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SUMMARY
Alzheimer’s disease (AD) is the most prevalent type of dementia. Reports have revealed that the peripheral
immune system is linked to neuropathology; however, little is known about the contribution of B lymphocytes
in AD. For this longitudinal study, 133 participants are included at baseline and second-year follow-up. Also,
we analyze B cell receptor (BCR) repertoire data generated from a public dataset of three normal and 10 AD
samples and performBCR repertoire profiling and pairwise sharing analysis. As a result, longitudinal increase
in B lymphocytes is associated with increased cerebral amyloid deposition and hyperactivates induced
pluripotent stem cell-derived microglia with loss-of-function for beta-amyloid clearance. Patients with AD
share similar class-switchedBCR sequenceswith identical isotypes, despite the high somatic hypermutation
rate. Thus, BCR repertoire profiling can lead to the development of individualized immune-based therapeu-
tics and treatment. We provide evidence of both quantitative and qualitative changes in B lymphocytes dur-
ing AD pathogenesis.
INTRODUCTION

Recent studies have shown that Alzheimer’s disease (AD) pheno-

typesarenot limited tobrainchanges.There is increasingevidence

that the peripheral immune system is closely linked to AD pathol-

ogy, especially the critical role of immunecells in the pathogenesis

of AD (Goldeck et al., 2016; Park et al., 2020). To date, however,

there has been little discussion regarding the contribution of blood

lymphocytes in AD. Several studies have revealed the possible as-
Cel
This is an open access article und
sociation between blood lymphocytes and the decline in cognitive

function or accumulation of cerebral amyloid deposition in AD.

These studies have been conducted as cross-sectional studies

using lymphocyte population data or failed to correlate specific

lymphocyte characteristics with the pathology of AD (Cao and

Zheng, 2018; Poinsatte et al., 2019; Richartz-Salzburger et al.,

2007). Although recent technologies, such as B cell receptor

(BCR) or T cell receptor (TCR) next-generation sequencing

(NGS)-based repertoire profiling have been developed
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Figure 1. Strategy for longitudinal analysis

(A and B) Timeline of the longitudinal study (n = 133). Brain imaging and isolation of peripheral mononuclear cell (PBMC) were performed at both baseline (BL) and

second-year follow-up (FL) time point. Classification of the PBMCs by the FACS analysis (CD3+ for T lymphocytes, CD19+ for B lymphocytes, and CD16+ for NK

lymphocytes). Participants were classified into three groups for the in-depth analyses (PiB increase group, PiBInc, getting worse for 2 years; PiB stable group,

PiBStable, none the worse for 2 years; PiB possible decrease group, PiBDec, relatively getting better for 2 years). Error bar, standard error of mean.

(C) Stepwise multiple regression analysis between the change in (D) lymphocytes (B, T, NK lymphocytes) and D global PiB deposition (standardized uptake value

ratio; SUVR). Age and gender were also included as covariates. Only B lymphocyte is selected by the stepwise method.

(D) Partial correlation analysis between D global PiB SUVR and DB lymphocytes (***p < 0.001, left) and ANOVA with post-hoc test between the quartiles of DB

lymphocytes (Q1 < Q2 < Q3 < Q4) and D global PiB SUVR. Error bar, standard error of mean.

(E) PiBInc group significantly showed less decrease in B cell population than those of the PiBDec group for 2 years (**p < 0.01, ANOVA with Tukey’s post-hoc test).

Error bar, standard error of mean.
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(Bashford-Rogers et al., 2019; Davis et al., 2019; Soto et al., 2019),

few studies have applied these tools to the study of AD (Gate et al.,

2020). In particular, no study exists on BCR repertoire analysis in

AD. Therefore, this study aimed to identify the typeof lymphocytes

that are directly linked to brain amyloid deposition and to discover

the characteristics of BCR repertoires shared among patientswith

AD.We found that an increase in the population of B lymphocytes

over 2 years and immunoglobulinG (IgG) during the progression of

ADwas significantly associatedwith an increase in cerebral b-am-

yloid (Ab) deposition. Furthermore, BCR sequencing, followed by

pairwise sharing analysis revealed the commonalities of BCR rep-

ertoireswithin patientswith AD, but not within normal participants.

This approach, through both longitudinal analysis and BCR reper-

toireprofiling,providesaperspective forunderstanding the linkbe-

tween the peripheral immune system and neuropathology in the

brains of patients with AD.
2 Cell Reports 40, 111391, September 20, 2022
RESULTS

The longitudinal study revealed that B lymphocyte
population is associated with brain amyloid deposition
in AD
Figure 1A shows the overall strategy for flow cytometry analysis

(Figure S1), followed by a longitudinal analysis of B lymphocyte

population changes. A total of 133 participants that underwent

Pittsburgh compound B-positron emission tomography (PiB-

PET) scans to image Ab plaques in their brains were included in

this study. For longitudinal analyses, we assigned the participants

into three groups: PiB decrease group (PiBDec; a group with dis-

ease mitigation), PiB stable group (PiBStable; a group without pro-

gression of ADpathology), andPiB increase group (PiBInc; a group

with progression of AD pathology), based on the changes in PiB-

PET standardized uptake value ratio (SUVR) after 2 years



Figure 2. The increase in B cell in PiBInc group

(A) B lymphocyte changes between baseline and follow-up second year. PiBInc group has higher portion of B cell-increased participants than those of the PiBDec

and PiBStable groups (Chi-trend test, ##p < 0.01; Chi-squared test, **p < 0.01).

(B) PiBInc group has a higher portion of B cell-increased participants than those of the PiBDec and PiBStable group both in PiB� and PiB+ (Chi-trend test, #p < 0.10,

*p < 0.05).

(C) Chi-squared test (#p < 0.10, *p < 0.05, **p < 0.01).
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(Figure 1B and Table S1). Stepwise multiple regression analysis

showed that the population change in B lymphocytes over 2 years

(DB) was significantly associated with an increase in brain Ab

(change inPiBSUVR;DPiB), but the changes inother lymphocytes

(DT cells, DNK cells) were not (Figure 1C). In addition, only DB

showedasignificantcorrelationwithDPiB in thecognitively normal

(CN) population, indicating a direct association between B cells

and brain Ab (Figure S2). This was the decisive reason to focus

on the profiling of B cells. We also confirmed that the number of

B cells decreased with age, as previously reported (Frasca and

Blomberg, 2011, 2020), but we did not observe a significant

decrease in the dementia group (Figure S3). Next, partial correla-

tion and ANOVA post-hoc analysis showed thatDBwas positively

correlatedwithDPiB (Figure 1D, upper graph), andDBquartile four

(Q4) had the highest DPiB value (Q1 < Q2 < Q3 < Q4; Figure 1D,

lower graph). Moreover, PiBInc had a higher DB than PiBDec and

PiBStable (Figure 1E). Furthermore, comparative analyses between

the three groups PiBDec, PiBStable, and PiBInc were performed.

Interestingly, PiBInc had a higher proportion of participants with

an increasing number of B lymphocytes (Figure 2A), regardless

of the baseline status of Ab accumulation (Figures 2B and 2C).

For the logistic regression analysis, the independent variables

were age, sex, and ApoE with or without DB, and the dependent

variables were PiBDec + PiBStable (control) versus PiBInc (case).

The receiver operating characteristic curve analysis showed that

DB increased thediscriminationpowerofPiBInc asan independent

variable in the logistic regression analysis (Figure 3A). The combi-

nationofApoEandDBvariables hadhigher sensitivity (70.6%) and

specificity (72.7%) with a 0.754 area under the curve (AUC) than
ApoE alone (0.710 AUC with 55.9% sensitivity and 76.8% speci-

ficity) (Figure 3B). We also performed precision-recall curve -

analysis and comparison analysis with the bootstrap method

to reduce imbalance bias in the two classes and obtained signifi-

cant results (Figures 3C and 3D). For further validation, we classi-

fied participants according to their DB quartiles (BQ;

BQ1 < BQ2 < BQ3 < BQ4) and compared their DPiB. The BQ4

and BQ2–3 groups had higher DPiB values than that of BQ1 (Fig-

ure 3E), and these results led us to focus onB lymphocyte profiling

in subsequent studies.

RNA sequencing analysis implied qualitative B cell
differences between CN and AD
Before deep profiling of B lymphocytes, we performed RNA

sequencing analysis using a public cohort (GEO: GSE18309),

including transcriptome data from human peripheral blood

mononuclear cell (PBMC) samples (elderly normal controls, n =

3; AD patients, n = 3; Taiwanese) (Figure 4). We detected 1,478

downregulated genes and 1,031 upregulated genes from the da-

taset (p < 0.05; significance by limma in R by GEO2R analyzer)

(Figure 4A) and selected B cell-related genes that overlapped

with the Gene Ontology (GO) database. Interestingly, 11 genes

from the B cell-mediated immunity term (GO: 0019724) overlap-

ped and were significantly different between the normal and AD

groups (Figure 4B). In addition, although SLAMF8 (B cell acti-

vator) decreased in AD and the B cell homeostatic proliferation

gene (GO: 0002358) and FOXP3 expression were significantly

decreased in AD, the B cell differentiation/positive regulation

genes (RAG2, IL-10; GO: 0002335 and 0002327) were
Cell Reports 40, 111391, September 20, 2022 3



Figure 3. Longitudinal analysis and receiver operation characteristic curve (ROC) analysis for B lymphocyte profiling

(A and B) B cell biomarkers showed better discrimination power to PiB progression when combined with ApoE genotyping. *p < 0.05 by continuous net re-

classification index (NRI). Interactive dot diagram showed sensitivity/specificity/cutoff (pi values by Youden index, > 0.2706, >0.2516) values for PiB increase

ROC curves. For logistic regression analysis, independent variables were age, sex, and ApoEwith or withoutDB, and dependent variables were PiBDec + PiBStable

(control) versus PiBInc (case). Error bar, standard error of mean.

(C and D) Precision-recall curve analysis and comparison of analysis with the bootstrap method to reduce imbalance bias between the two classes.

(E) Participants were re-classified according to their quartiles of DB lymphocytes (BQ1 < BQ2 < BQ3 < BQ4) and divided into three groups (BQ1, BQ2–3, BQ4).

DPiB-PET values were significantly increased in BQ2–3 and BQ4 compared with BQ1 (***p < 0.001; ANOVA with Tukey’s post-hoc test). Two outliers were

excluded by Grubb’s test.
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significantly increased in AD (Figure 4C). Moreover, B cell lineage

commitment genes (GO: 0002326), isotype switching genes

(GO: 00045190), and immunoglobulin complex circulating genes

(GO: 0042571) were different between the normal and AD groups

(Figure 4C). In particular, previous reports have shown that (1)

overexpression of FOXP3 induces a reduction in antibody

response or diminished B cell antibody production (Kasprowicz

et al., 2003), (2) the absence of RIF1 increases the number of B

cells with IgG2/IgM (Di Virgilio et al., 2013), and (3) the role of
4 Cell Reports 40, 111391, September 20, 2022
PIGR is related to the production of secretory IgA (Lycke and Be-

mark, 2017), which implies qualitative B cell differences between

normal individuals and patients with AD.

Pair-wised sharing analysis followed by NGS-based BCR
repertoire analysis
For deepprofilingofB lymphocytes at theBCRsequence level,we

randomlyselected13 representativeparticipants (threenormal, 10

AD) with an even distribution of ApoE allele frequencies (two e3/e3



Figure 4. RNA sequencing analysis using a dataset from public Gene Expression Omnibus database (GEO: GSE18309)

(A) Volcano plot and distribution plot for the dataset (n = 3 elderly normal controls versus n = 3 AD; human PBMC samples).

(B) Significant genes associated with Gene Ontology database (term: B cell mediated immunity; GO: 0019724). *p < 0.05, **p < 0.01, and ***p < 0.001 with log-

transformation to the data.

(C) Significant genes associated various B cell-related terms (GO: 0002327, 0045579, 0002326, 0002335, 0002358, 0045190, and 0042571). *p < 0.05 and

**p < 0.01 with log-transformation to the data. For the analysis, GEO2R analyzer was used.
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and one e3/e4 for normal; three e3/e3, four e3/e4, three e4/e4 for

AD), ages (73.6± 1.9 for normal, 68.6± 2.2 for AD), and the number

of total lymphocytes (30.7 ± 3.4 for normal, 31.6 ± 2.6 for AD) that

can interfere with the analysis of B lymphocytes (Allan et al., 2009;

Frasca andBlomberg, 2009; Richartz-Salzburger et al., 2007) (Fig-

ure 5A). The cerebral amyloid deposition (SUVR), Mini-Mental

State Examination (MMSE) cognitive score, plasma t-tau, and Ab

42/40 ratio were significantly different between the normal and

ADgroups,but theagewasnot (Figures5Band5C).Wegenerated

BCR repertoire data from the normal and AD samples and anno-

tated them as Normal (n = 3; ‘‘Normal 1’’) and AD (n = 10), respec-

tively. In addition, to compensate for the limited number of healthy

controls, we generated BCR repertoire data from an additional 52

recruited healthy individuals using the same protocol, except for

theNGSplatform(seeSTARMethods).Theadditionalhealthycon-

trol datawereannotatedasNormal 2.Weannotated thedataof the

twohealthy controlswithdifferent namesand focusedour analysis
on the comparison between AD and Normal because the age dis-

tributions of Normal and Normal 2 were significantly different and

AD-related metrics were not available for Normal 2 (Figure S4).

At the whole BCR repertoire level, we investigated variable

(V) gene usage of the samples. We did not detect a significant dif-

ference inVgeneusagebetween theADandnormalgroupsafterp

value correction for multiple comparisons. We found that the pre-

viously reported V gene usage was reproduced in the two groups

(Figure S5).We then investigated the differences in clonal charac-

teristics through clonal expansion and clonal diversification

indices (Bashford-Rogersetal., 2019). For theclonal expansion in-

dex, AD showed significantly lower values than the normal group.

In addition, AD showed lower (but not significant) clonal diversifi-

cation index values than the normal group (Figure S6). These re-

sults indicate that more oligo-clonal patterns exist in the Normal

compared with that in the AD groups. Collectively, the increased

B cell population in AD can be interpreted as the result of the
Cell Reports 40, 111391, September 20, 2022 5



Figure 5. NGS-based BCR repertoire profiling followed by pairwise BCR sharing analysis

(A) B cell receptor (BCR) repertoire analysis (n = 13). A total of 13 participants (10 AD patients and three cognitively normal controls) were used for the BCR

repertoire analysis. Shared BCR sequences were defined by pairwise sharing analysis of the BCR repertoire of the samples, which was followed by comparative

analysis between Normal&X (comparison between Normal and Normal or Normal and AD; blue bidirectional arrow of the upper panel) and AD&AD (comparison

between AD and AD; red bidirectional arrow of the upper panel) groups.

(B) Characterization of samples subjected to BCR repertoire analysis. *p < 0.05 and **p < 0.01, independent t test.

(C) The changes in the levels of plasma t-tau and beta-amyloid 42/40 ratio. *p < 0.05, independent t test.

(D) The number of shared BCR sequences resulted from pairwise sharing analysis. AD&AD had more shared BCR sequences than that of Normal&X. **p < 0.001;

Wilcoxon rank-sum test.

(E) Divergence of the shared BCR sequences.

(F) Isotype composition of the shared BCR sequences.
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expansion of clonally unrelated B cells. However, the clonal

expansion and diversification indices of AD and Normal tissues

were significantly higher thanpreviously reportedvalues.Agingaf-

fects the BCR repertoire, especially clonal characteristics (de

Bourcy et al., 2017). In addition, theNormal 2groupof younger pa-

tients showedcomparable clonal expansionanddiversification in-

dex values to those previously reported. Based on these results,

we concluded that the discrepancy in clonal indices between

the AD and Normal groups was due to the high age distribution

of the groups. In other whole BCR characteristics, such as isotype

distribution, joining (J) gene usage, and somatic hypermutation

(SHM) patterns, we did not observe significant differences be-

tween the groups (Figures S7–S9).

To discover the BCR characteristics of the AD samples, we

focused our analysis on a subset of the entire BCR repertoire

shared among the patients. Briney et al. investigated the sharing

of BCR repertoires between multiple individuals through leuka-
6 Cell Reports 40, 111391, September 20, 2022
pheresis, followed by NGSwith extremely high sequencing depth

(Briney et al., 2019). In this study, it was shown that approximately

1%of BCRswere shared between two individuals, and 0.022%of

BCRs were shared among 10 individuals. However, in this study,

we applied a sampling strategy with a limited throughput (10 mL

of blood and �105 sequencing reads after preprocessing). Thus,

we expected that few BCRs would be shared among multiple in-

dividualswithADandnormal individuals. In thepreliminary sharing

analysis, we found that only three clonotypes were exclusively

shared between more than two patients with AD.

Consideringprevious researchandour shallowsamplingdepth,

wedecided to conduct a pairwise analysis to define sharedBCRs.

Wedefined sharedBCRs using AD and normal datasets that were

derived from age-matched samples and tagged with AD-related

measurements. TheNormal 2datasetwasused toexcludeuniver-

salBCRsthatwerealsodetected in thehealthypopulation.Shared

BCR sequences were categorized into two groups, Normal&X
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(comparison between normal and normal or normal and AD) and

AD&AD (comparison between AD and AD) (Figures 5A and 5D

left), according to the sharing pattern. We hypothesized that

sharing between Normal and AD has an identical pattern to that

betweenNormal andNormal, because the two groups of samples

donot sharecommon immunological stimuli. Thus,wedefined the

two comparisons collectively as Normal&X and compared them

with AD&AD. Interestingly, AD&AD had more shared BCR se-

quences and lineages than Normal&X (Figure 5D, right). The num-

ber of shared BCRs is vulnerable to the sequencing depth and

clonal diversity. After sub-samplingof the rawdata andnormaliza-

tion using the entire number of BCRs, a high representation of

shared BCRs in AD&AD was reproduced. In addition, the Nor-

mal&Normal andNormal&ADgroups showedno significant differ-

ences in sharing patterns, justifying our approach to defining them

asNormal&X collectively (Figure S10). However, in terms of diver-

gence and isotype composition, the twogroups showedno signif-

icant differences (Figures 5E and 5F).

Pairwise sharing analysiswith highly similar sharedBCR
sequences revealed the commonalities of its
repertoires in patients with AD
To exclude coincidently defined shared BCR sequences and

investigate shared BCR sequences in a stricter manner, we

calculated the inter-sample variable-region full amino acid

(AA) distance (shorter distance indicates higher similarity) of

the shared BCR sequences (Setliff et al., 2018). We defined

the shared BCR sequences by VJ gene usage (related to

the mechanism of somatic recombination) (Roth, 2014)

and complementarity-determining region 3 (CDR3; the most

variable portion of Ig molecules) (VanDyk and Meek, 1992)

AA sequence homology (>70%) as previously reported (Ehr-

hardt et al., 2019; Setliff et al., 2018). In addition, owing to

the limited resolution of the criteria used, BCR sequences

with distinctive SHM patterns (a process diversifying BCRs

through point mutations into Ig genes) (Cui et al., 2016) were

included in the shared BCR sequences. Thus, we

quantified the degree of SHM sharing by defining the inter-

sample variable-region full AA distance as the Hamming dis-

tance calculated at the variable-region full AA level between

the shared BCR sequences from the different samples (Gupta

et al., 2017). AD&AD showed a shorter inter-sample variable-

region full AA distance compared with that of Normal&X (Fig-

ure 6A, left). The sub-population of the shared BCR sequences

with a small inter-sample variable-region full AA distance (<5)

was extracted and defined as highly similar shared BCR se-

quences. The highly similar shared BCR sequences can be

generated in two ways. First, for naive B lymphocytes, gene

rearrangement could generate coincidentally similar CDR3

with some bias inherent in the process. These sequences

would have a very small number of SHMs and are in the IgM

or IgD isotype (Briney et al., 2019; Soto et al., 2019).

Second, for activated B lymphocytes, the induction of somatic

mutations by antigens can produce converged BCR se-

quences (Jackson et al., 2014; Parameswaran et al., 2013).

In this case, the sequences had high divergence values and

were class-switched to isotypes other than IgM and IgD.

These highly similar shared BCR sequences of AD&AD
showed distinctive characteristics with respect to divergence

and isotype composition compared with those of Normal&X.

Among the sequences, sequences with a high divergence

despite a small inter-sample variable-region full AA distance

were only detected in AD&AD, indicating that mutation induction

in the same direction resulted in identical residues for binding

that occurred only in AD&AD (Figure 6A, right). In addition, Ig

counts were significantly increased in AD&AD group

(Figure 6B). Although AD&AD and Normal&X showed signifi-

cantly different shared Ig count values, these Ig count values

were vulnerable to sequencing depth and clonal diversity of

the repertoires. In addition, this high sharing between the AD

samples could be derived from a random effect. To calculate

the statistical significance of the observed Ig count values, we

conducted a randomized sharing simulation using the

throughput-adjusted Normal 2 data and compared our Ig count

values with the simulation results, which resulted in a significant

p value of 0.0136 (Tables S3 and S4 and Figure S11). Further-

more, most of the sequences with high divergence values

were class-switched to isotypes other than IgM (Figure 6C). A

total of 579 sequences and 108 lineages were class-switched

among highly similar shared BCR sequences. Among 108 line-

ages, 92 contained more than one class-switched BCR

sequence in both repertoires with a distinctive VJ gene

utilization compared with the whole class-switched repertoires

of the samples (Figure 6D and Tables S3 and S5 and Figure S12).

Strikingly, in 91 out of 92 lineages, BCR sequences were repre-

sented by identical isotypes in two different repertoires, indi-

cating that it is feasible for these sequences to result in the

same effector functions. In one lineage with different isotypes,

the sequences emerged as IgA1 and IgA2 (Figure 6E). These

identical characteristics of the highly similar and class-switched

shared sequences were also reproduced in hierarchical clus-

tering analysis by confirming that the sequences from different

samples were clustered into the same subfamily with identical

isotypes (Figure S13). We conclude that there is a possible

response to stimulation by the same antigen (Park et al., 2017,

2019). In other words, the commonalities of the BCR repertoires

in patients with AD imply the possibility of immunological stimuli

by common antigens.

The increase in IgG can lead to the loss-of-function of
microglia and dysregulation of Ab clearance
Since we confirmed that the association of B cells increases with

the progression of AD and there are significant differences in Ig

counts between normal and AD patients, we further assessed

the contribution of this phenomenon to the brain. We hypothe-

sized that more IgGs will be produced by the increase in B cells

and can cross the blood-brain barrier, as previously reported

(David Morgan et al., 2016; Kim et al., 2021; Struemper et al.,

2022; Villasenor et al., 2016). Thus, we treated human induced

pluripotent stem cell (iPSC)-derived microglia with IgG, both in

mild Ab (acute model) and severe Ab conditions (chronic model),

similar to our previous report (Baik et al., 2019) (Figures 7A and

7B). Interestingly, microglia showed enhanced phagocytic activ-

ity following IgG treatment in the acute model, although no

changes were observed in transforming growth factor b (TGF-

b) levels or in Ab plaque intensity (Figure 7C). However, in the
Cell Reports 40, 111391, September 20, 2022 7



Figure 6. NGS-based BCR repertoire profiling followed by pairwise BCR sharing analysis (high similar shared sequences)

(A) Inter-sample full amino acid (AA) distance of the shared BCR sequences. The averaged Hamming distance between BCR sequences, which were shared and

derived from different samples, was calculated using full AA sequences. This distance was named as inter-sample full AA distance. Among the shared BCR

sequences, sequences with inter-sample full AA distance value smaller than 5 were defined as ‘‘highly similar shared BCR sequence.’’ Significantly increased

divergence of highly similar shared BCR sequences in the AD&AD group. ****p < 0.0001; Wilcoxon rank-sum test.

(B) The number of Ig counts between Normal&X versus AD&AD. ****p < 0.0001; Mann-Whitney test.

(C) Isotype composition of the highly similar shared BCR sequences. Despite a small inter-sample full AA distance, the sequences with a high divergence were

only shown in AD&AD.

(D) VJ gene usage of the class-switched and highly similar shared BCR sequences.

(E) Isotype identity of the class-switched and highly similar shared BCR sequences. Matches in isotypes in different samples of the class-switched and highly

similar shared BCR sequences were quantified. If the isotypes of sequences were identical in different two samples, they were counted as ‘‘identical.’’ If not, they

were counted as "different." The isotype of the sequences was also represented by colors following the color coding used in (C).
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chronic model, the microglia lost their homeostatic ability (TGF-

b) and phagocytic activity (Figure 7D). In addition, Ab plaque in-

tensity significantly increased, indicating that microglia can no

longer prevent or control the growth of Ab plaques. Therefore,

we conclude that an increase in IgG can interfere with microglial

function under conditions of excessive Ab. We also speculated

that the increase in B cells in AD is highly related to microglial

dysfunction and dysregulation of Ab clearance in microglia.

This result corresponds to a previous report by Kim et al., which

showed a therapeutic effect of B cell depletion (3xTg mice, AD

mouse model versus 3xTg BKO, AD mouse model with B cell

knock-out) through regulation of TGF-b+ microglia in the brain
8 Cell Reports 40, 111391, September 20, 2022
(Kim et al., 2021). We also confirmed these results using tran-

scriptome data deposited in the NCBI Gene Expression

Omnibus (GEO) database (GEO: GSE165111) (Figure S14). The

expression of TGF-b-related genes and TREM2was significantly

increased in 3xTg BKO mice, implying appropriate activation of

microglial cells for phagocytosis (Keren-Shaul et al., 2017; Taylor

et al., 2017). Moreover, GO analysis showed a significant in-

crease in microglial responses (microglial cell activation, positive

regulation of MCP1 production, positive microglial cell migration

for biological processes, phagocytic vesicle membrane, phago-

cytic cup for cellular components, CCR chemokine receptor

binding, cytokine activity, and CCR1 chemokine receptor



Figure 7. IgG can lead to the hyperactivation/chronic status of microglia and dysregulation of Ab clearance

(A) A graphical summary of experimental conditions (acute versus chronic model).

(B) Validation of the levels of IgG in the conditioned media. ****p < 0.0001, independent t test (n = 4).

(C and D) Spinning disk confocal images and image (slice) or single-cell-based quantification of microglial TGF-b, phagocytosed beta-amyloid (Ab), and Ab

plaque intensity both in acute and chronic models. For the quantification of phagocytosed Ab and Ab plaque, 3D rendering using IMARIS software was used.
#p < 0.1, **p < 0.01, ***p < 0.001, independent t test. For single cell-based quantification, each datapoint indicates individual microglial cells. Scale bar represents

40 mm. n = 7–8 slices (one to two Ab plaques per one slice). Error bar, standard error of mean.
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binding for molecular function) in 3xTg BKO mice. Thus, we

speculate that therapeutic B cell depletion induces normal acti-

vation of microglial cells in the brain, whereas B cell increases in
disease situations ultimately induces chronic/hypofunction of

microglial cells and deposition of beta-amyloid plaques in the

brain (Figure 7D). Figure S15 shows conjectured changes in
Cell Reports 40, 111391, September 20, 2022 9
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the B cell population, TGF-b, andmicroglial functionwith ADpro-

gression. Thus, we suggest that the immunological response of

peripheral B lymphocytes is associated with neuropathology in

the brains of AD patients.

DISCUSSION

This study investigated the association between B cells and their

receptor repertoire in AD. We provide clear evidence for both

quantitative and qualitative changes in B cells during the progres-

sion of AD. Although there have been several reports suggesting

links between the population of B lymphocytes and the pathology

of AD or clinical dementia symptoms, these studies relied on a

cross-sectional study, and the results were controversial. For

example, one prospective cohort study including 105 participants

showednodifferences in the percentage of B lymphocytes per to-

tal PBMC in patients with AD compared with that in healthy con-

trols, but it identified an increased number of B lymphocytes pro-

ducing autoantibodies against Ab in AD (Sollvander et al., 2015). In

contrast, other cross-sectional studieshave foundadecrease inB

and T lymphocytes in patients with AD (Richartz-Salzburger et al.,

2007; Tavolato and Argentiero, 1980; Tollefson et al., 1989).

Although this discrepancy has been questioned continuously,

many studies acknowledge the concept that lymphocytic abnor-

malities are accompanied by dementia, suggesting that the

lymphocyte population could be a biomarker for AD (Rezai-Zadeh

et al., 2009). A recent study identified the specific intracellular

signaling marker, PLCg2, in stimulated PBMC subsets from pa-

tients with AD through single-cell quantification and a machine

learning model (Phongpreecha et al., 2020); however, the rele-

vance of specific cell types among PBMC to AD pathology is still

uncertain, especially in the B cell population. In the present study,

our quantitative analyses revealed that the greater the increase is

in the number of B lymphocytes, the greater is the brain Ab depo-

sition. The difference fromprevious studies is thatwe investigated

the direct relationship with changes in brain Ab through longitudi-

nal analyses. We believe that this approach could lead to addi-

tional findings that would otherwise be difficult to identify in a

cross-sectional study, and we revealed the longitudinal associa-

tion between B lymphocytes and the pathology of AD.

Through our longitudinal study, we realized that it is worth

closely monitoring the characteristics of B lymphocytes in pa-

tients with AD. Furthermore, since many of the latest technolo-

gies, such as unbiased next-generation TCR/BCR repertoire

analysis or single-cell sequencing, have been developed, we

thought it would be interesting to apply these technologies to

our cohorts. Thus, we performed NGS-based BCR repertoire

analysis for the deep profiling of BCR repertoire, and conse-

quently, our analyses for B lymphocytes at the BCR sequence

level identified the commonalities of BCR repertoires within AD

patients implying the possibility of immunological stimuli by the

common antigens such as plasma Ab or tau proteins (Park

et al., 2017; Park et al., 2019). Moreover, we could also speculate

through the results from Figure 7 that changes in the B cell pop-

ulation and their secretion of IgG are related to brain microglial

function regulating the expression of TGF-b in microglia (Li

et al., 2017; Taylor et al., 2017). Since there is still debate that

the decrease in the B cell population alleviates or exacerbates
10 Cell Reports 40, 111391, September 20, 2022
the deposition of Ab (Kim et al., 2021; Xiong et al., 2021), our

acute or chronic models for Ab can partially explain this contro-

versy in terms of microglial responses to IgG in the brain. In

particular, our results correspond to those of Kim et al., who

showed the therapeutic effect of B cell depletion through resto-

ration of TGF-b in microglia (Kim et al., 2021).

Our approach through both longitudinal analysis and BCR

repertoire profiling of AD suggests that the immunological

response of peripheral B lymphocytes is clearly associated with

neuropathology in the brain of patients with AD. Furthermore,

the genetic information on BCR obtained from this study using

next-generation repertoire analysis techniques can lead to the

development of various immune-based therapeutics and treat-

ments for AD.

Limitations of the study
Our work has some limitations, and we have provided sugges-

tions for future study to overcome these.

First, we could not experimentally prove the relationship be-

tween BCR sequences exclusively shared among patients with

AD and the disease state. We showed that AD-specific BCR se-

quences have distinctive patterns compared with the BCR se-

quences shared among patients with AD and normal individuals.

We expect that the clonal information of AD-specific BCR se-

quences provided in this study can be utilized following addi-

tional validation.

Another concern is that we performed BCR repertoire analysis

with only 13 participants. A validation study with a larger sample

size is required to confirm these results.
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Chemicals, peptides, and recombinant proteins
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Methoxy-X04 This paper N/A
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Lead contact
Further information and requests for resources and reagents should be directed to andwill be fulfilled by the lead contact, Prof. Inhee

Mook-Jung (Ph.D.), inhee@snu.ac.kr.

Materials availability
This study did not generate new unique reagents.

Data and code availability
d Publicly available transcriptome data are available in the NCBI GEO2R database. The sequencing data from this study are

deposited in the NCBI BioProject database. The web links are listed in the key resources table.

d All original code has been deposited at GitHub and is publicly available as of the date of publication. The web link is listed in the

key resources table.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Study subjects
A total of 133 participants were included and sorted into three groups for our longitudinal analysis: Pittsburgh compound B-positron

emission tomography (PiB-PET; brain PET imaging for cerebral amyloid deposition) standardized uptake value ratio (SUVR) decrease

group for two years (PiBDec, n = 33 including 14males and 19 females; age, 73.97± 1.46), PiB stable group (PiBStable, n = 66 including 30

males 36 females; age, 67.51 ± 0.83), and PiB increase group (PiBInc, n = 34 including 15 males and 19 females; age, 72.79 ± 1.11)

(Table S1). All subjects underwent brain imaging, namely structural MRI and PiB-PET, aswell as psychological or clinical assessments,

according to experts’ guidelines. The assessments corresponded to neuropsychological tests based on the Korean Brain Aging Study

for theEarlydiagnosis andpredictionofAD (KBASE)protocol, alongwithMini-Mental StateExamination (MMSE) for neuropsychological

assessment battery, which was performed in accordance with the Consortium to Establish a Registry for Alzheimer’s Disease Assess-

ment Packet (CERAD), and KBASE clinical assessment protocols (CERAD-K) (Byun et al., 2017). TheMMSE z-score was calculated by

the normalization of MMSE scores with appropriate correction for age, sex, and education levels. This study was approved under the

recommendations of the Institutional Review Board (IRB) of the Seoul National University Hospital (SNUH), South Korea. Written

informed consent was applied to all the participants, corresponding to the Declaration of Helsinki. Protocols and manuals were also

approved by the IRB of the SNUH.

METHOD DETAILS

Neuroimaging
PiB-PET imaging and MR were conducted using a simultaneous 3.0 T PET-MR scanner (Biograph mMR Scanner; Siemens, Wash-

ington, D.C., USA), as previously described (Han et al., 2019). A total of 555 MBq of 11C-PiB was injected intravenously, a PiB-PET

emission scanwas acquired, and the imageswere analyzed (Choe et al., 2014; Jack et al., 2008; Park et al., 2017; Reiman et al., 2009;

Weiss, 1989). Prominent 11C-PiB retention in the lateral temporal areas and brain regions has been described (Klunk et al., 2004), and

regions of interest (ROIs) have been identified (Yaffe et al., 2011). The standardized uptake value ratio (SUVR) of each ROI was ob-

tained by normalizing themean value of all voxels in each ROI by themean values of cerebellar uptake. Participants were divided into

PiB-positive (PiB+) or PiB-negative (PiB-) based on the criteria of SUVR value of 1.4 in at least one of the four ROIs (Choe et al., 2014;

Reiman et al., 2009).

Blood sampling and isolation and storage of peripheral blood mononuclear cells (PBMCs)
All bloodsampleswerecollected in themorningusingK2EDTA tubes (BDVacutainerSystems,Plymouth,UK) followingaperiodofover-

night fasting. The EDTA tubes were immediately centrifuged and plasma supernatant was removed. The remaining blood was mixed

with PBS and transferred into Ficoll-Hypaque solution for the isolation of PBMCs by establishing a gradient through repeated centrifu-

gation and PBS washing cycles. The collected PBMCs were immediately cryopreserved using cell freezing buffer (90% fetal bovine

serum +10% DMSO) and stored for one week in a Frosty Freezing Container (Thermo Scientific, Waltham, MA, USA). After a week,

the vials were moved to an LN2 tank and stored at �192�C. Detailed information on the reagents used in this study is summarized in

Table S2.

Flow cytometry
Cryopreserved PBMCs were recovered in RPMI 1640 media to be used for FACS flow cytometry analysis. After recovery, an HBSS-

based FACS buffer containing 2% FBS and 0.05% sodium azide was used. For lymphocyte immunophenotyping, after excluding the

pan-myeloid marker (CD33)-positive population, the remaining lymphocyte populations were identified as pan-T cell marker (CD3)-,

pan-B cell marker (CD19)-, and pan-NK marker (CD16)-positive populations. Fluorescence-conjugated antibody information is
Cell Reports 40, 111391, September 20, 2022 e2
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indicated in the text: APCanti-humanCD33antibody (1:100, cloneWM53), FITCanti-humanCD3antibody (1:100, cloneOKT3), PEanti-

humanCD19 antibody (1:100, clone HIB19), and APC/Cy7 anti-humanCD16 antibody (1:100, clone Ts1/18). For immunostaining, cells

werepassed througha35mmnylonmeshstrainer,blocked for15minon icewithHumanTruStainFcX (5mL/millioncells in100mLstaining

volume,BioLegend), and stained for 30min on icewith antibodymixture.DAPI staining (0.4mg/mL)wasperformed to identify deadcells.

Prepared cells were analyzed on a Fortessa X-20 (BD Biosciences), and the data were analyzed using FlowJo software (Tree Star).

Detailed information on the reagents used in this study is summarized in Table S2.

Preparation of next-generation sequencing (NGS) library
Cryopreserved CD19+ B lymphocytes were thawed, and total RNA samples were extracted using the TRIzol Plus RNA Purification

Kit, developed by Life Technologies Company. One microgram of total RNA was used as the input volume for library preparation.

Next, reverse transcription was conducted according to the manufacturer’s guideline using SuperScript IV reverse transcriptase

(Life Technologies) and primers for five immunoglobulin heavy chain isotypes containing UMI (unique molecular identifiers) barcodes

that consist of 14 random nucleotides and partial Illumina adapters (Table S3). Primer annealing was performed at 72�C for 3min, and

then immediately placed on ice for 2 min. First-strand cDNA was purified using AmPure XP beads (Beckman Coulter) at a 1:1.8 ratio

and second-strand cDNA was synthesized using KAPA HiFi HotStart DNA polymerase (Kappa Bioscience) and a pool of six immu-

noglobulin heavy chain variable region-specific primers (Table S5; 98�C for 4 min, 52�C for 1 min, and 72�C for 5 min) (Briney et al.,

2019; Vollmers et al., 2013). Double-stranded cDNA was purified via AmPure XP beads (Beckman Coulter) at a 1:1 ratio. After that, it

was amplified using KAPA HiFi HotStart DNA polymerase (Kappa Bioscience) using double primers consisting of Illumina adapters

and index sequences (95�C for 3 min, 25 cycles of 95�C for 30 s, 65�C for 30 s, 72�C for 1 min, and 72�C for 5 min). The final NGS

libraries were obtained using AmPure XP beads (Beckman Coulter) at a 1:1 ratio and were subjected to QC on TapeStation 2200

(Agilent Technologies). Libraries with a single peak of correct sequence length were assigned to NGS analysis using the Illumina

sequencing platforms MiSeq, for AD and Normal datasets, and NovaSeq for Normal2 dataset.

Consensus sequence extraction from raw NGS reads
The raw NGS reads were q-filtered using the q20p95 condition, which means that 95% of the reads needed to have Phred scores

higher than 20. On average, 83.51% of the reads passed the q-filtering condition. The primer regions used in the experiments were

then extracted from the readswhile allowing for onemismatch (substitution, insertion, or deletion). Based on the location of the primer

sequences, the UMI sequences were extracted, and the reads were clustered according to the UMI sequences. The reads in the

same UMI clusters were aligned using the multiple sequence alignment tool Clustal Omega 1.2.4 (Sievers and Higgins, 2018; Sievers

et al., 2011). The consensus sequences of the UMI clusters were extracted using the nucleotide frequency information of the align-

ment results, and the read count of the sequences was re-defined as the number of unique UMI sequences.

Isotype annotation and functionality filtering of the consensus sequences
The constant region of the consensus sequences was used for isotype annotation. The constant region sequences were recognized

in a location-based manner, and then the sequences were aligned to an in-house constant gene database constructed based on

the IMGT (the international immunogenetics information system) database (Lefranc, 2003). The isotypes of the consensus sequences

were determined using alignment results. The V/D/J genes and CDR1/2/3 regions of the sequences were then extracted and anno-

tated using IgBLAST 1.8.0 (Ye et al., 2013). After annotation, non-functional consensus sequences were filtered out using the

following conditions: 1. Sequence length is less than 250 bp 2. The existence of a stop codon or a frameshift in complete AA se-

quences and 3. Annotation failure is more than or equal to that of the CDR1/2/3 regions.

Divergence from germline V gene segments calculation
As the first step in the divergence calculation, the B-cell-receptor (BCR) sequences were aligned to germline variable gene segments

using IgBLAST (Ye et al., 2013). Based on the IgBLAST alignment results, the lengths of the sequences aligned to the gene segments

and the number of mutations within the aligned region were calculated. We defined the divergence value as the number of mutations

divided by the aligned length, as previously described (Soto et al., 2019).

Removal of sequences subject to aerosol contamination
We conducted a sharing analysis to define the AD-specific group among the whole BCR sequences of each repertoire. Identical BCR

sequencesderived fromexperimental faultsoraerosol contaminationmaycontribute to theoccurrenceof falsehighsharingbetween the

BCR repertoires. Thus, to mitigate the effect of such errors, we removed the BCR sequences that have fully identical nucleotides,

including the UMI region, from other BCR repertoires. This is based on the fact that the possibility of two fully identical nucleotide se-

quences being detected in different repertoires is very low, considering the complexity of UMI design and the natural diversity of

BCR repertoires.

Pair-wise sharing analysis and inter-sample variable region full AA distance calculation
Pairwisesharinganalysiswasconductedat theBCR lineage level. Apreviously reportedhierarchical clusteringmethodwasused (Gupta

et al., 2017). BCR lineages satisfying the following conditions from twodifferent repertoire data setsweremergedanddefinedas shared
e3 Cell Reports 40, 111391, September 20, 2022



Article
ll

OPEN ACCESS
BCR lineages: (1) TheV/Jgeneusage, (2) thesameCDR3sequence length, and (3)CDR3AAsequencehomologybeingmore than0.7. In

the abovecondition,CDR3AAsequencehomologywasset asoneminusCDR3AAsequencediscrepancy,whichwascalculatedby the

minimum Hamming distance in the CDR3 AA sequence between all combinations of BCR sequences from two different BCR lineages

divided by CDR3 AA sequence length. The BCR sequences of the shared BCR lineages were defined as shared BCR sequences. To

define the inter-sample variable region full AA distance, BCR sequences from the same shared BCR lineages were used. First, the var-

iable region full AA sequenceof theBCRsequences in the samesharedBCR lineageswas trimmedand aligned. TheHammingdistance

in the variable-region full AA sequence between all combinations of BCR sequences from two different samples was then calculated.

Among the calculated Hamming distance values, the minimum value was set as the inter-sample variable region full AA distance value

of the shared BCR lineage.

RNA sequencing analysis
The public transcriptome data in the GEO2R public database (accession number: GEO: GSE18309 and GEO: GSE165111 with the

following available link for Figures 4 and S14: https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE18309 and https://www.

ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE165111) was used for RNA sequencing analysis. All analyses were performed using a

GEO2R analyzer. To obtain B cell-related targets, we adopted the Gene Ontology (GO) database Amigo2 (http://amigo.

geneontology.org/) and sorted the B cell-related genes. Genes that significantly overlapped with the Amigo2 database were used for

Figure 4. To perform GO analysis using differentially expressed genes (DEGs) from GSE165111, the Database for Annotation, Visuali-

zation, and Integrated Discovery (DAVID) bioinformatics resources were used.

Randomized sharing simulation
To calculate the statistical significance of the shared Ig count values, we conducted a randomized sharing simulation using the

Normal2 NGS data (Figure 6B). First, all processed NGS data was subsampled to meet the throughput threshold of 250,000 reads.

For NGS data lacking the throughput for sub-sampling, all the sequences in the data were subjected to the following analysis: after

selecting 10 subjects randomly from the Normal2 dataset, highly similar BCRs were defined in a pairwise manner, as in the case of

AD&AD (Tables S3 and S4). This analysis was conducted 100,000 times to cover as many combinations as possible in the Normal2

dataset. Then, the shared Ig count values were drawn in a histogram, and we counted the number of cases where the Ig count was

more extreme than the observed shared Ig counts in AD&AD. The number of extreme cases divided by 100,000 was used to define

the p value of the shared Ig counts in AD&AD.

Induced pluripotent stem cell (iPSC)-derived microglial cell culture, IgG treatment, and imaging
iPSC-derived microglia were generated according to the protocol described in our previous study (Park et al., 2022). Monomeric Ab

1–42 (1 mM; Bachem Holding, Bubendorf, Switzerland) was used for 4 days to mimic mild Ab (acute model) conditions. For severe Ab

(chronic model) conditions, monomeric Ab (2 mM) was administered for 4 days, with an additional shock using monomeric Ab (2 mM)

on day 2. Human IgG (10 mg/mL; ThermoFisher Scientific, Massachusetts, United States) was also added for 4 days to mimic the

increase in B cell population or IgG counts. To capture images of microglia, we used a spinning disc confocal microscope (Yoko-

gawa, CSU-X1; Tokyo, Japan). To quantify intracellular TGF-b, intracellular beta-amyloid, and Ab plaque intensity, 3D rendering

and masking processes were performed using the IMARIS software (Bitplane, Zurich, Switzerland). Methoxy-X04 (MX04) solution

(10% MX04, 45% propylene glycol and 45% PBS) was used to stain Ab plaques. The antibodies used are listed in STAR Methods.

QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical analyses were performed using GraphPad Prism 8 (San Diego, CA, USA), or MedCalc software (Acacialaan, Ostend,

Belgium) when appropriate. Categorical data was analyzed using the chi-square test. Independent t-test and ANOVA post-hoc tests

were used to compare numerical data. Outliers were excluded using Grubb’s test. The association between the values was deter-

mined using partial correlation analyses, with correction for several covariates. Amultiple regression analysis was also performed. To

test the discriminatory power of the variables, logistic regression followed by receiver operating characteristic (ROC) curve analysis,

and precision-recall curve analysis, with the bootstrapmethod (1000 iterations, random number seed = 978) tomimic the randomized

sampling process, were conducted. To compare the numerical values used in the pairwise sharing analysis, the Wilcoxon rank-sum

test was conducted after the Shapiro–Wilk test.

ADDITIONAL RESOURCES

Not applicable.

Ethical approval
This studywas approved under the recommendations of the Institutional ReviewBoard (IRB) of the Seoul National University Hospital
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