Sims, S. J. van der Lee, A. C. Naj, C. Bellenguez, N. Badarinarayan, J. Jakobsdottir, 
B. W. Kunkle, A. Boland, R. Raybould, J. C. Bis, E. R. Martin, B. Grenier-Boley,  

S. Heilmann-Heimbach, V. Chouraki, A. B. Kuzma, K. Sleegers, M. Vronskaya, A. Ruiz, 
R. R. Graham, R. Olaso, P. Hoffmann, M. L. Grove, B. N. Vardarajan, M. Hiltunen, 
M. M. Nothen, C. C. White, K. L. Hamilton-Nelson, J. Epelbaum, W. Maier, S. H. Choi, 
G. W. Beecham, C. Dulary, S. Herms, A. V. Smith, C. C. Funk, C. Derbois, A. J. Forstner, 
S. Ahmad, H. Li, D. Bacq, D. Harold, C. L. Satizabal, O. Valladares, A. Squassina, R. Thomas, 
J. A. Brody, L. Qu, P. Sanchez-Juan, T. Morgan, F. J. Wolters, Y. Zhao, F. S. Garcia, 
N. Denning, M. Fornage, J. Malamon, M. C. D. Naranjo, E. Majounie, T. H. Mosley, 
B. Dombroski, D. Wallon, M. K. Lupton, J. Dupuis, P. Whitehead, L. Fratiglioni, C. Medway, 
X. Jian, S. Mukherjee, L. Keller, K. Brown, H. Lin, L. B. Cantwell, F. Panza, B. McGuinness, 
S. Moreno-Grau, J. D. Burgess, V. Solfrizzi, P. Proitsi, H. H. Adams, M. Allen, D. Seripa, 
P. Pastor, L. A. Cupples, N. D. Price, D. Hannequin, A. Frank-Garcia, D. Levy, P. Chakrabarty, 
P. Caffarra, I. Giegling, A. S. Beiser, V. Giedraitis, H. Hampel, M. E. Garcia, X. Wang, 
L. Lannfelt, P. Mecocci, G. Eiriksdottir, P. K. Crane, F. Pasquier, V. Boccardi, I. Henandez, 
R. C. Barber, M. Scherer, L. Tarraga, P. M. Adams, M. Leber, Y. Chen, M. S. Albert, 
S. Riedel-Heller, V. Emilsson, D. Beekly, A. Braae, R. Schmidt, D. Blacker, C. Masullo, 
H. Schmidt, R. S. Doody, G. Spalletta, W. T. Longstreth Jr., T. J. Fairchild, P. Bossu, 
O. L. Lopez, M. P. Frosch, E. Sacchinelli, B. Ghetti, Q. Yang, R. M. Huebinger, F. Jessen, S. Li, 
M. I. Kamboh, J. Morris, O. Sotolongo-Grau, M. J. Katz, C. Corcoran, M. Dunstan, A. Braddel, 
C. Thomas, A. Meggy, R. Marshall, A. Gerrish, J. Chapman, M. Aguilar, S. Taylor, M. Hill, 
M. D. Fairen, A. Hodges, B. Vellas, H. Soininen, I. Kloszewska, M. Daniilidou, J. Uphill, 
Y. Patel, J. T. Hughes, J. Lord, J. Turton, A. M. Hartmann, R. Cecchetti, C. Fenoglio, 
M. Serpente, M. Arcaro, C. Caltagirone, M. D. Orfei, A. Ciaramella, S. Pichler, M. Mayhaus, 
W. Gu, A. Lleo, J. Fortea, R. Blesa, I. S. Barber, K. Brookes, C. Cupidi, R. G. Maletta, D. Carrell, 
S. Sorbi, S. Moebus, M. Urbano, A. Pilotto, J. Kornhuber, P. Bosco, S. Todd, D. Craig, 
J. Johnston, M. Gill, B. Lawlor, A. Lynch, N. C. Fox, J. Hardy; ARUK Consortium, R. L. Albin, 
L. G. Apostolova, S. E. Arnold, S. Asthana, C. S. Atwood, C. T. Baldwin, L. L. Barnes, S. Barral, 
T. G. Beach, J. T. Becker, E. H. Bigio, T. D. Bird, B. F. Boeve, J. D. Bowen, A. Boxer, J. R. Burke, 
J. M. Burns, J. D. Buxbaum, N. J. Cairns, C. Cao, C. S. Carlson, C. M. Carlsson, R. M. Carney, 
M. M. Carrasquillo, S. L. Carroll, C. C. Diaz, H. C. Chui, D. G. Clark, D. H. Cribbs, E. A. Crocco, 
C. DeCarli, M. Dick, R. Duara, D. A. Evans, K. M. Faber, K. B. Fallon, D. W. Fardo, M. R. Farlow, 
S. Ferris, T. M. Foroud, D. R. Galasko, M. Gearing, D. H. Geschwind, J. R. Gilbert, 
N. R. Graff-Radford, R. C. Green, J. H. Growdon, R. L. Hamilton, L. E. Harrell, L. S. Honig, 
M. J. Huentelman, C. M. Hulette, B. T. Hyman, G. P. Jarvik, E. Abner, L. W. Jin, G. Jun, 
A. Karydas, J. A. Kaye, R. Kim, N. W. Kowall, J. H. Kramer, F. M. LaFerla, J. J. Lah, 
J. B. Leverenz, A. I. Levey, G. Li, A. P. Lieberman, K. L. Lunetta, C. G. Lyketsos, D. C. Marson, 
F. Martiniuk, D. C. Mash, E. Masliah, W. C. McCormick, S. M. McCurry, A. N. McDavid, 
A. C. McKee, M. Mesulam, B. L. Miller, C. A. Miller, J. W. Miller, J. C. Morris, J. R. Murrell, 
A. J. Myers, S. O'Bryant, J. M. Olichney, V. S. Pankratz, J. E. Parisi, H. L. Paulson, W. Perry, 
E. Peskind, A. Pierce, W. W. Poon, H. Potter, J. F. Quinn, A. Raj, M. Raskind, B. Reisberg, 
C. Reitz, J. M. Ringman, E. D. Roberson, E. Rogaeva, H. J. Rosen, R. N. Rosenberg, 
M. A. Sager, A. J. Saykin, J. A. Schneider, L. S. Schneider, W. W. Seeley, A. G. Smith, 
J. A. Sonnen, S. Spina, R. A. Stern, R. H. Swerdlow, R. E. Tanzi, T. A. Thornton-Wells, 
J. Q. Trojanowski, J. C. Troncoso, V. M. Van Deerlin, L. J. Van Eldik, H. V. Vinters, 
J. P. Vonsattel, S. Weintraub, K. A. Welsh-Bohmer, K. C. Wilhelmsen, J. Williamson, 
T. S. Wingo, R. L. Woltjer, C. B. Wright, C. E. Yu, L. Yu, F. Garzia, F. Golamaully, G. Septier, 
S. Engelborghs, R. Vandenberghe, P. P. De Deyn, C. M. Fernadez, Y. A. Benito, 
H. Thonberg, C. Forsell, L. Lilius, A. Kinhult-Stahlbom, L. Kilander, R. Brundin, L. Concari, 
S. Helisalmi, A. M. Koivisto, A. Haapasalo, V. Dermecourt, N. Fievet, O. Hanon, C. Dufouil, 
A. Brice, K. Ritchie, B. Dubois, J. J. Himali, C. D. Keene, J. Tschanz, A. L. Fitzpatrick, 
W. A. Kukull, M. Norton, T. Aspelund, E. B. Larson, R. Munger, J. I. Rotter, R. B. Lipton, 
M. J. Bullido, A. Hofman, T. J. Montine, E. Coto, E. Boerwinkle, R. C. Petersen, V. Alvarez, 
F. Rivadeneira, E. M. Reiman, M. Gallo, C. J. O'Donnell, J. S. Reisch, A. C. Bruni, D. R. Royall, 
M. Dichgans, M. Sano, D. Galimberti, P. S. George-Hyslop, E. Scarpini, D. W. Tsuang, 
M. Mancuso, U. Bonuccelli, A. R. Winslow, A. Daniele, C.-K. Wu; GERAD/PERADES, CHARGE, 
ADGC, EADI, O. Peters, B. Nacmias, M. Riemenschneider, R. Heun, C. Brayne, 
D. C. Rubinsztein, J. Bras, R. Guerreiro, A. Al-Chalabi, C. E. Shaw, J. Collinge, D. Mann, 
M. Tsolaki, J. Clarimon, R. Sussams, S. Lovestone, M. C. O'Donovan, M. J. Owen, 
T. W. Behrens, S. Mead, A. M. Goate, A. G. Uitterlinden, C. Holmes, C. Cruchaga, 
M. Ingelsson, D. A. Bennett, J. Powell, T. E. Golde, C. Graff, P. L. De Jager, K. Morgan, 
N. Ertekin-Taner, O. Combarros, B. M. Psaty, P. Passmore, S. G. Younkin, C. Berr, 
V. Gudnason, D. Rujescu, D. W. Dickson, J. F. Dartigues, A. L. DeStefano, S. Ortega-Cubero, 
H. Hakonarson, D. Campion, M. Boada, J. K. Kauwe, L. A. Farrer, C. Van Broeckhoven, 
M. A. Ikram, L. Jones, J. L. Haines, C. Tzourio, L. J. Launer, V. Escott-Price, R. Mayeux, 
J. F. Deleuze, N. Amin, P. A. Holmans, M. A. Pericak-Vance, P. Amouyel, C. M. van Duijn, 
A. Ramirez, L. S. Wang, J. C. Lambert, S. Seshadri, J. Williams, G. D. Schellenberg, Rare 
coding variants in PLCG2, ABI3, and TREM2 implicate microglial-mediated innate 
immunity in Alzheimer’s disease. Nat. Genet. 49, 1373–1384 (2017).

	 8.	 S. Duan, J. C. Paulson, Siglecs as immune cell checkpoints in disease. Annu. Rev. Immunol. 
38, 365–395 (2020).

	 9.	 M. S. Macauley, P. R. Crocker, J. C. Paulson, Siglec-mediated regulation of immune cell 
function in disease. Nat. Rev. Immunol. 14, 653–666 (2014).

https://science.org/doi/10.1126/sciadv.abm5667
https://science.org/doi/10.1126/sciadv.abm5667
https://en.bio-protocol.org/cjrap.aspx?eid=10.1126/sciadv.abm5667


Bu et al., Sci. Adv. 8, eabm5667 (2022)     1 April 2022

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

7 of 7

	 10.	 J. V. Pluvinage, M. S. Haney, B. A. H. Smith, J. Sun, T. Iram, L. Bonanno, L. Li, D. P. Lee, 
D. W. Morgens, A. C. Yang, S. R. Shuken, D. Gate, M. Scott, P. Khatri, J. Luo, C. R. Bertozzi, 
M. C. Bassik, T. Wyss-Coray, CD22 blockade restores homeostatic microglial phagocytosis 
in ageing brains. Nature 568, 187–192 (2019).

	 11.	 J. V. Pluvinage, J. Sun, C. Claes, R. A. Flynn, M. S. Haney, T. Iram, X. Meng, R. Lindemann, 
N. M. Riley, E. Danhash, J. P. Chadarevian, E. Tapp, D. Gate, S. Kondapavulur, I. Cobos, 
S. Chetty, A. M. Pasca, S. P. Pasca, E. Berry-Kravis, C. R. Bertozzi, M. Blurton-Jones, 
T. Wyss-Coray, The CD22-IGF2R interaction is a therapeutic target for microglial lysosome 
dysfunction in Niemann-Pick type C. Sci. Transl. Med. 13, eabg2919 (2021).

	 12.	 A. Cougnoux, R. A. Drummond, A. L. Collar, J. R. Iben, A. Salman, H. Westgarth, 
C. A. Wassif, N. X. Cawley, N. Y. Farhat, K. Ozato, M. S. Lionakis, F. D. Porter, Microglia 
activation in Niemann-Pick disease, type C1 is amendable to therapeutic intervention. 
Hum. Mol. Genet. 27, 2076–2089 (2018).

	 13.	 Y.-N. Jiang, X. Cai, H.-M. Zhou, W.-D. Jin, M. Zhang, Y. Zhang, X.-X. Du, Z.-H. Chen, 
Diagnostic and prognostic roles of soluble CD22 in patients with Gram-negative bacterial 
sepsis. Hepatobiliary Pancreat. Dis. Int. 14, 523–529 (2015).

	 14.	 T. Bartels, S. De Schepper, S. Hong, Microglia modulate neurodegeneration in Alzheimer’s 
and Parkinson’s diseases. Science 370, 66–69 (2020).

	 15.	 G. Cisbani, S. Rivest, Targeting innate immunity to protect and cure Alzheimer’s disease: 
Opportunities and pitfalls. Mol. Psychiatry 26, 5504–5515 (2021).

	 16.	 A. L. Hemonnot, J. Hua, L. Ulmann, H. Hirbec, Microglia in Alzheimer disease: Well-known 
targets and new opportunities. Front. Aging Neurosci. 11, 233 (2019).

	 17.	 D. J. Selkoe, J. Hardy, The amyloid hypothesis of Alzheimer’s disease at 25 years. EMBO 
Mol. Med. 8, 595–608 (2016).

	 18.	 L. Zuroff, D. Daley, K. L. Black, M. Koronyo-Hamaoui, Clearance of cerebral A in Alzheimer’s 
disease: Reassessing the role of microglia and monocytes. Cell. Mol. Life Sci. 74, 
2167–2201 (2017).

	 19.	 B. A. Friedman, K. Srinivasan, G. Ayalon, W. J. Meilandt, H. Lin, M. A. Huntley, Y. Cao, S. H. Lee, 
P. C. G. Haddick, H. Ngu, Z. Modrusan, J. L. Larson, J. S. Kaminker, M. P. van der Brug, D. V. Hansen, 
Diverse brain myeloid expression profiles reveal distinct microglial activation states and 
aspects of Alzheimer’s disease not evident in mouse models. Cell Rep. 22, 832–847 (2018).

	 20.	 V. Aires, C. Coulon-Bainier, A. Pavlovic, M. Ebeling, R. Schmucki, C. Schweitzer, E. Kueng, 
S. Gutbier, E. Harde, CD22 blockage restores age-related impairments of microglia 
surveillance capacity. Front. Immunol. 12, 684430 (2021).

	 21.	 H. Hampel, J. Cummings, K. Blennow, P. Gao, C. R. Jack Jr., A. Vergallo, Developing 
the ATX(N) classification for use across the Alzheimer disease continuum. Nat. Rev. Neurol. 
17, 580–589 (2021).

	 22.	 W. W. Li, Z. Wang, D. Y. Fan, Y. Y. Shen, D. W. Chen, H. Y. Li, L. Li, H. Yang, Y. H. Liu, X. L. Bu, 
W. S. Jin, F. Zeng, Z. Q. Xu, J. T. Yu, L. Y. Chen, Y. J. Wang, Association of polygenic risk 
score with age at onset and cerebrospinal fluid biomarkers of Alzheimer’s disease in a 
Chinese cohort. Neurosci. Bull. 36, 696–704 (2020).

	 23.	 G. M. McKhann, D. S. Knopman, H. Chertkow, B. T. Hyman, C. R. Jack Jr., C. H. Kawas, 
W. E. Klunk, W. J. Koroshetz, J. J. Manly, R. Mayeux, R. C. Mohs, J. C. Morris, M. N. Rossor, 
P. Scheltens, M. C. Carrillo, B. Thies, S. Weintraub, C. H. Phelps, The diagnosis of dementia 
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. 7, 263–269 (2011).

	 24.	 R. A. Sperling, P. S. Aisen, L. A. Beckett, D. A. Bennett, S. Craft, A. M. Fagan, T. Iwatsubo, 
C. R. Jack Jr., J. Kaye, T. J. Montine, D. C. Park, E. M. Reiman, C. C. Rowe, E. Siemers, Y. Stern, 
K. Yaffe, M. C. Carrillo, B. Thies, M. Morrison-Bogorad, M. V. Wagster, C. H. Phelps, Toward 
defining the preclinical stages of Alzheimer’s disease: Recommendations 
from the National Institute on Aging-Alzheimer’s Association workgroups on diagnostic 
guidelines for Alzheimer’s disease. Alzheimers Dement. 7, 280–292 (2011).

	 25.	 C. R. Jack Jr., D. A. Bennett, K. Blennow, M. C. Carrillo, B. Dunn, S. B. Haeberlein, 
D. M. Holtzman, W. Jagust, F. Jessen, J. Karlawish, E. Liu, J. L. Molinuevo, T. Montine, 

C. Phelps, K. P. Rankin, C. C. Rowe, P. Scheltens, E. Siemers, H. M. Snyder, R. Sperling, 
NIA-AA Research Framework: Toward a biological definition of Alzheimer’s disease. 
Alzheimers Dement. 14, 535–562 (2018).

	 26.	 K. A. Ellis, A. I. Bush, D. Darby, D. De Fazio, J. Foster, P. Hudson, N. T. Lautenschlager, 
N. Lenzo, R. N. Martins, P. Maruff, C. Masters, A. Milner, K. Pike, C. Rowe, G. Savage, 
C. Szoeke, K. Taddei, V. Villemagne, M. Woodward, D. Ames; AIBL Research Group,  
The Australian Imaging, Biomarkers and Lifestyle (AIBL) study of aging: Methodology 
and baseline characteristics of 1112 individuals recruited for a longitudinal study 
of Alzheimer’s disease. Int. Psychogeriatr. 21, 672–687 (2009).

	 27.	 E. C. Mormino, K. V. Papp, D. M. Rentz, M. C. Donohue, R. Amariglio, Y. T. Quiroz, 
J. Chhatwal, G. A. Marshall, N. Donovan, J. Jackson, J. R. Gatchel, B. J. Hanseeuw, 
A. P. Schultz, P. S. Aisen, K. A. Johnson, R. A. Sperling, Early and late change 
on the preclinical Alzheimer’s cognitive composite in clinically normal older individuals 
with elevated amyloid . Alzheimers Dement. 13, 1004–1012 (2017).

	 28.	 G. Gagliardi, S. Epelbaum, M. Houot, H. Bakardjian, L. Boukadida, M. Revillon, B. Dubois, 
G. Dalla Barba, V. La Corte; INSIGHT-preAD study group, Which episodic memory 
performance is associated with Alzheimer’s disease biomarkers in elderly cognitive 
complainers? Evidence from a longitudinal observational study with four episodic 
memory tests (Insight-PreAD). J. Alzheimers Dis. 70, 811–824 (2019).

	 29.	 Y. H. Liu, J. Wang, Q. X. Li, C. J. Fowler, F. Zeng, J. Deng, Z. Q. Xu, H. D. Zhou, J. D. Doecke, 
V. L. Villemagne, Y. Y. Lim, C. L. Masters, Y. J. Wang, Association of naturally occurring 
antibodies to -amyloid with cognitive decline and cerebral amyloidosis in Alzheimer’s 
disease. Sci. Adv. 7, eabb0457 (2021).

	30.	 K. Matsushita, I. Margulies, M. Onda, S. Nagata, M. Stetler-Stevenson, R. J. Kreitman, 
Soluble CD22 as a tumor marker for hairy cell leukemia. Blood 112, 2272–2277 
(2008).

	 31.	 N. N. Shah, M. S. Stevenson, C. M. Yuan, K. Richards, C. Delbrook, R. J. Kreitman, I. Pastan, 
A. S. Wayne, Characterization of CD22 expression in acute lymphoblastic leukemia. 
Pediatr. Blood Cancer 62, 964–969 (2015).

Acknowledgments 
Funding: The Chongqing cohort study was supported by the National Natural Science 
Foundation of China (82122023, 81930028, and 31921003), the National Key R&D  
Program of China (2018YFA0109600), and the Natural Science Foundation of Chongqing, 
China (cstc2020jcyj-msxmX0132). The AIBL study (www.aibl.csiro.au), a consortium between 
Austin Health, CSIRO, Edith Cowan University, and the Florey Institute (The University of 
Melbourne), has received partial financial support from the Alzheimer’s Association (United 
States), the Alzheimer’s Drug Discovery Foundation, the McCusker Alzheimer’s Research 
Foundation, the National Health and Medical Research Council, and the Yulgilbar Foundation. 
Numerous commercial interactions have supported data collection and analysis. In-kind 
support was also provided by the Sir Charles Gairdner Hospital, CogState Ltd., Hollywood 
Private Hospital, the University of Melbourne, and St Vincent’s Hospital. Author 
contributions: Y.-J.W., C.L.M., and X.-L.B. contributed to the study design, data interpretation, 
and writing of the report. X.-L.B., P.-Y.S., D.-Y.F., J.W., H.-L.S., Y.C., G.-H.Z., D.-W.C., H.-Y.L., X.Y., 
Y.-Y.S., L.A.M., P.M., B.J.G., C.J.F., C.L.M., and Y.-J.W. contributed to the data collection, data 
analysis, data interpretation, and revision of the manuscript. All authors had full access to  
study data for interpretation and drafting of the report. Competing interests: The authors 
declare that they have no competing interests. Data and materials availability: All data 
needed to evaluate the conclusions in the paper are present in the paper and/or the 
Supplementary Materials.

Submitted 27 September 2021
Accepted 10 February 2022
Published 1 April 2022
10.1126/sciadv.abm5667

http://www.aibl.csiro.au

