Aus dem Institut fiir Prophylaxe und Epidemiologie der Kreislaufkrankheiten
Klinikum der Ludwig-Maximilians-Universitdt Miinchen

Direktor; Univ.-Prof. Dr. med. Christian Weber

Elucidating atherosclerosis B cell immunity in hyperlipidemic mice
by next-generation sequencing

Dissertation
zum Erwerb des Doktorgrades der Naturwissenschaften
an der Medizinischen Fakultét der

Ludwig-Maximilians-Universitidt Miinchen

vorgelegt von
Xi Zhang
aus

Shanxi, China

Jahr

2023



Mit Genehmigung der Medizinischen Fakultét

der Ludwig-Maximilians-Universitdt Miinchen

Betreuerin: Univ.-Prof. Dr. rer. nat. Sabine Steffens
Zweitgutachter: PD Dr. rer. nat. Reinhard Obst
Dekan: Prof. Dr. med. Thomas Gudermann

Tag der miindichen Priifung: 09. Juli 2024



Table of Contents

Table of Contents

TADIE OF CONLEIILS .eeeeeeeeereeeeereeeeeneeseeeeereesessssssssesssssssssssssssssssesssssssssssssssssasssssssssssssssasssssssssosssssansl

Zusammenfassung (DeutsSCh) ....ceeieveiicivrinnsninssnninssnncssssncsssnicssssesssssesssssesssssssssssessssssssssscssss ¥

ADbStract (EnGliSh) .....ccoueievveriiivniiniviinssninssnncnsnicssnncsssnncssssssssssesssssssssssssssssssssssssssssssssssassess ¥ 1

| Y ) 0 TR 7 | |

LIST Of TADIES cceveeeeenneeieeeeeeeeeeereeecsecesssssssssssssscssssssssssssssssssssssssssssssssssssssssssssssssssssssanasssssssssssssas |

LISt Of ADDEEVIATIONS...cceeereeerrnerereeeerreerreresseeccsereessesssssssssssssssssssssssssssssssssssssssssssssasasssssssssssssaas N

1T INCTOAUCHION cu.eeeeeereeeeereeeeeeeeereeeneseseessscesessassssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssassnsnsnse |

11
1.1.1
1.1.2

1.2
1.2.1
1.2.2
1.2.3

1.3
1.3.1
1.3.2

1.4
1.4.1
1.4.2
1.4.3

1.5

Immune response 1

INNALE IMIMUNE TESPOIISE ....covevieirtieterieriietente ettt ettt eat bt et e bt sttt s b sbe st et et e st et esn et e st eneebeebeebeenes 1

Adaptive IMMUNE TESPONSE ....veeeveerererriertertetesteseetesseessesseesesseessesseessesssessesssessesssessesssessesssenseenes 2

B cell diversity 6

Immunoglobulin (IZ) STIUCULE .......cccuevvieiieiieiieteie ettt te e e sneennesseennas 6
[g SENE IeAITANGEIMENL ......cceiiiiiiiiiiieiieteeet ettt sttt ettt et n e e e sae e e sae e 7

B cell receptor (BCR) repertoire and repertoire sequencing (Rep-seq) ......cccvevevevecvenvecvenveceennennn. 9

Autoimmunity 10

TMMUNE tOLETAIICE ...t e e e et e e et e e e e e eteeeeenreseenneeeeaseeennneeeennes 10

AULOIMIMUNE QISEASE......eeeieveeeereeeeeeeeeeeteeeeeteeeeee e e et e e eteeeeeeeseeaeeseseeeeeseesensseeesnseeeenneeesnsneeensneeens 13

Atherosclerosis 13

Atherosclerosis PathOPRYSIOIOZY ......ccveruierierieieiieiesiete ettt ettt se e s eaesseeseennensens 13
Atherosclerosis inflammation and artery tertiary lymphoid organs (ATLOS) .....c.ccccecvevveevierieenene 16

The role of B cells in atherOSCIETOSIS. ......cvveieeeeeeieeieeetee et e e e e eennes 18

Objective 19

2 MaterialS ANd MEtROAS .....eeeerereeeeneeciieeeeereeeesseesssscsssesssssssssssssssssssssssssssssssssassssssssssssssses 21

2.1
2.1.1
2.1.2
2.13
2.14
2.1.5
2.1.6
2.1.7
2.1.8

Materials 21

REAZENS ANA KIS ....ueieiieiiiieieie ettt ettt et e st e et essesneensesseenseeseenseessenseensenes 22
CREIMICALS ...ttt ettt et ettt e b e bt e bbb b bbb bt et e s e e eneen 23
Solutions and DUFTELS .....c..eouerieitiieiciee et 24
PLIIMIETS .ttt ettt ettt e b bbb bbb b ettt e e 25
EQUIPIMENL.......iiiiiieie ettt ettt ettt et e st e e s et et e sntessesnsenseesseseensenseensanseensenns 26

[070) 115111 1 F:1 o) (<1 TR URRRSTRt 27



3

Table of Contents

2.2 Methods 29
2.2.1  Mouse dissection and tiSSUE COLLECTION. .......c.ouevieuirieiirieiirieircircce e 29
2.2.2  Single cell SUSPENSION PrEPATALION ......cveeeeeruerierrerierteereseetesseesesseesesseessessesseassesseessesseessessaensens 29
2.2.3  Plasma cell (PC) PUIIfICALION. .......ccuirieiieieie ettt e e aeeneesseenaesseesesenenseas 29
2.2.4  Cell Staining and SOTLING .......eecveeviereriieieeierteetesteete st eteseetesseesesseesseeseesseessesseensesseensesseesesseensens 30
225 RNAISOLAION ..ottt 30
2.2.6  LiDIary CONSIUCTION ...oviruietieiesiieterteeteeeteteetesseeeessesssesseessesseessesseesseaseessesssessessesseensesseessessaensens 30

2.2.6.1 BCR heavy chain Rep-seq library construction and seqUenCing ........c..cocceevververvenvervennennenns 30
2.2.6.2 Single-cell RNA sequencing (scRNA-seq) 5’ gene expression and immune profile library
COMSETUCTION ...ttt sttt st b e bt s e et s et st et s et e bt e b e eae e e s e s e s saenesaene e 31
2.2.7  Raw data quality control and pre-proCeSSING .........cevieruereererierieeierieeiereeereseeeseesseesaesseessesnensens 32
2.2.8  DAtA PrOCESSINE. . .euverurerieeretieientieteetteteesteseastessesssesseassesseessesseensesseensesssesseansesseansesseensesseessesseensens 32
2.2.8.1 REP-SEQ data PIrOCESSINZ.....coviruieieiieiieiieieeieieete st ete st e et eteseessessaessesssenseessenseensenseensenns 32
2.2.82 SCRINA-SEQ data PrOCESSING ....eevieeieiieeietieiieieete st ete st ete st ete st estesteeteeseesseeneenseeneesseennenees 34
2.2.8.3 BCR network CONSIUCHION. .......cviuiieiiieiiieiereecreecre e 34
2.2.84 Clonal expansion index and clonal diversification index determination...........c.ccccceveveueeee. 35
2.2.8.5 Class-switch recombination (CSR) event analySes...........ccoeeverereierierierenienieeieneeieseeneene 35
2.2.8.6 Somatic hypermutation (SHM) analySes ..........cecveeuerierierieiienieiesieieseeseeseeseeseeeseeseaeeeas 35
2.2.8.7 GENE SEEMENT ASSESSITCIL ....eeuveeirieniieeiieetieeteesite st esitesbeesbteeabeesbeesabeesteesabeesaeesareesbaesabeensees 36
2.2.8.8 PhylogeneticC analySES ........cccviveruirieriieieiieieseete sttt et ae st e saesaa e seessesseesaenseensenseensenns 36
2.2.8.9 ClONOLYPE trACKING ... eeveiieieieiete ettt sttt e st seesaesseesaesseensesseensenes 36
2.2.8.10  Differentially expressed genes (DEGs) and pathway enrichment analyses.............ccccoueuueee. 36
2.2.8.11  Single-cell BCR clonality analySes.........cccceecveriroieririieniieieeiienieeieseeeeesseeeeseeeseesseessessnesens 37
2.2.8.12  StatiStICAl ANALYSES ...c.veevveriieieeiieeeeiiete et ste e e te st ete st e et e sse et e esee bt nee st enaesneensesseennesnnenneas 37
RESUILS ccneeenrenienierinieitinieneeneetisnenessnesnessessesssessnessssssessssssssssessasssessaessasssssssessassssssaes SO

3.1 Germinal centre (GC)-dependent B-2 cell immune response in ATLOS......c.ccceeceeeeenees 38
3.1.1  Higher levels of B cell clonal expansion in SLOs and ATLOs of aged Apoe” mice .................... 38
3.1.2  Higher levels of clonal diversification in SLOs and ATLOs of aged Apoe” mice ........................ 41
3.1.3  Peritoneal cavity (PerC) B-1 cells are characterized by high levels of clonal expansion but low
levels of clonal dIVErSIICAtION .......cc.euivieuirieiiiieiricetce ettt 42
3.1.4  Higher levels of mutations in aged Apoe” SLO and ATLO B CellS .....c.ovvrrrmrrrrercerreerereecececeeeene. 43
3.1.5  CompromiSed CSR N ATLOS.....cc.ccieiieiieiieieieeiet ettt sttt st sre e seesaesseesaesseensesseensenns 44
3.1.6  Variable usage of IGHV family in aged 4poe” B CellS ........c.cocovevrereeeeeeeeeereeeeeeeeeeeseeveeeens 48
3.1.7  Distinct V-J recombination in aged Apoe” B CelIS ...........cccoovuevevrirereeeeeeeeeeseeeeesesersesesenesenns 50
3.1.8  Unique V-J recombination in ATLOS .......ccceecieiieieriieieieieee ettt sse e sse e e 53
3.1.9  Clonal expansion contributes to elevated IGHV segment usage in ATLOS .......ccccveevervecieneenenne 54

3.2 Compromised PC development in ATLOs 56
3.2.1  Expanded B cells preferentially differentiate into PCs in SLOS ......c.cccvverirenenininenenenenieeene. 56
3.2.2  Decreased fraction of shared BCR clones between ATLOs/blood PCs and ATLOs/BM PCs...... 59

II



Table of Contents

3.2.3  Higher fraction of expansion-derived PCs in ATLOS .........cccecveviirieniiiienesiese e 59
3.2.4  Lower levels of diversification in ATLO PC €lones .........ccccoueieieiiinineninineneneneneneeeieeenen 62
3.2.5  Similar levels of mutation in Apoe” SLOs and ATLO PCS.........cocooveveeereeeeeeeeeeeeneeseeeesenns 63
3.2.6  Decreased fraction of class-switched PCs in ATLOS........cccccoeinieineineinicicineieeeeeeeeeenene 64
3.2.7  Varied IGHV family selection in AP0e™ PCS ..........cccoovevveeeeereeeeeeeeeeeeeeeeeseeeeeesesessssesessesans 67
33 Breakdown of B cell immune tolerance in Apoe”™ mice 68
3.3.1  Increased clonality of B cells during B cell development in young Apoe™ mice ..............ccou..... 69
3.3.2  Similar clonality in aged WT and Apoe™ naive B CEllS ..........coovvvrereeeierereeeeeeeseserseseseneeenns 71
3.3.3  Atherosclerosis-specific overexpression of IGHV families in aged Apoe” mice.............ccooue..... 72
34 Disruption of immune tolerance in ATLO GCs 73
3.4.1 Distinct gene expression profiles in ATLO B CellS......cooiriirierierienieiieeciereeeieee e 74
34.2  scRNA-seq identifies 7 B subsets from total B cellS.........cccveieriirieniicieniiieeeeeeeeeeeee 75
3.4.3  Distinct B-cell compositions in ATLOS .......ccvevuiiieiieieiieieie ettt 80
344  Distinct gene expression profiles in ATLO B cell Subsets.........ccooveeverienerienieiieecieeeeeeen 82
3.4.5 Distinct B cell clonality in ATLOS......cceccveiiiieieeieeeiest ettt eee st sre e sae s aesseessesseensenns 84
3.4.6  Identification of 3 GC B cell subsets in total GC B cells........ccccovinniniiniiniecncceee &7
3.4.7 Disrupted GC dynamics in ATLOS ....cceoieiieiieieeiieeeieieeee ettt se e nseeneenes 89
34.8 Compromised GC reactions in ATLOS ......ccocveiiirierieeieiieieie ettt see st sae et seeesesseeseeneenes 91
3.4.9  Functional enrichments in ATLO GC B cell SUDSELS ........ccuevveieiiirininininenenieseeseeneeeeeeeenen 92
3.4.10 Overexpression of survival factors in ATLO PCS......ccceeieiirieieiiee et 95

4 DISCUSSIOM cuueeurerureruensnesensannsnesnessessaessnssansssessnessessasssnsssssssessassssssassssssssssaessasssassassasssaassaess IO

4.1 Mapping of B cells indicates B cell differentiation occurs in SLOs and ATLOs of Apoe
/

“mice 98
4.1.1  Increased clonal expansion and diversification in Apoe” MICE .........cocevvverieereieereieereieieieieinen, 98
4.12  Increased SHM and CSR i APOE™ IUCE ........cvveeervevereeeeeeeieeeeeeeeeseeesesesess e senes s sesenes 99
4.13  Differential V-J recombination in APOE” MICE ............covveveveviveeeeerereseereseseesesesessesesessessesenas 100

4.2 ATLOs regulate atherosclerosis-specific B cell autoimmune responses.........c..cceeeue.. 100
4.2.1  Why choosing ATLOs as sites for studying atherosclerosis-specific autoimmune responses? ... 100
4.2.2  Dysregulation of immune tolerance in mice 1acking Apoe............cccecuvvererienveninienicniencnenenene. 101
4.2.3  Existence of GC-dependent B-2 cell immune response in ATLOS........ccccecevererinenencnencnnenne. 101
4.2.4  Disruption of immune tolerance in ATLO GCS ......ccerieriiiierierieeeieeeeee e 102
4.2.5  Compromised PC machinery in ATLOS .....c.cccoecievieiieiiee et 103

4.3 Limitations and outlook 105

RETEIEIICES ..oeerereennnneeireeeeereereersesssscsesesssssssssssssssssssssssssssssssssssssssssssssssssanssssssssosssssanssssssssossssses 100

Supplemental TabIes ........ciciieivriiisninssnncnssnncssssicssnicssssncssssessssssssssssssssssssssssssssssssssssansscses 121

ACKNOWICAZEIMENTS ....cccourierrnricssrncsssnncssnncssasicssasisssssesssssesssssesssssssssssssssssssssssssssssssssssssssssssssse 128

III



Affidavit

Table of Contents

1Y%



Zusammenfassung

Zusammenfassung (Deutsch)

Atherosklerose verursacht Erkrankungen wie Herzinfarkt und Schlaganfall. Die Erkrankung
stellt die Haupttodesursache weltweit dar. Es gibt Hinweise darauf, dass Atherosklerose eine
chronische und unheilbare entziindliche Erkrankung ist. Sowohl angeborene als auch adaptive
Immunreaktionen werden als wesentliche pathogene Prinzipien mit der Entwicklung der
Atherosklerose in Verbindung gebracht. Eine ungeklirte Frage ist: Welche Rolle spielen B
Zellen wihrend der klinisch relevanten Spétstadien der Erkrankung? Insbesondere bleibt
ungekldrt, ob autoimmunreaktive B-2 Zellen wihrend der verschiedenen Stadien der
Atherosklerose gebildet werden, wo diese generiert werden und ob autoreaktive B-2 Zellen
gegen Autoantigene der erkrankten Arterienwand gerichtet sind. Bisher wurde davon
ausgegangen, dass B Zell-Immunreaktionen in sekundidren Lymphorganen wie Lymphknoten
und Milz stattfinden. Unsere Arbeitsgruppe hat eine alternative Hypothese verfolgt, nachdem
sie tertidre Lymphorgane, die sie als artery tertiary lymphoid organs (ATLOs) bezeichnet hat,
in der Arterienwand in Mausmodellen und humanen Arterien beobachtet hatte. Frithere Studien
der Arbeitsgruppe zeigten, dass ATLOs Germinalzentren und Plasmazellen enthalten. Folgend
diesen Ergebnissen, wurde hier die Hypothese untersucht, ob B-2 Immunreaktionen in ATLOs
organisiert werden. Mit Hilfe von next-generation-sequencing (NGS) wurde das B Zell
Rezeptor (B cell receptor; BCR) Repertoire in verschiedenen Geweben in gealterten Wildtyp-
Maiusen (WT) und Apolipoprotein-E-defizienten Méusen (Apoe-/-) analysiert. Die Ergebnisse
dieser Studie entschliisselten das BCR-Repertoire bei Maiusen, die an fortgeschrittener
Atherosklerose erkrankt waren. Sie stiitzen die Hypothese, dass Atherosklerose als echte B
Zell-assoziierte Autoimmunerkrankung gelten kann. Diese Studie bietet daher eine Blaupause
fiir die Suche und Identifizierung potenzieller Atherosklerose-spezifischer Autoantigene. Die

Daten er6ffnen ein neues Verstindnis der Grundursachen der Atherosklerose.



Abstract

Abstract (English)

Atherosclerosis causes multiple diseases such as heart attack and stroke. It constitutes the major
cause of death worldwide. Increasing evidence indicates that atherosclerosis is a chronic
unresolvable inflammatory disease. Both innate and adaptive immune responses are major
pathogenic principles associated with the development of atherosclerosis. A fundamentally
unanswered question is: what role do B cells play during the clinically relevant late stages of
the disease? In particular, it remains unclear whether autoimmune reactive B-2 cells are formed
during the different stages of atherosclerosis, where they are generated, and whether
autoreactive B-2 cells are directed against autoantigens of the diseased artery wall. It was
generally assumed that the B cell immune response of atherosclerosis occurs in secondary
lymphoid organs (SLOs) including the spleen and lymph nodes (LNs). Our group has
previously pursued an alternative hypothesis after describing artery tertiary lymphoid organs
(ATLOs) in the diseased arterial wall in mouse models and humans. Previous work by our
group has reported that the advanced stages of ATLOs contain activated germinal centres (GCs)
and plasma cells (PCs). Following these results, this work investigated the hypothesis whether
B-2 immune responses are organized in ATLOs. With the help of next-generation sequencing
(NGS), the B cell receptor (BCR) repertoire was analyzed across different tissues in aged wild-
type (WT) and Apolipoprotein E-deficient (4poe”™) mice. The findings of this study
systematically deciphered the BCR repertoire in mice burdened with advanced atherosclerosis,
supporting the hypothesis that atherosclerosis may qualify as a bona fide B cell-associated
autoimmune disease. This study therefore provides a blueprint to search for and identify
potential atherosclerosis-specific autoantigens. Furthermore, the data on B-2 cell immunity in
ATLOs appear to open multiple possibilities for understanding the root causes of

atherosclerosis.
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Introduction

1 Introduction

1.1 Immune response

The human body is exposed to a vast array of pathogenic microorganisms and other injurious
agents from the environment that may threaten normal tissue homeostasis and organ function.
In some instances, these conditions can cause diseases. However, the overwhelming majority
of pathogens are eliminated by the immune system to protect the body by mounting various
types of immune responses (Parkin and Cohen, 2001). The defence mechanisms can be divided
into two primary and general categories: innate immune responses and adaptive immune

responses (Chaplin, 2003, Romagnani, 2006).

1.1.1 Innate immune response

Innate immune responses constitute the acute mechanisms of the immune system to remove
injurious agents (Hoffmann and Akira, 2013). Innate immune responses involve both natural
barriers and innate immune cells. Skin and mucus contribute to the first line of defence with
both anatomically and chemically defined barriers. Pathogens capable of breaching such
physical barriers will meet strong cellular defence roadblocks that are carried out by a series of
distinct innate immune cells which are equipped with a series of effective mechanisms to
eliminate the foreign invaders (Turvey and Broide, 2010). Innate immune cells include
macrophages, several types of granulocytes, mast cells, and natural killer cells. These cells
express pattern recognition receptors (PRRs) which allow recognising molecular patterns
shared by many microbes and other injurious agents. The interactions of innate immune cells
with pathogens trigger the production of mediators by immune cells which either directly
destroy pathogens or regulate other cells that are involved in innate immunity (Kumar et al.,
2011). For example, macrophages ingest microbes and produce chemical mediators to eliminate
pathogens (Twigg, 2004). The powerful innate immune responses act rapidly within seconds to

hours but with low specificity (Fearon and Locksley, 1996).



Introduction

lTAMP
C& PRR
PRR-expressing cell
’ Activation
I |
\Si\\/) 050
A g D ) 7 Q
4 O
p \ B o -
Dendritic cell Macrophage Mast cell Natural killing cell Granulocytes Complement protein Y& T cell
Apoptosis ROS release Histamine Apoptosis ROS release Osmotic lysis Cytokine
release secretion
Antigen Cytokine Cytotoxic Histamine Enhance
presentation secretion Chemokine function release phagocytosis
release
Cytokine Cytokine Toxic proteins
secretion secretion

Figure 1.1 The innate immune system

Pathogens express on their surface or release pathogen-associated molecular patterns (PAMPs)
into the extracellular space, where they activate PRRs expressed by innate immune cells. The
activation leads to direct destruction of pathogens or the secretion of toxic mediators. ROS:
reactive oxygen species; Y0 T cell: gamma delta T cell (Modified from Dranoff, 2004, Kurts et
al., 2013).

1.1.2 Adaptive immune response

Adaptive immune responses are organised by T lymphocytes (cellular immunity) or by B
lymphocytes (humoral immunity). B cells and T cells share common lymphoid progenitors
which differentiate from hematopoietic stem cells in the bone marrow (BM). Maturation of the
respective progeny occurs separately with B cells developing in the BM and T cells developing
in the thymus. Pro-B cells are precursors of B cell development. Pre-B cells first differentiate
into immature B cells. The immature B cells immigrate to the spleen or mucosa-associated
lymphoid tissues (MALTSs) and subsequently undergo maturation. In T cell development,
progenitors seed the thymus via the bloodstream and form pro-T cells which are CD4/CD8
double-negative. Similar to B cells, pro-T cells proceed to pre-T cells, followed by positive
selection of CD4/CD8 double-positive T cells. Finally, CD4 (helper T cells) or CD8 (cytotoxic
T cells) single-positive T cells are termed mature naive T cells. These cells leave the thymus to
populate peripheral lymphoid organs and other peripheral tissues (Siebenlist et al., 2005,
Nemazee, 2006). Apart from conventional B-2 B cells, there is also a B cell population termed
B-1 B cells, which predominantly develops in foetal livers and reside in body cavities. B-1 B
cells can be separated into B-1a and B-1b subpopulations and these can be distinguished by the
expression of CD5 (Baumgarth, 2016).
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Figure 1.2 B cell and T cell development

Developmental stages are presented as labelled circles, with the name attached. Conventional
B cells and T cells share common lymphoid progenitors which differentiate from hematopoietic
stem cells in the BM. The subsequent development of B cells and T cells occurs in the BM and
thymus, respectively. In the BM, the development progresses through the pro-B cell, pre-B cell
and immature B cell stages. Immature B cells migrate to the spleen or mucosa-associated
lymphoid tissues and finally differentiate into mature B cells. T cell development similarly
progresses through the pro-T cell and pre-T cell stage, followed by a double-positive T cell
stage. Mature T cells differentiate in the thymus.

Mature T cells and B cells which have not yet encountered antigen are defined as naive cells
(Edelman, 1991, Garcia et al., 1999). Cellular immunity by T cells provide protection against
infected or aberrant cells. Naive T cells are activated after recognizing antigens presented by
virtue of antigen-presenting cells (APCs) such as macrophages, dendritic cells (DCs) and B
cells (Sprent, 1995, Gaudino and Kumar, 2019). APCs express a set of proteins called major
histocompatibility complex (MHC) molecules on their surface. Antigenic peptides are loaded
onto MHC molecules and bind to distinct antigen-specific receptors expressed on the surface
of T cells. Two families of MHC molecules are involved in antigen presentation. MHC class |
molecules mediate activation of CD8" naive T cells, and MHC class II interacts with CD4"
naive T cells (Neefjes et al., 2011). Activated T cells secrete cytokines such as interleukin 12
(IL-12) and interferons (IFNs) to stimulate proliferation and differentiation, resulting in the
generation of effector T cells. Effector CD4" cells assist in the regulation of immune responses

by releasing cytokines and mainly can be divided into T helper 1 (Tul), Tn2, Tul7 or follicular
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T helper cells (Trm). Effector CD8* T cells kill target cells by inducing apoptosis or other means.
The progeny of T cells may develop into memory T cells, which are functionally inactive but
respond to the same antigen subsequent to repeated exposures (Germain, 1994). Unlike innate
defence, adaptive immune responses are capable of exquisite epitope specificity on its target
pathogens (Chaplin, 2010). The adaptive immune system is also responsible for immunological
memory. Memory cells generated during primary exposure and react with prominently stronger

and quicker responses when they meet the antigens a second time (Dempsey et al., 2003).
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Figure 1.3 The T cell immune response

Antigens are presented by MHC I or MHC II molecules on the APC surface. They bind to the
TCR of cognate naive T cells for activation. Depending on the type of released cytokines,
activated CD4" T cells differentiate into memory CD4" T cells and a variety of Ty, cell subsets,
resulting in distinct immunoregulatory functions. Activated CD8" T cells differentiate into
effector and memory CD8" T cells, triggering programmed cell death. TGF: Transforming
growth factor; TCR: T cell receptor (Modified from Desmet and Ishii, 2012, Medzhitov et al.,
2011).

Humoral immunity is mediated by B cell-bound or secreted antibodies. Although small soluble
antigens can activate naive B cells through diffusion, generally naive B cells encounter antigens
after being attracted by APCs via their B cell receptors (BCRs) while concomitantly receiving
help from Tw cells (Parker, 1993, Batista and Harwood, 2009, Harwood and Batista, 2010). All
three cell types form aggregates termed the immunological synapse (IS) (Dustin, 2014).
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Activated B cells migrate towards germinal centres (GCs) and undergo multiple rounds of
somatic hypermutations (SHM) which refer to point mutations on BCR heavy chains during B
cell differentiation (Teng and Papavasiliou, 2007). With the further encounter of antigens
presented on the surface of follicular DCs (FDCs) accompanied by T cells, B cells with the
highest affinity to antigens receive survival signals for extended periods of time (hours) and
begin to proliferate while those B cells that have a too low affinity to antigen to survive undergo
apoptosis (Peperzak et al., 2012). This crucial process of B cell activation and maturation is
called affinity maturation leading to clonal selection of ever-increasing affinity of the antigen
for the BCRs (Chan and Brink, 2012). After multiple rounds of hypermutation and clonal
selection, high-affinity B cells are generated that exit the GCs and either become plasma cells
(PCs) or memory B cells (Kurosaki et al., 2015). Before the initiation of GCs, some activated
B cells can migrate to extrafollicular sites, proliferate and differentiate into extrafollicular PCs
that secrete low-affinity antibodies (MacLennan et al., 2003). The long-lived PCs are capable

for homing to the BM to organize long-lasting humoral immunity.
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Figure 1.4 The IS and affinity maturation of B-2 cells in GCs

With the help of Tx cells, DCs present antigens to naive mature B cells. Activated B-2 cells
enter GCs for rapid proliferation, resulting in clonal expansion and SHM. They then encounter
antigens which presented by FDCs to test antibody affinity. Only B cells bearing antibodies
with high affinity can survive and differentiate into either PCs or memory B cells. When leaving
GCs, memory B cells localize to the blood, spleen or lymph nodes (LNs), whereas PCs home
to the peripheral lymphoid organs or home back to BM (Modified from Siegrist and Aspinall,
2009, Georgiou et al., 2014).
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1.2 B cell diversity

1.2.1 Immunoglobulin (Ig) structure

BCRs are transmembrane receptors expressed on the surface of B cells. BCRs recognize
antigens via short antigen sequences termed epitopes. BCRs are composed of two parts:
membrane-bound Ig molecules and heterogeneous Iga/IgP signal transduction proteins (Seda
and Mraz, 2015). The majority of Igs are present in serum after secretion by PCs. The basic
structure of immunoglobulin is a “Y”-shape monomer consisting of two heavy polypeptide
chains and two light polypeptide chains bridged by disulfide bonds. In mammals, heavy chains
contain 450-550 amino acid residues. They are clustered into five isotypes differing in size and
composition, i.e. a, d, &, ¥, and p making up five classes of Igs together with light chains as IgA,
IgD, IgE, IgG and IgM (Schroeder and Cavacini, 2010). Light chains with 211-217 amino acid
residues are observed in two isotypes: k¥ and A (Schroeder and Cavacini, 2010). Amino acid
residues at the N’-end of light and heavy chains are very diverse and are therefore termed the
variable regions. They account for % of heavy chains and 'z of light chains, respectively. Three
hypervariable fragments associated with Ig diversity in the variable regions are defined as
complementary-determining regions (CDRs), with CDR3 yielding the most extensive
variability (Shirai et al., 1999). Four fragments between CDRs are called framework regions
(FRs), which are responsible for antigen binding and structure maintenance (Sela-Culang et al.,
2013). The relatively constant C’-end is referred to as the constant region with the ability to
determine the isotype of Ig chains. A total of six CDRs in paired heavy and light chains
collectively contact antigens, contributing to antibody specificity determination and antigen
recognition. The arm of the Y is organized by one variable domain and one constant domain,
determining antigen specificity and referred to as the Fab (Fragment, antigen-binding) region
(Wingren et al., 1996). The base of the Y termed Fc (Fragment, crystallizable) region only
consists of heavy chains and plays a role in the class determination of Igs and interaction with

complement proteins or Fc receptors (FcRs) (Woof and Burton, 2004).
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Figure 1.5 The structure of Ig monomers

The basic structure consists of two heavy (H) chains and two light (L) chains, held together in
Y-shape by disulphide bridges. Heavy chains have four domains, whereas the light chains have
two. The sequence of the first domain in both heavy and light chains is most variable, which is
termed the variable (V) region to determine antigen-binding specificity. The variable region is
composed of three CDRs and four supportive framework regions. The other domains form the
constant I region to determine the subclass of Igs. The arm of Y is termed Fab region for antigen
binding, and the base of Y is the Fc region for complement or Fc receptor binding (Taken from
Hansel et al., 2010).

1.2.2 Ig gene rearrangement

Effective adaptive immune responses are critically dependent on the diversity of antigen
receptors. However, the number of genes available to encode the receptors is limited by the size
of the genome. Gene rearrangements allow B cells to generate an immense number of unique
variable regions from a relatively small number of antibody genes (Market and Papavasiliou,
2003). There are multiple copies of four types of gene segments tandemly arranged in the
genomes of mammals, namely the variable gene segment (V), the diversity gene segment (D),
the joining gene segment (J) and the constant gene segment (C). Each copy is slightly different
from the other copies. For example, the human genome harbours 61 V, 26 D, 6 J and 9 C
segments for the heavy chain (Dunn-Walters, 2016). To construct a translatable RNA for
mature BCRs, V(D)J recombination is carried out in the BM to assemble variable regions via
recombinase activity. The heavy chains select one segment of V, D, J, respectively, and paste
them to the C segments. The light chains are similarly rearranged as either the k or the A chain

but exclude D segments. Furthermore, nucleotide addition or deletion, which has occurred in
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each gene joint site contributes to the diversity of the BCR repertoire (Schatz and Ji, 2011).
Once the variable region is generated successfully, it will silence the expression of any other
variable region, known as allelic exclusion, ensuring monoallelic expression and preventing
autoimmunity (Bergman and Cedar, 2004). The C segments have fewer copies but dominate
the classes of Igs. All naive mature B cells assemble p and 6 segments of constant region genes,
producing both IgM and IgD. Nevertheless, after being activated by antigens, B cells develop
the capacity to switch to express different C segments, resulting in the formation of IgA, IgG
or IgE antibodies. This mechanism is termed class-switch recombination (CSR), providing
diverse isotypes to govern distinct antigen clearance pathways after the antigen-antibody
interaction, such as through complement activation, virus neutralization, cellular cytotoxicity
or the release of chemokines and cytokines (Lu et al., 2018, van Erp et al., 2019). For example,
IgM isotypes have an enhanced ability to activate complement, driving clearance of early
infections, whereas IgG isotypes strongly induce functions like antibody-dependent cellular
cytotoxicity and phagocytosis to eliminate invaders (Czajkowsky and Shao, 2009, de Taeye et
al., 2019). Apart from recombination in the BM, activated B cells in the periphery also undergo
SHM to experience antigen-triggered point mutations, expanding diversity even further

(Odegard and Schatz, 2006).
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Figure 1.6 B cell gene rearrangement

A number of different genes are grouped in three loci in the genome, i.e., the heavy chain (IGH),
the « light chain (IGK) and the A light chain (IGL). Heavy chains take one fragment from the
variable (IGHV), diversity (IGHD) and joining (IGHJ) regions, respectively, and combines
them. Light chain genes are rearranged similarly but without diversity regions. Successfully
recombined Igs undergo class-switching to express a different fragment of constant region
genes during activation by antigens (Taken from Dunn-Walters, 2016).

1.2.3 BCR repertoire and repertoire sequencing (Rep-seq)

The combinatorial mechanisms of B cells generate approximately 10'°-10'! functional BCR
clonotypes by reshuffling the genetic code (Yaari and Kleinstein, 2015). This collection of total
BCRs is referred to as the BCR repertoire (Calis and Rosenberg, 2014). While the primary
repertoire is generated by V(D)J recombination, the secondary repertoire is generated after
antigen recognition processes in the GC. Therefore, the quality of the repertoire alters
depending on the stages of ongoing immune responses such as ageing, disease exposure and
even treatment (Dunn-Walters, 2016). For example, narrowing of the CD8 T cell repertoire
occurs during ageing (Blackman and Woodland, 2011). Therefore, dissecting the repertoire of
Igs sheds light on understanding how the adaptive immune responses are organized. Recently,
the rapid development of various sequencing technologies has stimulated sequencing of BCR
or TCR repertoires from a single mammal (Robins, 2013). With the power of next-generation
sequencing (NGS), the immunological repertoire had first been determined in small organisms
like Zebrafish and has led to an improved understanding of the adaptive immune system in
general (Weinstein et al., 2009). Despite the fact that the whole repertoire of humans is presently
inaccessible due to its extremely large size, sequencing obtained by Rep-seq has the power of
creating a temporal snapshot of the BCR repertoire and verify biomarkers for disease diagnosis
or vaccine development (Jiang et al., 2013). Substantial antibody specificity comes from the
IGH CDR3 region that is highly polymorphic owing to gene recombination and somatic
hypermutation, leading it as the most common immune system compartment for Rep-seq to

estimate the repertoire (Han et al., 2016).
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Figure 1.7 Overview of Rep-seq workflow

B cells are enriched for bulk sequencing or single-cell sequencing to be followed by library
preparation. Both messenger RNA (mRNA) and genomic DNA (gDNA) can be used as a
template depending on the purpose. Polymerase chain reaction (PCR) is introduced to construct
a library based on the specific target primers. The library is passed to sequence at the NGS
platforms such as Illumina MiSeq or Illumina HiSeq depending on sequencing length and depth
(Modified from Kim and Park, 2019).

1.3 Autoimmunity

1.3.1 Immune tolerance

Gene rearrangement leads to a remarkably broad repertoire of distinct B cells and T cells with
random specificity, of which a considerable portion of cells are capable to recognise self-
antigens (Wardemann et al., 2003a). However, under physiological conditions, there is no
immune response against self. The unresponsiveness preventing autoimmunity is due to the
phenomenon called self-tolerance, allowing the immune system to discriminate non-self from
self (van Driel, 2007). There are two layers of immune tolerance, i.e., central tolerance and
peripheral tolerance. Central tolerance emerges in the BM or thymus at the immature B cell or
T cell stages, respectively (Romagnani, 2006). Four mechanisms are involved in central
tolerance. First, clonal deletion triggers suicidal deletion of autoreactive cells by apoptosis
leading to elimination of autoreactive clones (Pelanda and Torres, 2012). This approach is

largely regulated by the expression of B cell lymphoma 2 (BCL-2) interacting mediator of cell
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death (BIM), which is a pro-apoptotic protein that belongs to BCL-2 family (Tsubata, 2017).
Second, autoreactive cells have the ability to change their receptors away from self-reactivity,
referred to as receptor editing. Light chains in BCRs or a chains in TCRs are rearranged further
to alternatively form new non-autoreactive receptors (Nemazee, 2006). The receptor editing in
immature B cells is facilitated by enforced expression of BCL-2 (Nemazee, 2017). Third,
anergy is the functional inactivation of self-reactive cells, resulting in specific unresponsiveness
to antigen stimulation. This mechanism is reversible as the anergic cells are capable of rescuing
their responsiveness with time if the antigen is removed (Xing and Hogquist, 2012). Cells are
required to recognize some microorganisms that carry epitopes similar to self-antigens,
however, giving room to cross-reactivity that may trigger autoimmune responses (Klinman,
1996). Forth, regulatory T (Trg) cells can imprint autoreactive clones with suppressive or
regulatory functions. The suppressers execute their roles by producing anti-inflammatory
cytokines, modulating the activation state and function of APCs or by direct cell-cell contact
and multiple other means (Sakaguchi et al., 2008). Central tolerance is efficient but cannot clear
all cells with autoreactivity yielding a considerable percentage of autoreactive lymphocytes to
enter the periphery. Therefore, additional peripheral tolerance mechanisms have emerged to
control tolerance of mature cells that have evaded central tolerance-triggered elimination and
that emigrated from the primary lymphoid organs into peripheral organs. Peripheral tolerance
is dominated by anergy and multiple other mechanisms such as the tolerance to antigens
decorated with sialic acid—binding Ig-like lectins (SIGLECS), but these mechanisms do not
involve receptor editing (Duong et al., 2010, Xing and Hogquist, 2012).

11
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Figure 1.8 Schematic representation of immune tolerance

In central tolerance, recognition of autoantigens induces immature autoreactive B cells or T
cells which undergo apoptosis, anergy or receptor editing. Additionally, autoreactive T cells
can differentiate into Tre. While mature lymphocytes leave primary lymphoid organs and
encounter antigens in the periphery, autoreactive cells do not respond via apoptosis or anergy.
Furthermore, Trg cells generated during the central tolerance mechanisms can suppress
autoreactive cells directly. CLP: Common lymphocyte progenitor.
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1.3.2 Autoimmune disease

The breakdown of tolerance contributes to the failure of eliminating autoreactive cells, leading
to recognition of self-antigens and consequently in some but not all instances causing self-
destructive autoimmune disease (Miller et al., 2007). The reason responsible for tolerance
breakdown is multifactorial, ranging from genetic defects to environmental factors. Gene
mutations in the autoimmune regulator (AIRE) for example can break central tolerance and lead
to autoimmune polyendocrinopathy syndrome type 1 (APSI1), which is characterized by
multiple endocrine gland dysfunctions (Akirav et al., 2011). By contrast, the autoimmune
lymphoproliferative syndrome (ALPS) is characterized by impairment of peripheral tolerance
(Rao and Oliveira, 2011). Failure to initial Trg development by mutated forkhead box P3
(FOXP3) genes results in immune dysregulation, polyendocrinopathy and enteropathy, i.e. the
X-linked syndrome (IPEX) (Gregersen and Behrens, 2006). Disorders resulting from failures
to control self-tolerance are also attributed to environmental phenomena such as ischemic injury,
gender, trauma, hormone dysregulation and chronic infection (Rosenblum et al., 2015). For
instance, women suffer ten times higher prevalence of systemic lupus erythematosus (SLE)

than men (Ngo et al., 2014).

1.4 Atherosclerosis

1.4.1 Atherosclerosis pathophysiology

Atherosclerosis is a Greek-originated term and refers to lipid accumulation and atheroma
development in the innermost layer of medium to large-sized arteries, i.e. the lamina intima
(Rafieian-Kopaei et al., 2014). The term is composed of two aspects: ‘atherosis’ which
designates fat deposition and ‘sclerosis’ which designates excessive fibrosis (Rafieian-Kopaei
et al., 2014). Atherosclerosis causes many types of cardiovascular diseases (CVDs) with organ
manifestations including myocardial infarctions in the heart and ischaemic strokes in the brain,
leading to globally high morbidity and mortality rates (Libby et al., 2019a). In 2021, more than
17 million people died due to CVDs, accounting for over 30% of deaths worldwide, and heart
attack and stroke represented 85% of these deaths (WHO, 2021).

Despite international research efforts, the pathophysiology of atherosclerosis has not been
clearly delineated. Based on a series of recent experimental data in mouse models of the disease
and attempts to translate these data to human atherosclerosis, lipoproteins such as low-density
lipoprotein (LDL) have been characterized to be involved in atherogenesis. While the artery

receives insults from cardiovascular risk factors, blood leukocytes adhere to the intimal surface
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with help of adhesion molecules expressed by endothelial cells and eventually migrate into the
intima. Within the intima, monocytes differentiate into macrophages to take up lipid and yield
foam cells, which is the hallmark of atherosclerosis initiation (Libby, 2021). Additionally, a set
of smooth muscle cells (SMCs) undergo metaplasia and form foam cells that share markers
with macrophages (Owsiany et al., 2019). Once plaques are established, the intima-resident and
newly recruited SMCs undergo proliferation to thicken the intima by way of elaborating
extracellular matrix macromolecules such as interstitial collagens and proteoglycans (Bennett
et al., 2016). These macromolecules form the fibrous cap overlying the lipid-enriched necrotic
core, which is composed of apoptotic SMCs and foam cells (Rafieian-Kopaei et al., 2014).
Leukocytes secrete IFN-y and matrix metalloproteinases (MMPs) to supress the collagen
production and digest collagens, respectively, leading to weakening of the fibrous cap. The
rupture of plaque occurs during the clinically important late stages of the disease thereby
contributing to atherosclerotic complications (Libby et al., 2011). However, with the shift of
dietary patterns and efficient lipid-lowing therapies, , an increasing number of coronary
thrombosis events result from the desquamation of endothelial cells and superficial erosion

which present in plaques with little or no lipid core (Libby et al., 2019b).
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Figure 1.9 Pathophysiology of atherosclerosis

(A) Initiation of atherosclerosis. The normal artery has a three-layer structure: the adventitia,
the media and the intima. Monocytes bind to adhesion molecules on the surface of endothelial
cells and mature into macrophages after entering the intima, in where they uptake lipoprotein
particles to form foam cells. T cells enter the intima and secrete cytokines. SMCs migrate to
the intima in response to chemoattractant expressed during leukocyte infiltration. (B)
Progression of atherosclerosis. The necrotic core is formed by accumulation of dead cells and
debris remained due to inefficient efferocytosis. Fibrous caps overlying the necrotic core
contain lymphocytes, SMCs and collagen-rich fibrous tissues. Thinning of the fibrous cap
impairs the collagen by increasing collagen breakdown eventually leading to rupture and
thrombosis (Modified from Libby et al., 2019a, Libby, 2021).
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1.4.2 Atherosclerosis inflammation and artery tertiary lymphoid organs (ATLOs)

Evidence identifies atherosclerosis as a chronic inflammatory disease (Libby, 2021). The
‘Canakinumab Anti-inflammatory Thrombosis Outcomes Study’ (CANTOS) confirmed that
neutralizing the IL-f with Canakinumab in patients which recovered from myocardial infarction
would reduce the possibility of recurring CVDs (Ridker et al., 2017). Additionally, the anti-
inflammatory agent colchicine is beneficial to reduce the recurrent CVD events in patients used
to suffer from acute coronary syndromes (ACS) (Nidorf et al., 2020). During atherosclerosis
progression, several types of immune cells are recruited to the plaque with the help of leukocyte
adhesion molecules expressed by endothelial cells (Hansson and Libby, 2006). Monocyte-
derived macrophages outnumber other immune cells in the plaque and mainly produce pro-
inflammatory mediators (Gistera and Hansson, 2017). Uptake of modified lipoproteins
mediated by scavenger receptors expressed on macrophages, contributes to proinflammatory
events in the artery wall (Moore and Freeman, 2006). T cells are also abundant in the plaque.
CD4" T cells may originate in the LNs and migrate into plaques (Angeli et al., 2004). They
mainly produce pro-inflammatory cytokines such as IFN-y and tumour necrosis factor (TNF)
to activate other cells of the plaque and may trigger inflammation (Buono et al., 2003). However,
regulatory CD4" T cells secrete anti-inflammatory cytokines and suppress pro-inflammatory T
cells to exert a protective function of atherogenesis (Foks et al., 2015). CD8" T cells account
for a substantial population in human and mouse plaque (Fernandez et al., 2019, Zernecke et
al., 2020).They have also been reported to promote inflammation by secretion of TNFa (Kyaw
et al., 2013). Whether significant numbers of B cells occur in plaques is controversial, while B
cells in spleen and LN show both anti- and pro-atherogenic functions (Wolf and Ley, 2019).
The innate B-1 cells are atheroprotective, whereas some adaptive B-2 cell subsets aggravate

inflammation (Gillotte-Taylor et al., 2001, Kyaw et al., 2010).

The immune response of atherosclerosis is not restricted to plaque and draining LNs. Tertiary
lymphoid structures were characterised as lymphoid aggregates adjacent to lesions in advanced
atherosclerosis in mice and humans (Galkina et al., 2006, Grabner et al., 2009, Akhavanpoor et
al., 2018). The normal adventitia contains a limited number of immune components, including
few T cells, few conventional DCs (cDCs) and few macrophages. In response to inflammatory
stress, however, both innate and adaptive immune cells are capable of infiltrating the adventitia,
and the diseased adventitia promotes lymph vessel neogenesis and angiogenesis. ATLOs are
located adjacent to lesions in abdominal adventitia of aged Apoe” mice and in coronary arteries

in humans among other territories. It has been reported that there is a correlation between the
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stage and size of ATLOs and the severity of atherosclerosis. ATLO Stage I: This stage forms
parallel to the formation of plaques. The infiltration of B cells begins, but without separated T
cell and B cell zones. ATLO stage II: Separated T and B areas are observed. This stage also
involves the appearance of new lymph vessels, high endothelial venules (HEVs) and LN-like
conduits. ATLO stage III: The advanced ATLOs contain separate T cell areas, B cell follicles
harbouring FDCs in activated GC and niches of PCs (Mohanta et al., 2014, Yin et al., 2016).
The formation of ATLOs indicates that they may be involved in the control of atherosclerosis
progression. In mouse ATLOs, naive CD4" T cells are recruited to generate CD4" and CD8"
effector and memory T cells, as well as CD4" Ty cells (Hu et al., 2015). Clement and
colleagues suggested that under the assistance of Tru cells, GC B cells are activated and
differentiate in both secondary lymphoid organs (SLOs) and ATLOs. This Tru-GC B cell axis
is regulated by CD8" Ty cells to limit the disease development (Clement et al., 2015).
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Figure 1.10 Structure of ATLOs in the abdominal aorta of aged apolipoprotein E-deficient
(Apoe™) mice

(A) The normal adventitia contains multiple immune cell subsets. During disease progression,
the adventitia undergoes multiple types of restructuring including recruitment of various
lymphocyte subsets and a variety of other leukocytes to generate a dense immune cell aggregate.
ATLOs are exclusively observed adjacent to plaques. (B) ATLOs are organised into T cell areas,
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B cell follicles and PC niches. ATLO neogenesis and its cellular constituents indicate both anti-
and pro-inflammatory roles. mDC: monocyte-derived DC. (Taken from Mohanta et al., 2014).

1.4.3 The role of B cells in atherosclerosis

B cell subsets have been shown to have both atherogenic or atheroprotective roles depending
on the subpopulations, pathways involved, stage of disease, experimental design and the mouse
model used among multiple other factors. B-1 B cells developed from fetal liver and adult BM
are involved in innate immune response. They can spontaneously secrete natural antibodies
which have been suggested to be responsible for the neutralization of pro-inflammatory factors
to limit pathogenesis (Baumgarth, 2011). Nearly 1/3 of natural IgM antibodies are capable of
recognizing oxidation-specific epitopes (OSEs), which are considered as antigens to induce
inflammation in atherosclerosis through activating endothelial cells and recruiting immune cells
(Chou et al., 2009, Binder et al., 2016). Horkko and colleagues successfully cloned B-1-derived
IgM antibodies from hypercholesterolemic mice, and these antibodies showed a protective
effect on atherosclerosis by suppressing macrophages to take up oxidised LDLs (ox-LDLs)
(Horkko et al., 1999). Contrarily, the conventional B-2 B cells are involved in adaptive immune
response through T cell-dependent pathways that require affinity maturation. The role of B-2
cells in atherosclerosis is complicated. Some studies have reported that increased levels of IgG
antibodies that bind to modified LDLs positively correlate with atherosclerosis in human
(Ravandi et al., 2011, Prasad et al., 2017). Alternatively, Centa et al. reported reduced size of
atherosclerotic plaques following transfer of Pax5"-Aicda-Credpoe”~ BM into Apoe®-
ROSA26CER2* mice to specifically delete GC B cells. This study suggested that restraining
GC reactions could attenuate murine atherosclerosis (Centa et al., 2018). Recent studies also
pointed out that self-reactive antibodies that target precipitated aldehyde dehydrogenase 4
family member A1 (ALDH4A1) to trigger T cell-dependent responses retard the progression of
atherosclerosis (Lorenzo et al., 2020). Besides the direct recognition and clearance of pathogens,
B cells also influence atherogenesis by regulating the cellular immune responses and releasing
cytokines. It has been reported that a complete deficiency of mature B-2 cells impeded the
development of atherosclerosis due to the reduction of T cell responses (Ait-Oufella et al., 2010).
Furthermore, proatherogenic roles have been identified on GM-CSF-producing B cells through
the elevation of CD4" T cells (Hilgendorf et al., 2014). Regulatory B (Br) cells produce
cytokines such as IL-10 and TNF to suppress immune responses. Gjurich et al. showed that
decreasing aortic Breg cells leads to decline of IL-10, which is associated with enhanced
atherogenesis in mice (Gjurich et al., 2014). Storm and colleagues stated that the B, subset

with CD21"MCD23"CD24hi features is beneficial in Apoe”~ mice (Strom et al., 2015).
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1.5 Objective

The underlying hypothesis of this thesis is that the presence of FDCs and proliferating B cells
in GCs of ATLOs indicates that ATLO GC B-2 cells are involved in an autoimmune response
directly against arterial wall-derived autoantigens. In fact, B-2 cells isolated from ATLO GCs
using single-cell cloning technology by our colleagues have been identified to recognize
autoantigen histone H2b and promote atherosclerosis in mice, supporting ATLOs organize
autoimmune response in atherosclerosis (Zhang, 2022). However, due to the limitation of
techniques, this is a biased investigation that could not systemically reveal the role of B cells in
atherosclerosis. In order to approach the hypothesis and understand B cell autoimmune response
in relation to atherosclerosis, aged Apoe”™ mice served as an experimental model and the bulk
BCR repertoire, which shapes and reflects the immune landscape, was systematically analysed
using NGS. Meanwhile, the combined single B cell transcriptome and the heavy-light chain
paired BCR information was assessed by using single-cell RNA sequencing (scRNA-seq)

technology. In particular, the following specific questions were addressed:

1. Is there a GC-dependent B-2 cell immune response in ATLOs?

2. Are immune tolerance checkpoints disrupted during early hyperlipidaemia or atherosclerosis

in Apoe”” mice?

3. Are immune tolerance checkpoints specifically breached in ATLOs?
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Figure 1.11 Hypothetical B cell response pathways in ATLOs

Circulating B-1 cells or mature naive B-2 cells enter ATLOs through HEVs. B-1 cells activate
and self-renew while encountering inflammatory to form B-1a and B-1b cells. B-2 cells undergo
T-dependent GC response to generate memory B cells and PCs with high affinity BCRs. (Taken
from Yin et al., 2016).
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2 Materials and Methods

2.1 Materials

2.1.1 Mice

Materials and Methods

Wild type (WT) C57BL/6J and Apoe”” mice on the C57BL/6J background were purchased from

the Jackson Laboratories and maintained in the animal facility of Ludwig-Maximilians-

Universitdt Miinchen (LMU) under specific pathogen-free conditions. All mice were fed with

standard rodent chow and kept under a 12-hour light/dark cycle. Animal procedures were

performed in strict adherence to guidelines of the local Animal Use and Care Committee and

the National Animal Welfare Laws approved by the Regierung of Oberbayern.

2.1.2 Antibodies

Table 2-1: List of antibodies

Target antigen \ Clone \ Conjugation \ Dilution \ Company \ Storage
Primary antibodies
CD19 eBiolD3 | APC 1:200 eBioscience 4°C
CD24 30-F1 FITC 1:200 eBioscience 4°C
CD43 eBioR2/60 | PE 1:200 eBioscience 4°C
CD45 30-F11 PerCP/Cy5.5 | 1:200 eBioscience 4°C
GL7 GL-7 Biotin 1:200 eBioscience 4°C
IgD 11-26¢ V450 1:200 eBioscience 4°C
IgM 11/41 PE-Cy7 1:200 eBioscience 4°C
PNA - FITC 1:200 Vector 4°C
Secondary antibodies
Streptavidin - APC- 1:200 eBioscience 4°C

eFluor™ 780

Fluorescence dyes for dead cells
Fixable viability dye APC-Cy7 1:1000 eBioscience -80 °C
(FVD) :
Isotype controls
Invitrogen™
UltraCom Thermo Fisher | |,
eBeadsTMp i i I drop Scientific 4°C
compensation beads
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2.1.3 Reagents and Kkits
Table 2-2: List of reagents and Kkits

Name Company Storage Application
CD138 microbeads, mouse Miltenyi Biotec 4°C Cell purification
. . . . ROOm .
Chromium chip A single cell kit, ) 10x library
10x Genomics temperature )
16 rxns construction
(RT)
Chromium 17 multiplex kit, 96 . 10x library
10x Genomics -20 °C )
rxns construction
Chromium single cell 5' library 10x library
. 10x Genomics variable ‘
and gel bead kit, 4 rxns construction
Chromium single cell 5' libra 10x libra
‘ g v 10x Genomics -20 °C v
construction kit, 16 rxns construction
Chromium single cell V(D)J ) 10x library
. _ 10x Genomics -20 °C ‘
enrichment kits, mouse construction
' Advanced . Library quality
DNF-910 dsDNA reagent kit ‘ variable
Analytical control
' Library
EB buffer Qiagen RT ‘
construction
. Repertoire library
Encyclo plus PCR kit Evrogen -20°C )
construction
Fetal bovine serum (FBS) Gibco -20 °C FACS
KAPA HiFi HotStart ) Repertoire library
' Kapa Biosystems -20°C )
ReadyMix(2X) construction
) ) New England Library quality
NEBNext Library Quant kit ‘ -20 °C
BioLabs control
) ) ) Repertoire library
Nextera® index kit [Nlumina -20 °C )
construction
‘ | Thermo Fisher Library quality
Qubit™ 1X dsDNA HS assay kit o RT
Scientific control
RNaseZap™ RNase Thermo Fisher
o ) o RT RNA extraction
decontamination solution Scientific

22




Materials and Methods

RNasin® plus ribonuclease Repertoire library
o Promega -20 °C '
inhibitors construction
RNeasy mini Kit Qiagen RT RNA extraction
SMARTScribe reverse Repertoire library
‘ TaKaRa -20 °C '
transcriptase construction
PCR product
SPRIselect Beckman Coulter RT o
purification
Thermo Fisher
TRIzol® reagent o 4°C RNA extraction
Scientific
) New England Repertoire library
Uracil-DNA Glycosylase (UDQG) ‘ -20 °C
BioLabs construction
2.1.4 Chemicals
Table 2-3: List of chemicals
Name Company Storage Application
Acetic acid, glacial SIGMA RT TAE buffer
Collagenase I (125 CDU/mg) SIGMA -20 °C Enzyme cocktail
Collagenase XI (1200 CDU/mg) SIGMA -20 °C Enzyme cocktail
DNAse I (2000 U/mg) Carl Roth -4 °C Enzyme cocktail
‘ Enzyme cocktail,
Dulbecco's phosphate-buffered saline
GIBCO RT fluorescence-activated
(DPBS)
cell sorting (FACS)
EDTA SIGMA RT EDTA
Ethanol absolute VWR RT Library construction
Glycerol MERCK RT 10x library construction
HCI Carl Roth RT pH adjustment
HEPES SIGMA RT Enzyme cocktail
Hyaluronidase (400-1000 U/mg) SIGMA -20 °C Enzyme cocktail
10% Ketamine Medistar RT Mice anesthetization
ammonium-chloride-
KHCO3 MERCK RT potassium (ACK)
buffer
Na;EDTA<2H,0 SIGMA RT ACK buffer
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NaOH Carl Roth RT pH adjustment
NH4Cl SIGMA RT ACK buffer
Phenol/ chloroform/ isoamyl alcohol | Carl Roth 4°C RNA extraction
Sedaxylan Ecuphar RT Mouse anesthetization
Tris SIGMA RT TAE buffer
Tween 20 SIGMA RT 10x library construction
2.1.5 Solutions and buffers
Table 2-4: List of solutions and buffers
Name Chemical composition | Amount | Storage Application
Collagenase I 540 mg
Coll XI 15.6
cocktail stock od S 20°C Aorta digestion
solution DNAse [ 4.5 mg
HEPES 714.6 mg
DPBS 30 ml
EDTA 186.12¢g
Oél\f 335 DTA (L), Distilled water 1L RT Tissue collection
P Adjust pH to 8
FBS 4 ml o
FACS buffer DPBS 196 ml 4°C FACS
magnetic-activated | FBS 2ml
cell sorting 50 mM EDTA 4 ml 4°C Cell purification
(MACS) buffer DPBS 94 ml
NH4Cl 892 ¢
: KHCO; lg
1X ACK lysis NaEDTA*2H>0 0354 ¢ RT Erythrocyte lysis
buffer —
Distilled water 1L
AdjustpH to 7.2 - 7.4
50X tri tat Tris 242 ¢
EDT;?RZ%? i Acetic acid, glacial 57.1 ml RT Gel
buffer 0.5 M EDTA,pH=8 100 ml electrophoresis
Add distilled water to 1L
NaOH 40g .
10M NaOH Distilled water 100 ml RT pH adjustment
HCI 37 ml :
0
37% HC Distilled water 63 ml RT pH adjustment
Glycerol Sml 10X library
0 70 °
30% glycerol RNase-free water Sml 20°C construction
Tween 20 100 pl 10X library
0 70 °
10% Tween 20 RNase-free water 900 pul 20°C construction
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2.1.6 Primers

Table 2-5: List of primers used for repertoire library construction

Primer Application Sequence Conc((lallll\t/f)atlon
First strand cDNA synthesis
5'-adapter
Template switch adapter with | /5Biosg/ AAGCAGUGGTAU
SmartN | unique molecular identifiers | CAACGCAG 20
NN+G (UMIs), universal for all AGUNNNNUNNNNUNNN
libraries NUCTTrGrG+G
3'-primer
clga-1 | Primer for cDNA synthesis, | 1,66 AGTTTACGGTG | 20
mouse IgA heavy chain
clgG-1 | Primer for cDNA synthesis, | » 54 \GaTGTGCACACCG | 20
mouse IgG heavy chain
clgM-1 | Primer for cDNA synthesis, | 6564 s GaTTCTGATACC |20
mouse IgM heavy chain
First PCR amplification
5'-primer
Step-1 Step-out primer 1, universal | CACTCTATCCGACAAGC 10
for all libraries AGTGGTATCAACGCAG
3'-primer
MFA-3 Nested primer I, mouse IgA | GGTGGGAAGTTTACGGT 10
heavy chain GGTTATATCC
MFG-1 Nested primer 1, mouse IgG | AGAAGGTGTGCACACCG 10
heavy chain CTGGAC
MFM-1 Nested primer 1, mouse IgM | TGGGAAGGTTCTGATAC 10
heavy chain CCTGGATG
Second PCR amplification
5'-primer
TCGTCGGCAGCGTCAGA
TSO2 Step-out primer 2, universal | TGTGTATAAGAGA 10
for all libraries CAG(N)CAGTGGTATCAA
CGCAGAG
3'-primer
GTCTCGTGGGCTCGGAG
AS2 Nested primer 2, mouse IgA | ATGTGTATAAGAGA 10
heavy chain CAG(N)TGTCAGTGGGTA
GATGGTG
GTCTCGTGGGCTCGGAG
1/2GS-2 Nested primer 2, mouse IgG1 | ATGTGTATAAGAGA 10
and IgG2 heavy chain CAG(N)AGTGGATAGACM
GATGG
3GS-1 Nested primer 2, mouse IgG3 | GTCTCGTGGGCTCGGAG 10
heavy chain ATGTGTATAAGAGA
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CAG(N)AAGGGATAGACA
GATG
GTCTCGTGGGCTCGGAG
MS-2 Nested primer 2, mouse IgM | ATGTGTATAAGAGA 10
heavy chain CAG(N)GGGGGAAGACAT
TTGG
Index ligation
S' primer
[llumina P7 primer with CAAGCAGAAGACGGCAT
Index 2 index ACGAGAT[i7]GTC -
TCGTGGGCTCGG
3' primer
[llumina P5 primer with AATGATACGGCGACCAC
Index 1 index CGAGATCTACAC[IS]TCG | -
TCGGCAGCGTC
2.1.7 Equipment
Table 2-6: List of equipment
Name Company Application

10x chip holder 10x Genomics 10x library construction

10x magnetic separator 10x Genomics 10x library construction

10x vortex adapter 10x Genomics 10x library construction

Applied Biosystems 7900HT fast real-

Thermo Fisher

time PCR system Scientific Library quality control

BD FACSAria III Cell Sorter BD Biosciences FACS

BP2100S analytical balance Sartorius Enzyme.cocktall
preparation

C1000 touch™ thermal cycler BIO-RAD 10x library construction

Chromium controller

10x Genomics

10x library construction

DynaMag™ - 96 side skirted Th;rmp Fisher Repertoqe library
Scientific construction
Electrophoresis power supply CONSORT Gel electrophoresis
Eppendorf Research® plus single . .
channel pipette, 0.1 - 2.5 il Eppendorf Library construction
Eppendorf Research® plus single . .
channel pipette. 0.5 - 10 pl Eppendorf Library construction
Eppendorf Research® plus single . .
channel pipette, 10 - 100 ul Eppendorf Library construction
Eppendorf Research® plus single . .
channel pipette. 100 - 1000 pl Eppendorf Library construction
Eppendorf Research® plus single . .
channel pipette, 2 - 20 yl Eppendorf Library construction
Eppendorf Research® plus single . .
channel pipette, 20 - 200 ul Eppendorf Library construction
Fragment analyzer Advanced Analytical | Library quality control
Galaxy mini centrifuge VWM Rep ertoire library
construction
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Gel Doc EQ System BIO-RAD Gel electrophoresis
H§raeus Bl.ofuge Fresco Th;rmp Fisher RNA extraction
microcentrifuge Scientific
. Thermo Fisher
Heraeus megafuge 40R centrifuge Scientific FACS
HI 2211 pH/ORP meter Hanna Instruments pH adjustment
IKAMAG® RET maganetic stirrer ‘(1?121:)& Kunkel pH adjustment
Innova 4230 refrigerated incubator New Brunswick S
o Aorta digestion

shaker Scientific
Leica DMil inverted microscope Leica FACS
Liebherr nofrost safe fridge Liebherr Storage
Liebherr premium fridge Liebherr Storage
Microwave oven Fireline Gel electrophoresis
NanoDrop 1000 spectrophotometer Th; rmo Fisher RNA extraction

Scientific
New Brunswick ultra-low temperature | Eppendorf Storage
Pipet-Lite™ XLS+ manual 8-channel Rainin Library construction
pipette, 20-200 pl Y
Pipet-Lite™ XLS+ manual 8-channel . . .
pipette, 2-20 ul Rainin Library construction
Precision balacne S72 KERN Gel electrophoresis

) Thermo Fisher . .

Qubit 3.0 fluorometer Scientific Library quality control
R160P analytical balance Sartorius Enzyme cocktail

preparation

Scotsman flake ice machine AF 80

Scotsman Ice System

Library construction

20-200 pL

Sub-Cell GT Cell BIO-RAD Gel electrophoresis

T100™ thermal cycler BIO-RAD Repertoqe library
construction

TC20™ automated cell counter BIO-RAD 10x library construction

Thermomixer 5436 Eppendorf Gel purification

Vortex shaker VF2 Janke & Kunkel Library construction

VWR Signature™ ergonomic high

performance multichannel pipettor, VWM Library construction

2.1.8 Consumables

Table 2-7: List of consumables

Name

Company

Applied Biosystems™ MicroAmp® 8-cap strip

Thermo Fisher Scientific

Applied Biosystems™ MicroAmp® 8-tube strip (0.2 ml)

Thermo Fisher Scientific

plate (0.1ml)

Applied Biosystems™ MicroAmp® fast 96-well reaction

Thermo Fisher Scientific

BD DISCARDIT II syringe, 10 ml BD
BD DISCARDIT II syringe, 2 ml BD
Cell counting slides for T210 ™ cell counter BIO-RAD
Eppendorf PCR Tubes, 0.2 ml Eppendorf

27




Materials and Methods

Eppendorf Safe-Lock Tubes, 0.5 ml Eppendorf

Eppendorf Safe-Lock Tubes, 1.5 ml Eppendorf

Eppendorf twin.tec® PCR plates 96, unskirted, clear Eppendorf

Falcon® 5 ml round-bottom polystyrene tube Corning

Falcon® 70 pum cell strainer Corning
Haemacytometer cover glass Thermo Fisher Scientific
MS columns Miltenyi Biotec
Neubauer chamber Merck

Omnifix® 100 solo syringe, 1 ml B.Braun

Qubit™ assay tubes Thermo Fisher Scientific
TipOne® filter tip (sterile), 10 pl Star Lab

TipOne® filter tip (sterile), 1000 pl Star Lab

TipOne® filter tip (sterile), 200 pl Star Lab

TipOne® tip, refill, 10 pl Star Lab

TipOne® tip, refill, 1000 pl Star Lab

TipOne® tip, refill, 200 pl Star Lab

Tips LTS 200UL filter RT-L200FLR Rainin

Tips LTS 20UL filter RT-L10FLR Rainin

Tube, 15 ml, 120x17 mm, PP Sarstedt

Tube, 50 ml, 120x17 mm, PP Sarstedt
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2.2 Methods

2.2.1 Mouse dissection and tissue collection

Mice were anesthetized with 0.5 ml anaesthetics (containing 10% ketamine and 20mg
sedaxylan, diluted with DPBS) through intraperitoneal injection. The genotype, sex, age and
weight of mice were documented. For tissue collection, peritoneal cavities (PerC) were washed
with 10 ml FACS buffer to collect lavage; blood was taken by heart puncture. The mice were
perfused with 10 ml EDTA, 20 ml DPBS, followed by 20 ml FACS buffer. After perfusion,
renal LNs (RLNs), spleens, aortas were isolated. BM was collected by flushing the femur and

tibia with 10 ml FACS buffer. All tissues were kept on ice until further processing.

2.2.2 Single cell suspension preparation

The collected tissues were cut into pieces and crushed to pass 70 pm? strainers. Aorta samples
were digested with 2.5 ml enzyme cocktail at 37 °C for 45 min before processing to filter. The
filtered cell suspension was centrifuged under 300 x g for 5 min. After discarding the
supernatant, 5 ml Ack lysis buffer was added to spleen, blood, and BM samples to lyse red
blood cells. The lysis lasted for 5 min at RT, followed by twice washing to remove cell debris
and residual lysis buffer. Cells were resuspended in 1 ml FACS buffer and filtered through 100
um? filters before counting. The cell number was determined using Neubauer chamber under

the microscope.

2.2.3 PC purification

PCs from spleen, RLNs, blood, BM and aorta were isolated by utilizing CD138 mouse
microbeads. According to the protocol (Miltenyi Biotec, 2012), cells were centrifuged to pipette
off the supernatant and resuspended in 40 ul ice-cold MACS buffer per 107 cells. 10 ul
microbeads per 107 cells were added to incubate 20 min at 4° C. The incubation was terminated
with 1-2 ml ice-cold MACS buffer per 107 cells and centrifuged to collect cells. Cells were then
re-suspended with 500 pl MACS buffer. The cell suspension was applied onto the MACS MS
columns and placed on the separator. The unlabelled cells were collected for subsequent B cell
sorting. The magnetic-labelled PCs were flushed out using 1 ml MACS buffer when removing

the columns from the separator.
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2.2.4 Cell staining and sorting

The APC-Cy7-conjugated FVD was stained to label live cells which are FVD-negative. For
BCR Rep-seq, the FACS was performed relying on CD45-PerCP/Cy5.5, CD19-APC, IgD-
V450, IgM-PE/Cy7, CD24-FITC, CD43-PE, GL7-biotin and PNA-FITC. Total B cells were
sorted as CD45°CD19" cells. The immature naive B cells were determined as
CD45"CD19" IgM*IgDCD24"CD43" cells, and the mature naive B cells were isolated as
CD45"CD19" IgM*IgD*CD24°CD43" cells. The GC B cells from spleen was sorted as
CDA45"CD19IgD"GL7"PNA". All cells were sorted into 2 ml FBS, and the sorted samples were
centrifuged to discard the supernatant and stored in 1 ml Trizol at -80 °C until RNA extraction.
For scRNA-seq, CD45" cells were sorted into a cold tube pre-rinsed with FACS buffer. Cell
number and viability were determined by using of TC20™ automated cell counter. The cells

were maintained on ice until loaded to the Chromium controller.

2.2.5 RNA isolation

To construct the library for Rep-seq, mRNA was isolated according to a modified protocol
using the RNeasy mini kit (Yin et al., 2015). Briefly, 200 pl choroform per sample was added
to samples which stored in Trizol. After sharp shaking and centrifuging, the supernatant was
transferred to a new column. 280 pl ethanol was added to the supernatant, followed by rinsing
with 500 pl RW1 buffer, 500 pl RPE buffer and 500 pl 80% ethanol. Finally, RNA was eluted
with 10 pl RNase-free water and their quality were checked by NanoDrop ND-1000
spectrophotometer. The RNA concentration was adjusted to 10 - 100 ng/ul before library

construction.

2.2.6 Library construction

2.2.6.1 BCR heavy chain Rep-seq library construction and sequencing

The whole library construction protocol was modified from the paper published by Mamedov
et al. (Mamedov et al., 2013). The reverse transcription of cDNA was performed in 10 pl
reaction system: 2 ul RNA templates were combined with 1.5 ul IgA/ IgG/IgM mixed heavy
chain reverse primer and incubated for 2 min at 72° C. The mixture was immediately cooled on
ice and a second mixture comprising 2 pl first-strand buffer (5X), 1 ul DTT (20 mM), 1 pl
dNTP, 1.5 pl UMlI-contained template switch adapter, 1 pl SMARTScribe™ reverse
transcriptase (10X) and 0.25 pl RNase inhibitor (40U/ul) was added to the mixture. The new

reaction mixture was incubated at 42 °C for 60 min and followed by 10 min at 70 °C. 10 pl
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uracil DNA glycosylase which consisted with 6 pl RNase-free water, 2 pul 10X UDG reaction
buffer and 2 ul UDG was applied to the cDNA synthesis products with 1-hour incubation at
37 °C to hydrolyse the residual template switch adaptors.

Two rounds of nested PCR cycles were performed to amplify cDNA products. In each round,
5 pl template was mixed with 20 pl reaction mixture (14.5 pl sterile PCR water, 2.5 pl 10X
Encyclo buffer, 0.5 ul 50X dNTP, 0.5 pl 50X Encyclo polymerase mix, 1 pl universal 5° primer
and 1 pl 3’ reverse primer mix). The condition of thermal cycling was set as 94 °C/2 min;
95 °C/20 s, 65 °C/20 s, 72 °C/50 s (repeated 20 cycles for the 1% round PCR and 18 cycles for
the 2" round PCR); 72 °C/5 min and followed by 10 s at 12 °C. The PCR products in each
round were purified using SPRIselect reagent following the standard protocol (Picelli et al.,

2014).

Since part of Illumina index sequences had been introduced to the amplified cDNA products
through the 2™ round PCR, the distinct combination of Illumina indices was ligated by an
additional round of PCR. 25 pl reaction mixture (1 pl template containing 1 ng purified PCR
products, 6.5 pl sterile PCR water, 12.5 pl 2X KAPA HiFi ready mix, 2.5 pl Nextera XT index
primer 1, 2.5 pl Nextera XT index primer 2 and 1 pl Nextera XT index primer 1) was carried
out at the thermal cycling condition: 72 °C/3 min; 95 °C/3 min; 95 °© C/30's, 55 °C/30's, 72 °C/30
s (repeated 8 cycles); 72 °C/5 min; 12 °C/10 s. The index-ligated products were cleaned with
SPRIselect reagent and pooled together equivalently for sequencing. Before loading to the
sequencer, the concentration of pooled libraries was measured by Qubit and NEBNext library
quant kit. The size of libraries was also checked using the Agilent bioanalyzer. Only libraries
of high quality were loaded onto Illumina MiSeq platform and subjected to 2 x 300 bp paired-
end sequencing, with 1% of PHiX spike-in as control library.

2.2.6.2 scRNA-seq 5’ gene expression and immune profile library construction

The single-cell transcriptome library and B cell V(D)J library were prepared using Chromium
single cell V(D)J reagent kits following the standard guidance. The single-cell suspension was
loaded onto the Chromium chip with gel bead-in-emulsions (GEM) and reverse transcription
mixture, targeting recovering 3000 single cells for each sample. The reverse transcription and
following library construction were performed using C1000 Touch thermal cycler. Totally 14
cycles were set for cDNA amplification. 5’ gene expression libraries or BCR libraries were

pooled together with the same quality for sequencing. The size range of final libraries was
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checked on a fragment analyser, and the concentration was determined using both Qubit and
NEBNext library quant kit. Pooled libraries were sequenced by Illumina NextSeq 500
sequencer with 26 + 91 bp paired-end sequencing for the 5° gene expression library and 2 x 150
bp paired-end sequencing for the B cell V(D)J enriched library (Wang et al., 2022).

2.2.7 Raw data quality control and pre-processing

The sequences of each sample were split based on their unique index combination. The quality
of FASTQ files contained raw sequence data was controlled with FastQC (version 0.11.5)
software (Andrews, 2010). Sequences in the repertoire libraries were trimmed from 3’ end using
the PRINSEQ (version 0.20.4) tool to remove bases which had a Phred-like score lower than
20. And the sequences whose length were shorter than 250 bp were also discarded (Schmieder
and Edwards, 2011).

2.2.8 Data processing

2.2.8.1 Rep-seq data processing

The UMIs are 8-22 random nucleotides added via template-switch oligos during cDNA reverse
transcription. Constructing UMI-based libraries allows reduction of PCR amplification biases
and correction of sequencing errors as well as ambiguities in combination with advanced
algorithms and software (Kivioja et al., 2011, Kinde et al., 2011, Shugay et al., 2014). With the
help of the MIGEC (version 1.2.7) software, the pre-processed high-quality sequences were de-
multiplexed, and the UMIs were extracted as well as documented (Shugay et al., 2014).
‘CAGTGgtatcaacgcagagtNNNNtNNNNtNNNNtctt’ was used as a master barcode sequence to
extract UMIs. Reads with the same sequences of UMI were collapsed and aligned to generate
one consensus sequence. Only UMIs containing more than one read were retained, and the
single-mismatched erroneous UMIs were dropped. De-multiplexed paired-end reads were
mapped into built-in database to assign V/D/J segment and assembled into unique BCR
sequences using MiXCR (version 3.0.5) software (Dmitriy et al., 2015). The 5 end and the 3’
end of the library was respectively specified as ‘v-primers’ and ‘c-primers’. The presence of
the adapters in the library were also stated. Only VDJ region of BCR heavy chains were
analysed for each library. The orientation of paired-end reads was set to ‘collinear’. Sequences
with the same VDJ region but different C genes were not merged during assemble. The average
quality score across all reads was used to aggregate all sequences and the probability of single

nucleotide mutation involved by PCR or sequencing error was set to ‘1E-5’. Sequences
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containing at least one low-quality nucleotide were completely dropped. Only productive BCR
sequences were filtered for downstream analyses which were performed based on VDIJtools
(version 1.2.1) software and R (version 3.6.0) software (Shugay et al., 2015, R Core Team,
2019).

(A)
_ pre-processed sequences

[— ] [ | —
(B) [E— (C) / —
UMI1 (5) [ unique BCR1 (1) L - ] —
— . _ [ -
[ _ .
UMI2 (3) —
L — — | . —
unique BCR2 (2)
[ [ I ] — I
UMI3 (3) [— s [ —
[ _ L . [ .
(D) clonotypet (2) clonotype2 (3) clonotype3 (2)

Figure 2.1 Data processing pipeline of BCR repertoire sequencing

(A) The raw data sequenced by Illumina were passed through PRINSEQ for quality filtering
(data pre-processing). (B) The multiple read copies of UMIs (e.g., UMI1 contained 5 copies)
were introduced by PCR amplification. Sequences with the same UMI were grouped, and the
unique UMIs were extracted by MIGEC (UMI de-multiplex). (C) The unique BCRs were
referred to the identical BCR sequences carrying diverse UMISs, reflecting the levels of mRNA
expression (e.g., unique BCR2 was expressed twice). The unique BCRs were determined by
MIXCR (VD] assign and unique BCR assemble). (D) Unique BCRs shared identical CDR3
amino acid region, IGHV family and IGHJ family, but differed by mutation or isotype were
defined as one clonotype as they were derived from a common progenitor.
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2.2.8.2 scRNA-seq data processing

The sequencing data were de-multiplexed based on Illumina index using 10x Genomics Cell
Range mkfastq pipeline (version 3.0.0). The gene expression matrix was generated by aligning
the data to mm10 genome reference downloaded from the website of 10x Genomics, and the
BCR sequences were assembled and annotated referring to GRCm38 reference. For B cell
V(D)J enriched library, the assembled sequences of both functional heavy chains and light
chains were subjected to the IMGT/HighV-QUEST database to assign germline segments and
determine mutations. Repertoire information of productive sequences was analysed by R
software (version 4.2.1). For 5° gene expression data, the count matrix of each sample was
aggregated with the Cell ranger aggr function, and the combined data was read into R using the
Seurat (version 3.4.0) package (Satija et al., 2015). For quality control, cells contained fewer
than 200 genes, higher than 4,000 detected genes or > 8% of mitochondrial genes were filtered
out as suspected doublets or debris (Zhang et al., 2022). Data from different tissues were log-
normalized, and 2,000 highly variable features were calculated to integrate data. After
integration, principal component analysis (PCA) was performed for following dimensional
reduction and clustering. 20 dims were included to reduce the dimension and assign clusters.
The clustering result was visualized using uniform manifold approximation and projection
(UMAP) dimensionality reduction methods built in Seurat (Mclnnes and Healy, 2018). In order
to focus on B subsets, clusters highly expressed CD19 or CD138 (Sdcl) genes were extracted
and re-clustered for the following analyses. B cell clusters were re-named based on common-
accepted cell markers and highly expressed genes observed by the FindAllMarkers function
implemented in the Seurat package. GC B cells were extracted and integrated with published
data [Gene Expression Omnibus (GEO): GSE154634] following the integration pipelines
provided by the Seurat package (Chen et al., 2021). 0.2 resolution was introduced to
nonsupervisory cluster all integrated GC B cells. The phase of cell cycle was annotated by
calculating the expression of cell cycle-related markers provided by Tirosh et al. using the cell
cycle scoring pipelines in the Seurat package (Kowalczyk et al., 2015). The cluster of GC B
cells were named based on cell cycle and markers identified by Chen and colleagues (Chen et
al., 2021). PCs were extracted to be re-clustered to 3 clusters base on 0.6 resolution. Cell cycle-,

activation-, survival- and MHC Il-related genes was introduced to classify PC subsets.

2.2.8.3 BCR network construction
The BCR network was constructed proposed by Bashford-Rogers et al. (Bashford-Rogers et al.,

2013). Since the sequence number can influence the density and connection of networks, the
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BCR sequences were downsampled into 5000 sequences per sample. The newly acquired
sequences were re-grouped if they were the same. Each vertex represents one unique BCR
sequence, and the size of a vertexes corresponds to the number of copies identical to that BCR.
Unique BCRs shared common IGHV family, IGHJ family as well as identical CDR3 amino
acid (CDR3aa) region were considered belonging to the same clonotype. BCRs sharing the
same clonotype were clustered and connected as they were differed by nucleotide mutations.
The immunoglobulin isotypes were coloured separately. Networks were illustrated with the

igraph (version 1.2.4.2) package developed for R (Csardi G, 2006).

2.2.8.4 Clonal expansion index and clonal diversification index determination

The clonal expansion index is defined as the unevenness of the sequence numbers per unique
BCR, whereas the clonal diversification index measures the unevenness of the unique BCR
numbers per clone (Bashford-Rogers et al., 2019, Soto et al., 2019). To determine the clonal
expansion index, the sequences of samples were subsampled regarding to 95% of the minimum
sequence within each type of tissue. The subsampling was repeated 1,000 times, and the mean
of expansion indices was calculated. The clonal diversification index was determined similarly
as the unique BCRs in each sample was subsampled 1,000 times representing 95% of the
minimum number of unique BCRs, and the mean was calculated. In each repeat, the index was

determined by the edgeR (version 3.23.8) package in R software (Handcock, 2016).

2.2.8.5 CSR event analyses

The isotype of each BCR sequence was annotated by MIXCR. The CSR event was determined
by quantifying the proportion of unique VDJ sequences that is shared by two isotypes. Each
sample was randomly subsampled 1,000 times based on their minimum sample depth within
the tissue type. The mean of the CSR proportion, as well as the mean of the isotype proportion
were calculated for the following network visualization. The networks to present CSR event

analyses were drawn by using of igraph package.

2.2.8.6 SHM analyses

In order to obtain mutation information, sequences of each unique BCR were re-aligned with
the IMGT/HighV-QUEST database to search and summarize the number of mutations in V
region (Alamyar et al., 2012, Hofman et al., 2013). The proportion of mutation-contained
sequences and the average mutations per sequence in individuals were calculated and displayed

using the ggplot2 (version 3.2.1) R package (Hadley, 2016).
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2.2.8.7 Gene segment assessment

The IGHV families and detailed segments, as well as the IGHJ segments were annotated by
MIXCR, and the average percentage in each group were summarised. The proportion of VJ
combinations was determined as the average percentage of a certain type of combination within
the group. The selection of IGHV family was visualized with boxplots or bar plots. The mean
fraction of IGHV, IGHJ segments in each group, as well as the fraction of V-J combination,
were visualized using chord plot built in package circlize (version 0.4.10) (Gu et al., 2014). For
comparisons between Apoe”” mice and WT mice, the heatmaps showed the significant changes
of selected combinations. For comparisons between individual tissues in Apoe”™ mice, the

heatmaps showed the scaled proportion value of selected combinations.

2.2.8.8 Phylogenetic analyses

The germline sequences of each clone were parsed referring to IgBLAST database configured
in Change-O (version 1.0.0) (Ye et al., 2013, Gupta et al., 2015). The output tab-delimited files
were loaded to R for further analysis. The lineage tree of each clone was constructed by running
of PHYLIP implemented in the alakazam package, and the final trees were visualized by using
of the igraph package (Felsenstein, 1989, Stern et al., 2014). Only clones contained more than

one unique BCRs were displayed.

2.2.8.9 Clonotype tracking

To determine the common clonotypes across different cell types or tissues, the overlap of
clonotypes between two samples was evaluated using the VennDiagram package (Chen and
Boutros, 2011). The fraction of overlapping clonotypes were calculated based on the obtained
table and visualized with the circlize package. For the group comparison, the fraction was

imported to the GraphPad software to visualize the tendency between two subpopulations.

2.2.8.10 Differentially expressed genes (DEGs) and pathway enrichment analyses

In scRNA-seq analysis, DEGs for each tissue or each B cell subset were determined with the
following criteria: |Log(fold change, FC)| > 0.25 and adjusted p-value < 0.05. The normalized
expression of DEGs in each cell was visualized with DoHeatmap function built in the Seurat
package. DEGs originating in each tissue were subjected to the STRING database for Gene
Ontology (GO) biological process enrichment analysis and Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway enrichment analysis (Szklarczyk et al., 2019). DEGs obtained from
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each B cell subset were parsed to the clusterProfiler package for functional enrichment and
multiple comparisons (Yu et al., 2012). Terms showing a false discovery rate (FDR) less than
0.05 were considered as significant. Selected enriched terms were illustrated by ggplot2. The
results of gene set enrichment analysis (GSEA) were also obtained using the clusterProfiler

package and the GSEA plot for selective GO term was visualized by the enrichplot package.

2.2.8.11 Single-cell BCR clonality analyses

Expanded B cells were determined as cells containing paired heavy and light (H-L) chains, and
shared identical V family, J family and CDR3aa region in heavy chains. The nonexpanded B
cells were determined as cells containing paired H-L chains but without common V, J and
CDR3aa features in heavy chains. Cells which missed BCR information in at least one chain
were referred to as undetectable B cells. The BCR sequences of heavy chain in each cell were
re-annotated with IMGT/HighV-QUEST database to determine mutations, and the mutations
were analysed followed two parameters: the fraction of mutation-contained sequences and the

average mutations per sequence.

2.2.8.12 Statistical analyses

The bar plots were presented as mean + standard error of mean (SEM). For the statistical
analysis, the Wilcoxon-Signed-Rank Test was employed for two-group comparison, and the
Kruskal-Wallis one-way analysis of variance was performed for multiple-group comparison
(Kruskal and Wallis, 1952, Rey and Neuhéuser, 2011). Furthermore, the p-value was adjusted
by Benjamini-Hochberg correction for pairwise multiple-group comparison (Hochberg and
Benjamini, 1990). Chi-square test with Benjamini-Hochberg correction was conducted to
compare the cellular component, expansion and CSR in scRNA-seq data (McHugh, 2013).
p<0.05 was considered statistically significant. *: p<0.05; **: p<0.01; ***: p<(0.001; ****:

p<0.0001; ns: not significant.

37



Results

3 Results

3.1 GC-dependent B-2 cell immune response in ATLOs

To examine the possibility that hyperlipidemia/atherosclerosis is associated with alterations of
the B-2 cell immune response and to determine where this response may occur, CD19* B cells
were sorted from blood, SLOs including spleen and RLNs of both aged (78-85 weeks) WT and
Apoe”’~ mice, as well as from ATLOs of Apoe”” mice. It has been reported that B-1 cells occupy
around 5% and 20% of total CD19" B cells in SLOs and ATLOs, respectively (Srikakulapu et
al., 2016). Therefore, the sorted CD19" B cells contained both B-1 and B-2 cells. PerC CD19*
B cells were collected from the peritoneal cavity of the same mice as additional controls. They
are mainly B-1 cells (>80%) in adult mice (Baumgarth, 2016). With the help of high-throughput
sequencing (HTS), libraries of 58 samples were successfully constructed and sequenced,
resulting in sequence information of approximately 1 million functional BCR sequences
(Supplemental Table 1). To understand B cell immunity in WT vs 4Apoe”" mice, the BCR
repertoire in each sample was assessed for the following parameters: 1.) clonal expansion — this
parameter identifies a group of B cells sharing highly similar BCR sequences resulting from
activation and proliferation in response to antigens; 2.) clonal diversification that estimates the
heterogeneity of BCR sequences within clones that generates through SHMs; 3.) SHM and CSR
which reflect the GC-dependent B-2 cell immune response to increase the antibody affinity to

antigens and 5.) V-J recombination that contributes to construction of antigen-specific BCRs.

3.1.1 Higher levels of B cell clonal expansion in SLOs and ATLOs of aged Apoe’~ mice

Naive B cells encountering invaders are activated to proliferate and divide, generating a group
of B cells that share similar BCR sequences and target the same or similar antigens. This
mechanism is termed clonal expansion. In order to estimate clonal expansion of B cells in WT
and Apoe’” mice, BCRs with the same sequences were grouped together in each sample, and a
network was created to show all groups based on the copy number of BCR sequences appearing
in that group (Figure 3.1A) (Bashford-Rogers et al., 2013, Bashford-Rogers et al., 2019).
Networks of five samples from SLOs and ATLOs were presented as representatives (Figure
3.1B and C). Each sample was normalized to the same number of BCR sequences by randomly
selecting 5,000 sequences. This normalization method ensures comparability across samples
with varying numbers of total BCR sequences. The levels of clonal expansion in each sample

were determined by evaluating the abundance of unique BCRs present in the sample. In WT
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SLOs, only a few dots representing unique BCR sequences were observed with large numbers
of B cells (Figure 3.1B), suggesting limited B cell proliferation and indicating a small number
of expanded B cells in WT SLOs. However, in Apoe”~ SLO and ATLO B cells, over 10 dots
displayed larger numbers in the network (Figure 3.1C), suggesting an increase in the number
of expanded B cells. These data indicate greater clonal expansion of B cells in Apoe”™ mice
compared to WT mice. The network used in the analysis involves random selection of BCR
sequences based on the lowest depth of sequencing (total number of BCR sequences one sample
contains) present within a comparison group. As a result, this method may not be appropriate
for analysing data sets containing only a small number of BCR sequences in a sample. To ensure
the validity and accuracy of the network analysis, the clonal expansion index was determined
from the network as an analysis that quantifies the unevenness of the number of copies for each
unique BCR in the network (Bashford-Rogers et al., 2019). In WT spleen and RLN B cells, the
indices were 0.1, but in Apoe”~ SLO B cells the value increased to 0.3 (Figure 3.1D). These
findings suggest Apoe” SLO B cells exhibit higher unevenness within the number of unique
BCRs. This indicates a larger number of B cells share identical BCR sequences in Apoe”” SLO
B cells, pointing towards a higher degree of clonal expansion in these samples relative to their
WT counterparts. The clonal expansion index of ATLO B cells was found to be comparable to
that of Apoe”™ SLO B cells. This suggests that Apoe”~ SLOs and ATLOs exhibit similar levels
of unevenness in the distribution of expanded B cells, indicating potential clonal expansion of
CD19" B cells (containing both B-1 and B-2 cells) in Apoe”” SLOs and ATLOs. Interestingly,
both WT and Apoe” blood B cells showed similar and low levels of clonal expansion index
(expansion index: WT: ~0.05, Apoe”: ~0.1), ruling out the possibility that the lack of Apoe
leads to B cell clonal expansion systemically. Rather, this data supports the notion that the
higher B cell clonal expansion in Apoe” SLOs and ATLOs, most likely, occurs in response to
hyperlipidemia/atherosclerosis in aged Apoe”™ mice. To further estimate clonal expansion, the
total percentage of the top 20 clones (called “D20” measurement) was used to quantitatively
evaluate the sizes of the large clones (Rosenfeld et al., 2018, Kuri-Cervantes et al., 2020). The
clones were determined as unique BCRs which shared identical CDR3aa regions as well as
IGHV family usage and IGHJ family usage. The clones were ranked by total BCR sequences
in order to calculate the total percentage of top 20 clones. Spleen and RLN B cells in Apoe™
mice showed significantly larger clone sizes in the D20 fraction when compared to their
counterparts in WT mice, ranging from 20% to 65% in Apoe”’ SLOs and 5% - 25% in WT
SLOs (Figure 3.1E). The overall D20 fraction of ATLO B cells was similar to the fraction in
Apoe”~ SLO B cells, but significantly higher than WT SLO B cells (Figure 3.1E). These data
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indicated for Apoe”~ SLOs and ATLOs that higher numbers of B cells show similar - but not
the same - BCR sequences. Thus, these B cells are daughters from the same ancestor, further
supporting the notion of clonal expansion in Apoe”* SLO and ATLO B cells. However, there
was no difference of the D20 value in circulating B cells between aged WT and Apoe” mice,
consistent with comparable clonal expansion index in WT and Apoe’~ blood B cells. The
increased clonal expansion in Apoe”’~ SLOs and ATLOs raised the important possibility that in
inflammatory environments of atherosclerotic mice, autoantigens may elicit abnormal B cell

activation and proliferation.
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Figure 3.1 Higher levels of BCR clonal expansion in aged Apoe”” SLO and ATLO B cells

(A) BCR clonal expansion is displayed by a network visualization approach. Each dot
represents one unique BCR sequence. The size of the dot corresponds to the frequency of this
BCR. (B) Representative graphic network of WT SLO B cells is shown. (C) Representative
graphic network of Apoe”~ SLO and ATLO B cells. Each sample was downsampled to 5,000
sequences. Clones contained the same CDR3aa regions, IGHV family and IGHJ family were
clustered and connected with short black lines based on the mutations. (D) The clonal expansion
index in each sample is shown in the box plot. Each index was determined as the mean of 1,000
samplings as described in the method section. (E) The total percentage of top 20 clones
contained most sequences in each sample is shown in the box plot. The ends of the boxes show
the upper and lower quartiles; the central lines designate medians. The sizes of the dots
represent the number of BCR sequences in each sample. In WT mice, blood n=4, spleen n=5,
RLNs n=4; in Apoe’~ mice, blood n=9, spleen n=9, RLNs n=9, ATLOs n=6. The p-values for
two-group comparisons were determined by Wilcoxon-Signed-Rank Test.

3.1.2 Higher levels of clonal diversification in SLOs and ATLOs of aged Apoe’ mice

Clonal diversification refers to a clone of B cells that differed by SHM, which increasing the
divergency of clones and results in a wider range of antigen specificity. In the network, the
BCRs belong to the same clone but differed by single-nucleotide mutations were connected.
Thus, the networks illustrated the diversification of these clones (Figure 3.2A). Both WT and
Apoe™ B cells contained connected clusters, but more connections were noticed in Apoe”” SLOs
and ATLOs as compared to WT SLOs (Figure 3.1B and C), indicating Apoe”~ SLOs and ATLO
B cells have higher probability to undergo SHM. Moreover, most of the connected clusters
contained large dots in both WT and 4poe” mice (Figure 3.1B and C), suggesting that the
expanded B cells have a higher SHM probability when compared to the non-expanded B cells.
The clonal diversification index was determined to avoid the inaccuracy resulting from the
varying number of BCR sequences in each sample. It describes the unevenness of the number
of unique BCRs observed within each B cell clone. WT mice showed low values of clonal
diversification in blood and SLO B cells (<0.05) (Figure 3.2B), implicating less variability
among the clones in WT mice. There was no significant difference in values of the clonal
diversification index between WT and Apoe” blood B cells (Figure 3.2B). Conversely, Apoe”
’~SLO and ATLO B cells showed considerably higher index values when compared to WT
SLOs, while the diversification indices in Apoe” SLO and ATLO B cells were comparable
(Figure 3.2B), indicating Apoe”” SLO and ATLO clones harboured more diverse B cells that
generated through mutations. This data is consistent with the results from network analysis to
support the notion that Apoe” SLO and ATLO B cell clones have higher potential to undergo
SHM than WT SLOs. Since the SHM occurs in GCs of B-2 cells, these data raised the
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possibility that atherosclerosis/hyperlipidemia-related autoantigens trigger GC-dependent B-2

cell immune responses in Apoe”” SLOs and ATLOs.
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Figure 3.2 Higher levels of diversification in aged Apoe”™ SLO and ATLO B cell clones
(A) BCR clonal diversification is shown by network illustration. (B) The clonal diversification
index in each sample is shown in the box plot. Each index was determined as the mean of 1,000
samplings as described in the method section. The upper and lower ends of the boxes show the
upper and lower quartiles; the central lines represent medians. The sizes of the dots represent
the number of BCR sequences in each sample. In WT mice, blood n=4, spleen n=5, RLNs n=4;
in Apoe’ mice, blood n=9, spleen n=9, RLNs n=9, ATLOs n=6. The p-values for two-group
comparisons were determined by Wilcoxon-Signed-Rank Test.

3.1.3 PerC B-1 cells are characterized by high levels of clonal expansion but low levels
of clonal diversification
To examine the clonal expansion and clonal diversification in B-1 cells, CD19" B cells isolated
from PerC (mainly B-1 cells) were analyzed (Figure 3.3). In WT PerC, the clonal expansion
index exceeded 0.4 and the percentage of top 20 BCR clones accounted for around 50% of the
total PerC B-1 cells (Figure 3.3A and B). This high level of clonal expansion indicates that
WT PerC B-1 cells undergo renewal and therefore displays a high similarity in their BCR
sequences. This data is as expected and is consistent with a previous study supporting limited
B cell selection of B-1 cells during aging (Luo et al., 2022). Accordingly, WT PerC B-1 cells
showed low levels of clonal diversification (Figure 3.3C), suggesting few possibilities of SHM
in WT PerC B-1 cells (Rodriguez-Zhurbenko et al., 2019). Surprisingly, however, when
compared to WT PerC B-1 cells, Apoe”” PerC B-1 cells presented significantly higher levels of
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clonal expansion but comparable levels of clonal diversification (Figure 3.3C). This data
suggested the increased clonal expansion in Apoe”~ SLOs and ATLOs may result from
expansion of B-1 and/or B-2, while the increased clonal diversification most likely resulted
from B-2 cells, but not from B-1 cells. Therefore, this data further suggests an enhanced B-2

cell immune response in Apoe”” mice when compared to WT mice.
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Figure 3.3 High levels of clonal expansion but low levels of clonal diversification in PerC
B-1 cells

(A) The clonal expansion index, (B) the D20 value and (C) the clonal diversification index of
both WT and Apoe”~ PerC B-1 cells. Each index was determined as the mean of 1,000 samplings
as described in the method section. The ends of the boxes show the upper and lower quartiles;
the central lines represent medians. The sizes of the dots represent the number of BCR
sequences in each sample. Each group contained 5 replicates. The p-values for two-group
comparisons were determined by Wilcoxon-Signed-Rank Test.

3.1.4 Higher levels of mutations in aged Apoe”™ SLO and ATLO B cells

The SHM of B cells contributes to bias shaping of antigen-prone repertoires containing affinity-
matured BCRs. Therefore, examining SHM is critical to understand antigen-driven BCR
selection. The levels of SHM were compared by quantifying the fraction of mutated sequences
and average mutations per sequences in aged WT and Apoe”” mice. Blood B cells only contained
a small fraction of mutated BCRs, whereas a higher fraction of mutated BCRs was observed in
SLOs and ATLOs in both aged WT and Apoe”” mice (Figure 3.4A), supporting an age-related
accumulation of mutations (Zhang et al., 2019, Cagan et al., 2022). Importantly, the percentage
of mutated BCRs in Apoe”~ SLOs and ATLOs sharply increased when compared to WT SLOs,
accounting for 30% - 80% total of B cells, but the mutation-carrying B cells in Apoe”~ SLOs
and ATLOs were comparable. The number of mean mutations per BCR was further examined.
Blood B cells showed low levels of mean mutation when compared to B cells in SLOs and

ATLOs, and there was no statistical difference between WT and Apoe”’~ genotypes (Figure

43



Results

3.4B). Increased numbers of mean mutations were noticed in both WT SLOs and Apoe”~ SLOs
and ATLOs compared to blood. WT SLO B cells showed an average of 2 mutations in each
sequence, but Apoe” SLO and ATLO B cells were higher with average mutations of ~4
compared to their WT counterparts (Figure 3.4B). These findings imply increased levels of
SHM in Apoe”~ SLOs and ATLOs when compared to WT SLOs. Therefore, the increased clonal
expansion, clonal diversification and SHM together suggest enhanced GC reactions in Apoe™
SLOs and ATLOs when compared to WT SLOs, indicating the existence of autoantigen-
specific B cell immune response in Apoe”” SLOs and ATLOs.
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Figure 3.4 Higher levels of mutations in aged Apoe”- SLOs and ATLO B cells

(A) The fraction of mutated sequences and (B) the average number of mutations per sequence
in each sample is shown in the boxplot. The ends of the boxes show the upper and lower
quartiles; the central lines represent medians. The sizes of the dots represent the number of BCR
sequences in each sample. In WT mice, blood n=4, spleen n=5, RLNs n=4; in Apoe” mice,
blood n=9, spleen n=9, RLNs n=9, ATLOs n=6. The p-values for two-group comparisons were
determined by Wilcoxon-Signed-Rank Test.

3.1.5 Compromised CSR in ATLOs

To further study GC-dependent B-2 cell immune responses in aged Apoe”” mice, the CSR was
estimated by calculating the fraction of B cell isotypes in each sample. Blood B cells were
dominated by unswitched IgM/IgD B cells with more than 90% in both WT and Apoe”” mice,
and there was no difference between two genotypes (Figure 3.5A). In contrast, SLOs and
ATLOs contained reduced numbers of unswitched B cells but a large fraction of class-switched
B cells (IgA or IgG) when compared to blood. Furthermore, the fraction of class-switched B
cells in Apoe”” mice surpassed that in WT mice (Figure 3.5A). Importantly, ATLOs showed
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less class-switched B cells when compared to Apoe” SLOs, indicating aberrant CSR in ATLO
GCs (Figure 3.5A). The proportion of detailed isotypes were further analyzed. The WT blood
B cells were mainly IgM as expected, but SLOs harboured a proportion of IgG1 and IgG3 B
cells (Figure 3.5B). Compared to WT, the fraction of IgG (especially IgG1, IgG2b and 1gG2c)
dramatically increased in Apoe” RLN B cells. While Apoe”~ RLNs contained around 20% IgG
B cells, the percentage in the WT counterpart was less than 10%. This result is in agreement
with the significant reduction of IgM in Apoe”~ RLNs. The isotype distribution in blood and
spleen was comparable between Apoe” and WT mice (Figure 3.5B). When taken together, the
increased clonal expansion and the fraction of class-switched B cells in Apoe”~ SLOs when
compared to WT SLOs further indicate enhanced GC responses in atherosclerosis. Since ATLO
B cells showed similar clonal expansion, while it showed reduced switched isotypes when
compared to Apoe” SLOs, these data raise the possibility that the CSR of ATLO GCs may be
defective. Several mechanisms could account for the defect of CSR, such as down-expression
of key enzyme activation-induced cytidine deaminase (AID), damage of DNA repair,
dysregulation of subsequent recombination of C segments (Stavnezer et al., 2008). However,
further studies are needed to identify the underlying mechanisms that result in CSR disruption

in ATLOs.
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Figure 3.5 Increased numbers of class-switched isotypes in Apoe”- SLOs but not in ATLO
B cells

(A) The pie charts show the average percentages of unswitched and switched B cells in each
tissue. The inner circles display WT results, and the outer circles display Apoe”~ results. (B) The
boxplots show the isotype proportion in both Apoe” and WT B cells. The ends of the boxes
show the upper and lower quartiles; the central lines represent medians. In WT mice, blood n=4,
spleen n=5, RLNs n=4; in Apoe”~ mice, blood n=9, spleen n=9, RLNs n=9, ATLOs n=6. The
p-values for two-group comparisons were determined by the Wilcoxon-Signed-Rank Test.

46



Results

Upon antigen-triggered activation, DNA breaks and repair may occur to delete C segments and
allow switching from upstream isotypes to downstream isotypes (Figure 3.6A). Thus, the order
of the C segment on the chromosome defines the possible switch direction from a given isotype
(Figure 3.6B). To further understand mechanisms of CSR in aged WT and Apoe”” mice, CSR
was determined between pairs of isotypes. Since IgD and IgE primers were not involved during
library construction, only switching between IgM, IgA and IgG were detected (Figure 3.6C).
The CSR event was valued by quantifying the frequency of BCR sequences in the same
clonotype but with different isotypes within a given sample (Figure 3.6D). The CSR networks
revealed the possibility that switch to different isotypes was unequal in both WT and Apoe”
mice. IgM was more common to switch to IgG rather than IgA. IgG3 prefers to switch to IgG2
rather than IgG1 or IgA, although IgG2, IgG1 and IgA were all downstream segments of IgG3
(Figure 3.6E-G). The percentage of isotypes and CSR patterns in Apoe”* SLOs was compared
to their WT counterparts. In Apoe”~ spleen, there was no systemically observed difference in
the CSR frequency in B cells when compared to WT spleen, except for a significant drop of
switching from IgM to IgG in Apoe”~ spleen B cells (Figure 3.6E). In Apoe” RLNSs, a
considerable degree of IgG1 was switched into IgG2 versus WT RLNs which was associated
with increased proportions of the IgG2 subset (Figure 3.6F). ATLOs was compared to their
corresponding isotypes and CSR events in Apoe” RLNs. Surprisingly, the majority of ATLO
B cells remained as IgM without class-switching. The class-switching from IgG1 to IgG2 was
decreased in ATLO B cells in comparison to Apoe” RLN B cells, which contribute to decrease
of IgG2 isotypes in ATLOs (Figure 3.6G). The networks systemically revealed detailed
information of switching preference in WT and Apoe”™ mice. These data showed the
upregulation of IgG1-IgG2 switching contributes to enhanced CSR in Apoe”~ SLOs, and the
decrease of CSR in ATLO B cells may result from disruption of IgGl-IgG2 switching.
Therefore, dysregulation of recombination between two C segments may be one factor to lead

to defective CSR in ATLO GCs.
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Figure 3.6 Different CSR preferences in aged WT and Apoe”™ mice

(A) Mechanism of deletional recombination. The circles represent isotypes. (B) All conceivable
CSR possibilities. The circles represent isotypes, and the edges with arrows represent switch
direction. (C) CSRs detected in our body of data. (D) The strategy to determine CSR frequency.
CSR events were calculated as the percentage of BCR sequences that shared identical
clonotypes but different C segments (E-F) The CSR events in SLO B cells of Apoe”” and WT
mice. The significance was calculated when comparing Apoe”” mice to WT mice. (G) The CSR
events in ATLO B cells. The significance was calculated when comparing ATLOs to Apoe™
RLNs. Each circle represents one isotype, and the sizes of the circles is proportional to the
percentage of unique BCR sequences in that isotype. The edges and arrows indicate class-
switching direction between paired isotypes; the thickness of arrows is proportional to the
relative frequency of CSR events. The p-values were determined by Wilcoxon-Signed-Rank
Test. (Figure A, B and D were taken from Bashford-Rogers et al., 2019).

3.1.6 Variable usage of IGHV family in aged Apoe™ B cells

Variation of IGHV family usages have been associated with specific diseases. For example,
overrepresented IGHVS family and underrepresented IGH1 family have been reported in
splenic B cells isolated from SLE patients (Fraser et al., 2003). In addition, the frequencies of
IGHV3 and IGHV4 was changed in membranous nephropathy (MN) when compared to healthy
controls, demonstrating an altered immune status in those patients (Su et al., 2021). In order to
examine whether there is a skewed IGHV family usage in relation to Apoe-deficiency or
atherosclerosis, the frequency of each IGHV family in both WT and Apoe” mice was calculated.
As shown in the boxplots, the blood samples which represented circulating B cells showed
results similar to SLOs (Figure 3.7). The IGHV1 family dominated the whole population in
both WT and Apoe”™ mice, as more than half of blood, SLO and ATLO B cells recruited this

48



Results

family (Figure 3.7). Approximately 1% of WT B cells resembled IGHV4, IGHV11 or IGHV13
families. The underrepresentation of these families was apparent in all Apoe”™ B cell groups
when compared to their WT counterparts, even though not all comparison pairs showed
significance (Figure 3.7). An increased use of IGHV7 family was also observed in Apoe”~ SLOs
and ATLOs compared to WT SLOs. Only few WT B cells utilized the IGHV7 family, but this
fraction sharply increased to 10% in Apoe” blood and spleen B cells (Figure 3.7). This data
implied that the variation of IGHV4, IGHV7, IGHV11 and IGHV13 was due to loss of Apoe.
Despite the fact that ATLOs displayed similarity of IGHV family usage like WT and Apoe”
SLOs, they were different. IGHV2 and IGHV9 were observed to be dramatically decreased in
ATLOs when compared to SLOs (Figure 3.7), suggesting further atherosclerosis-related bias
of IGHV usage in ATLOs. These data imply that the variation of IGHV2 and IGHVY9 may be

biomarkers in relation to atherosclerosis-specific B cell immune response in ATLOs.
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Figure 3.7 Distinct IGHV family usages in Apoe”" B cells
The average frequency of B cell IGHV family usages in individuals is shown by barplots. The
error bar indicates standard error of the mean. In WT mice, blood n=4, spleen n=5, RLNs n=4;
in Apoe’” mice, blood n=9, spleen n=9, RLNs n=9, ATLOs n=6. The p-values for two-group
comparisons were determined by Wilcoxon-Signed-Rank Test. The significantly changed V
families were labelled. *: p<0.05, **: p<0.01, ***: p<0.001.

3.1.7 Distinct V-J recombination in aged Apoe”~ B cells

V(D)J recombination determines the CDR3 region that plays a vital role in antigen recognition
and responsiveness. Therefore, the frequencies of recombination have been associated to
distinct stages of immune responses. For example, accumulation of particular V-J
recombination has been detected in patients with an Influenza A infection (Hou et al., 2016).
Since the D segments are much shorter and highly altered during recombination, only V and J
were involved as more reliable parameters to assess the recombination (Yaari and Kleinstein,
2015). In order to systemically investigate the variation of V-J recombination between WT and
Apoe”’~ mice, chord plots were introduced to illustrate the proportion of V and J segment usage,
as well as the proportion of their combination (Figure 3.8A, C and E). Furthermore, the
variation of several V segment and J segment recombinations [selected with criteria: 1). the
fraction of V segments was higher than 1%; 2). the fraction of V segments which showed
significant difference between two genotypes] was visualized by heatmaps (Figure 3.8B, D
and F). Some IGHV segments were commonly enriched in both WT and Apoe”” B cells,
including IGHV1-64, IGHV3-6 and IGHV9-3 (Figure 3.8A, C and E). The most abundant V
segments detected in circulating B cells in WT mice was IGHVI-26, and it was IGHV7-3 in
Apoe’- mice. However, there was no significant difference of these two segments between WT
and Apoe”” blood (Figure 3.8A). Instead, it is notable that the frequency of IGHVI-5, IGHV6-
6 and IGHV14-2 dropped in Apoe”~ blood when compared to WT blood, with significant
decreases of VI-5:J2 and V6-6:J3 recombination (Figure 3.8A and B). The distribution of
IGHV segments in spleen B cells was similar to that in circulating B cells that IGHV9-3,
IGHV1-26,IGHV1-64 and IGHV'3-6 ranked top 4 of IGHV segment usage in WT spleen B cells
(Figure 3.8C). They were also enriched in Apoe”~ spleen B cells as their frequencies only
behind IGHV7-3, which were highly expressed in Apoe” spleen B cells when compared to WT
spleen B cells (Figure 3.8C). The markedly diminished selection of IGHVI-18, IGHV1-81,
IGHV4-1 and IGHV5-17 was observed when comparing Apoe” mice to WT mice (Figure
3.8C). In WT spleen B cells, IGHV7-3 was approximately equal in recombination with different
J segments, but in Apoe”~ spleen B cells, IGHV7-3 mainly co-expressed with IGHJ4, leading to

a notable reduction of V7-3:J1 combination in Apoe’~ mice (Figure 3.8D). The significant
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reduction was also displayed in recombination such as V5-17:J4 and VI-18:J4, resulting in
diverse V-J recombination in different genotypes (Figure 3.8D). The distribution of V segment
usage in WT RLN B cells displayed similarities with WT spleen B cells, but the landscape of
V segment in Apoe”~ RLN B cells was distinct from WT RLN B cells (Figure 3.8E). IGHV -
53 was the second-highest segment in Apoe”” RLN B cells, following the expression of IGHV I-
26 (Figure 3.8E). The significant underrepresentation of several segments like IGHVI-72,
IGHV1-81, and IGHV5-17 were also noticed in the frequency of certain V-J recombination in
Apoe’ RLN B cells (Figure 3.8F). Integration of the findings obtained from three types of
tissues, IGHV1-5, IGHV1-81, and IGHV5-17 and their recombination to specific J segments
showed a considerable drop of frequency across Apoe™ tissues in contrast to WT tissues while
the usage of IGHV7-3 increased in Apoe” B cells (Figure 3.8A, C and E). These data imply
that the variation of these segments and V-J recombination may be associated with immune

responses due to loss of Apoe or atherosclerosis.
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Figure 3.8 Distinct IGHV segment usage and V-J recombination in aged Apoe™ B cells

The average frequency of IGHV segment, IGHJ segment and V-J recombination in (A-B) blood
B cells, (C-D) spleen B cells and (E-F) RLN B cells were visualized in chord plots. (A, C and
E) The segments were coloured and ordered by their frequency. The links represent
recombination. The width of the rectangles and links are proportional to the frequency of the
segments and combinations, respectively. For IGHV segments, only segments accounted for
more than 1% of total segments were labelled. The red colour indicates significantly higher
frequency, while the blue colour indicates significantly lower frequency in Apoe”~ mice when
comparing Apoe”” mice with WT mice. The black colour indicates no significance. (B, D and
F) The significant changes of selected V-J recombination are shown in heatmaps. The results
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of the comparison are displayed as Apoe”~ group versus WT mice. The p-values for two-group
comparisons were determined by Wilcoxon-Signed-Rank Test.

3.1.8 Unique V-J recombination in ATLOs

To further examine whether there was variation of V-J recombination between 4Apoe” SLOs
and ATLOs, the fraction of V and J segments as well as the fraction of V-J recombination pairs
in ATLO was next estimated and visualized using chord plot. JHGV7-3, which was highly
presented in Apoe” blood and spleen B cells and it was also observed to be highly expressed in
ATLO B cells, ranking top 1 in V segment usage (Figure 3.9A). /GHV6-3, which ranked
second in Apoe” spleen B cells, also ranked top V segments in ATLO B cells (Figure 3.9A).
Enrichment of /IGHV6-6 was also observed in ATLO B cells (Figure 3.9A). To further reveal
the V segment usages across Apoe”" tissues, the top 5 V segments of ATLO B cells were
selected to compare their frequencies in different Apoe” tissues (Figure 3.9B). There was no
significant difference on the usage of these V segments in Apoe”” blood, SLO and ATLO B
cells (Figure 3.9B), indicating that the overexpression of these V segments is more likely
associated with systemic loss of Apoe. Interestingly, when investigating the V-J recombination
across Apoe”’ tissues, a different situation was observed in ATLOs (Figure 3.9C). The
recombination to IGHJ was dominantly enriched in IGHJ2 and IGHJ4 in ATLO B cells,
whereas blood and SLO B cells were involved with a high fraction of combined IGHJ1 and
IGHJ3 occurred in some IGHV segments (Figure 3.9C). Moreover, certain IGHV segments
showed a unique preference to combine with IGHJ segments in different tissues. A large portion
of IGHV1-53 recombined with /GHJ2 in ATLO B cells while the major recombination switched
to /GHJ3 in SLO B cells (Figure 3.9C). Also, the majority recombination for /GHV6-6 was
V6-6:J2 in ATLOs versus V6-6:J1 in SLOs (Figure 3.9C). Because the V-J recombination
contributes to the coding of CDR3 regions to specifically target to antigens, the enrichment of
V1-53:J2 and V6-6:J2 in ATLOs implies that these combination may generate auto-reactive B

cells that could respond to unknown autoantigens in ATLOs.
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Figure 3.9 Unique V-J segment combinations in ATLOs

(A) The average frequency of IGHV segment, IGHJ segment and V-J combination in ATLO B
cells is visualized in chord plots. The segments are coloured and ordered by their frequency.
The links represent combinations. The width of the rectangles and links are proportional to the
frequency of the segments and combinations, respectively. For IGHV segments, only segments
which accounted for more than 1% were labelled. The top 5 IGHV segments in ATLO B cells
were selected for further visualization. (B) The frequency of top 5 IGHV segments in different
tissues in Apoe” B cells were displayed by the barplot. The error bar indicates standard error
of the mean. Blood n=9, spleen n=9, RLNs n=9, ATLOs n=6. The multi-group p-values were
determined by Wilcoxon-Signed-Rank Test and adjusted by Benjamini-Hochberg correction.
The significantly changed V segments were labelled. (C) The average frequency of V-J
combination for top 5 IGHV segments in Apoe” B cells were scaled by column and visualized
using a heatmap.

3.1.9 Clonal expansion contributes to elevated IGHV segment usage in ATLOs

Two possibilities may be involved in the increased usage of specific IGHV segments in ATLOs:
1). the clonal expansion of several specific clones contributes to enrichment of some IGHV
segments; 2). both expanded and non-expanded clones raise the selection of some IGHV
segments during B cell development. To elucidate which factor contributes to the enriched
frequency of top5 IGHV segments (IGHV7-3, IGHV1-53, IGHV6-6, IGHV6-3 and IGHV I-9)
in ATLO B cells, cells containing these segments were isolated in each sample to reconstruct

the clonal lineage tree. BCRs in the same clone were aggregated into a tree, using germline
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sequences as root and branching according to mutations. When visualized as a phylogenetic
tree for selected clones who were using the top 5 IGHV segments, several remarkably expanded
clones were noticed in ATLO B cells (Figure 3.10). The biased expression of large clones was
related to the increased frequency of specific IGHV segments. For example, the increasing of
IGHV6-6 may result from the expansion of /GHV6-6-containing clones (Figure 3.10A).
However, the expansion varied in individuals (Figure 3.10). In the ATLO B cell sample
obtained from the mouse no.l, /IGHV6-6-containing BCRs dominated the expanded clones
(Figure 3.10A). However, in the ATLO B cell sample obtained from mouse no.2, clones
expressed /IGHV6-3 and IGHV1-53 showed higher expansion than clones expressed the other
three IGHV segments (Figure 3.10B). Furthermore, in the ATLOs obtained from mouse no.3,
IGHVI1-53 and IGHV1-9 comprised more expanded clones (Figure 3.10C). The individual
variation may imply the presence of diverse autoantibodies in response to a variety of
autoantigens in ATLOs. These data support the notion that clonal expansion of selected clones

contributed to higher IGHV segments in ATLOs.
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Figure 3.10 Clonal expansion contributes to elevated IGHV segment usage in ATLOs
The polygenetic tree of 3 individual samples of ATLO B cells is visualized. The sequences
belonging to the same clone originated from one germline ancestor but diverged resulting from
junctional insertion/deletions, SHM and CSR. Only BCR sequences that expressed IGHV7-3,
IGHV1-53, IGHV6-6, IGHV6-3 and IGHVI-9 are included. The vertexes indicate unique BCR
sequences, and the sizes of vertexes is proportional to the copy of the sequence. The edges
represent the mutations. Sequences containing different IGHV segments were separated by
colors. The dark and light grey colors indicate germline and inferred sequences, respectively.
The arrows point to representatively expanded clones and their colour are the same to the colour
of segment which they pointed at.
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3.2 Compromised PC development in ATLOs

PCs express antibody mRNA at a higher rate than naive B cells or memory B cells, i.e., 100-
fold higher (Shi et al., 2015). In order to avoid the bias introduced by different capacities of
BCR mRNA expression between B cells and PCs, CD138" PCs were separated from CD19" B
cells for repertoire analyses. Apart from blood, SLOs and ATLOs, PCs were also isolated from
BM to estimate the repertoire of homing PCs. A total of 57 samples were isolated to generate

approximately 1.8 million BCR sequences (Supplemental Table 2).

3.2.1 Expanded B cells preferentially differentiate into PCs in SLOs

PCs are generated from terminally differentiation of local B cells or they migrate from other
tissues. To investigate the capability of B cells that would develop into PCs, chord plots were
employed to estimate the BCR clones that could be observed in both B cells and PCs (namely
shared BCRs) in each tissue within each mouse. One representative plot for each group was
displayed in Figure 3.11A-E. In WT spleen, there was around 35% of shared BCRs in B cells,
and these shared BCRs accounted for about 60% of the total PCs (Figure 3.1A, F and G). WT
RLNs showed similar results as WT spleen that the shared BCRs occupied 20% of total B cells,
but the fraction raised to 40% in PCs (Figure 3.11B, F and G). In Apoe”~ spleen, the mean
frequency of B cells that contained shared BCR clones dramatically increased to about 60%
when compared to WT spleen (Figure 3.11C and F), indicating more Apoe” spleen B cells
may differentiate into PCs when compared to WT spleen B cells. However, the percentage of
these shared BCR clones showed no significant difference between WT and Apoe” spleen PCs
(Figure 3.11G). In Apoe”- RLNSs, the mean fraction of shared BCRs was approximately 40%
and 50% in total B cells and PCs, respectively (Figure 3.11D, F and G). There was no
significant difference of shared BCRs in both Apoe”” RLN B cells and PCs when compared to
WT RLNs (Figure 3.11F and G), suggesting that similar portions of WT and 4poe”” RLN B
cells could develop into PCs. The mean fraction of shared BCR clones in ATLO B cells showed
major similarities when compared to Apoe”’~ RLNs but significantly lower than Apoe” spleen
(Figure 3.11E, F and G). These data suggested similar fractions of B cells would develop into
PCs when comparing ATLOs to Apoe” RLNSs. In both WT and 4poe” SLOs, as well as Apoe”
/- ATLOs, most of the shared BCRs enlarged their fraction when they enter the PC pools (Figure
3.11A-E), leading to increase of total percentage of shared BCRs in PCs. These data may mean
that clonally expanded B cell preferably differentiated into PCs. To explore this possibility, the
clonally expanded index was calculated for B cells carrying the shared BCRs versus the

remainder of B cells obtained from the same tissue (Figure 3.11H). In WT spleen and RLNs,
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B cells with shared BCRs showed a dramatically higher clonal expansion index when compared
to their corresponding counterpart controls (Figure 3.11H), indicating the expanded B cells
enter the PC pool in these tissues. Similar results were observed in Apoe” SLOs, i.c., that the
clonally expanded B cells prefer to enter the PC pools (Figure 3.11H). The expanded B cells
in SLOs have been characterized as GC-dependent B-2 cells in Section 3.1. Therefore, these
observations support the notion that differentiation of PCs is limited to B cells which undergo
GC reactions to undergo affinity maturation for antigens (Krautler et al., 2017). Furthermore,
these data suggest that the B-PC differentiation in Apoe” SLOs is maintained without any
apparent dysfunction. Interestingly, there was no significant difference in expanded index when
comparing B cells with shared BCRs versus B cells without shared BCRs in ATLOs (Figure
3.11H). These data suggested that both expanded and nonexpanded B cells have the ability to
differentiate in ATLOs. There are two possibilities for this observation: 1). higher fraction of
nonexpanded GC-independent B cells develop into PCs in ATLOs; 2). GCs are compromised
in ATLOs, leading to unexpected differentiation of PCs from nonexpanded, low-affinity GC B

cells.
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Figure 3.11 Expanded B cells show a higher probability to differentiate into PCs in SLOs
(A-B) The representative chord plot displays shared BCR clones and the corresponding
percentages between B cells and PCs in WT SLOs. (C-D) The representative chord plot
displays shared BCR clones and the corresponding percentages between B cells and PCs in
Apoe”~ SLOs. (E) The representative chord plot dlsplays shared BCR clones and the
corresponding percentages between B cells and PCs in Apoe’ ATLOs. The semicircles
represent B or PC subsets and the number inside indicate the fraction. The links represent
clonotypes and their width are proportional to the portion of the BCR clones. The number
outside the circles summarize the total fraction of shared BCR clones in the subset. (F) The
total fraction of shared BCR clones in WT and Apoe”~ B cells. (G) The total fraction of shared
BCR clones in WT and Apoe”” PCs. (H) The clonal expansion index of shared or unshared BCR
clones in B cells. The ends of the boxes show the upper and lower quartiles; the central lines
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represent medians. Each dot represents one sample. In WT mice, n=5; in Apoe”" mice, SLOs
n=9 ATLOs n=6. The p-values were determined by Wilcoxon-Signed-Rank Test.

3.2.2 Decreased fraction of shared BCR clones between ATLOs/blood PCs and
ATLOs/BM PCs
After terminally differentiation, PCs are capable to stay locally or home to the BM via the
circulation, but they also can home into SLOs (Hargreaves et al., 2001). In order to define the
tissue distribution of PCs, the percentage of PC BCRs which belong to the same clones across
tissues were analyzed (Figure 3.12). In WT SLOs, a large percentage of BCRs was also
observed in blood and BM (Figure 3.12A and C), supporting the notion that a large population
of WT SLOs PCs home to the BM via the circulation. Apoe” SLOs showed major similarity to
WT SLOs in that a high fraction of shared BCRs was observed between SLOs/blood and
SLO/BM PCs (Figure 3.12B and C). Shared BCRs were also found between ATLOs and other
tissues in Apoe”” mice (Figure 3.12B), indicating ATLO PCs could migrate to SLOs and BM,
or vice versa. However, the fraction of shared BCRs between ATLOs/blood and ATLOs/BM
was significantly lower when compared to Apoe” spleen (Figure 3.12C), suggesting that

ATLO PCs preferably accumulate locally rather than emigrate to SLOs or BM.
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Figure 3.12 The fraction of shared BCRs between ATLOs/blood and ATLOs/BM is low
(A) The representative chord plot displays shared BCR clones in different tissues in WT mice.
(B) The representative chord plot displays shared BCR clones in different tissues in Apoe™
mice. (C) The fraction of shared BCR clones in SLOs or ATLOs when shared with blood or
BM. The ends of the boxes show the upper and lower quartiles; the central lines represent
median. Each dot represents one sample. In WT mice, n=5; in Apoe”" mice, spleen n=6, RLNs
n=5, ATLOs n=6. The p-values were determined by paired Wilcoxon-Signed-Rank Test.

3.2.3 Higher fraction of expansion-derived PCs in ATLOs
To further examine whether the higher clonal expansion of CD19" B cells in Apoe”” SLOs and

ATLOs contribute to the presence of clonal populations in PCs, the clonality of PCs was
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quantified by analysing the networks, the clonal expansion index and the D20 fraction (Figure
3.13). Illustrated by networks, it was observed that both WT and 4poe” PCs, obtaining from
different tissues, exhibited a significant abundance of large-sized dots (3.13A and B). In
addition, the number of large-sized dots in PCs was higher than that observed in B cells. In WT
mice, the clonal expansion index in B cells was predominantly below 0.2. However, for WT
PCs collected from the same tissue, the clonal expansion index increased to 0.5 (Figure 3.1D
and 3.13C). These results provide additional support for higher levels of BCR mRNA
expression in PCs than in B cells. Since WT and Apoe”~ BM and blood PCs also showed higher
index values than B cells (Figure 3.1D and 3.13C), these data also suggest that expansion-
derived PCs are capable for circulating in blood or homing to BM. Since 1.) the clonal expanded
CD19" B cells have a higher probability to develop into PCs than non-expanded B cells in both
WT and 4poe”~ SLOs; 2.) the ability of PCs homing to BM via the circulation are comparable
between WT and Apoe”” SLOs, it is not surprisingly that the clonal expansion index of Apoe™
BM, blood and SLO PCs showed no significant difference when compared to their WT
counterparts (Figure 3.13C). However, ATLO PCs showed a significantly higher clonal
expansion index when compared to Apoe” SLO PCs (Figure 3.13C). In line with this
observation, the portion of top 20 clones in PCs were higher when compared to their counterpart
B cell samples in blood, SLOs and ATLOs (Figure 3.13D). There was no noticeable D20
difference in BM, blood, and RLNs between WT and Apoe” PCs, except for the higher D20 in
Apoe”” spleen when compared to WT spleen (Figure 3.13D), implying further increased clonal
expansion of top clones in Apoe”” spleens. Of note, the D20 portion of ATLO PCs dramatically
exceeded that in Apoe”” SLOs PCs (Figure 3.13D). In summary, ATLO PCs show significantly
higher clonal expansion indices and a greater portion of top clones when compared to SLOs,
indicating higher number of expanded PCs in ATLOs. There are two possibilities may
contribute to these observations: 1). the highly expanded ATLO B cells develop into expanded
PCs, and these PCs accumulate in ATLOs due to less emigration from there and thus less
homing to blood and BM; 2). the ATLO B cells have distinct development to differentiate into
more expanded PCs when compared to SLOs. Further evidence is required to understand the

underlying mechanisms.
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Figure 3.13 Higher fraction of expansion-derived PCs in ATLOs

(A) Representative graphic network of WT PCs. (B) Representative graphic network of Apoe™
SLO and ATLO PCs. Each sample was downsampled to 5,000 sequences. Each dot represents
one unique BCR sequence. The sizes of the dots correspond to the frequency of this BCR.
Clones containing identical CDR3aa regions, IGHV family and IGHJ family were clustered
and connected with short black lines based on the mutations. (C) The clonal expansion index
in each sample is shown in the box plot. Each index was determined as the mean of 1,000
samplings as described in the method section. (D) The total percentages of top 20 clones
containing most sequences in each sample was shown in the box plot. The ends of the boxes
show the upper and lower quartiles; the central lines represent medians. The sizes of the dots
represent the number of BCR sequences in each sample. In WT mice, BM n=5, blood n=4,
spleen n=5, RLNs n=4; in Apoe”~ mice, BM n=6, blood n=9, spleen n=9, RLNs n=9, ATLOs
n=6. The p-values for two-group comparisons were determined by Wilcoxon-Signed-Rank Test.
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3.2.4 Lower levels of diversification in ATLO PC clones

Next, the diversification within PC clones was estimated by both graphic network and clonal
diversification index analyses (Figure 3.13A and B, 3.14). PCs overall showed more
connections than B cells, supporting the concept that terminally differentiated PCs were more
diversified than B cells, as expected (Phan et al., 2006) (Figure 3.1B and C, 3.13A and B). A
large number of connected clusters were observed in both WT spleen and RLN PCs (Figure
3.13A). When comparing WT and Apoe”™ SLOs, Apoe” spleen PCs owned more diverse
clusters in comparison to WT spleen PCs, indicating diversified B cells have higher probability
to develop into PCs in Apoe™ spleens (Figure 3.13A and B). However, the diversified clusters
in Apoe’> RLN PCs were comparable to WT RLN PCs, suggesting the development of
diversified PCs may vary among different Apoe-deficient tissues. ATLO PCs displayed
comparable diverse clusters in comparison to Apoe”” RLNs (Figure 3.13A and B), indicating
similar levels of diversified PCs between ATLOs and Apoe”’ RLNs. The value of clonal
diversification index in WT SLOs was significantly higher when compared to WT blood and
BM (Figure 3.14), suggesting that other sources of PCs with low diversification, i.e., B-1 cell
derived PCs, also contribute to the PC pool in BM via the circulation. Apoe”~ RLNs and blood
PCs showed comparable diversification indices versus their WT counterparts; however, Apoe
I spleens and BM showed markedly higher value of PC diversification index versus WT
samples (Figure 3.14). Since both spleen and RLN PCs have a comparable ability to home to
the BM, the increase of diversified PCs in Apoe”- BM may result from higher diversified PCs
in Apoe” spleen versus their WT counterparts. The index in ATLO PCs was comparable to
Apoe’ RLNs but considerably lower than Apoe”~ spleen PCs (Figure 3.14). Because there was
no significant difference on clonal diversification of ATLO and Apoe” spleen B cells (Figure
3.2), the lower clonal diversification of ATLO PCs when compared to Apoe” spleen PCs may
suggest that lower levels of diversified B cells differentiate into PCs in ATLOs. Another
possibility is that the lower levels of diversified PCs are preferably maintained locally rather

than home to BM than the higher diversified PCs in ATLOs.
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Figure 3.14 Lower levels of diversification in 4poe”- RLN and ATLO PC clones

The clonal diversification index in each sample is shown in the box plot. Each index was
determined as the mean of 1,000 samplings as described in the method section. The ends of the
boxes show the upper and lower quartiles; the central lines represent medians. The sizes of the
dots represent the number of BCR sequences in each sample. In WT mice, BM n=5, blood n=4,
spleen n=5, RLNs n=4; in Apoe”’~ mice, BM n=6, blood n=9, spleen n=9, RLNs n=9, ATLOs
n=6. The p-values for two-group comparisons were determined by Wilcoxon-Signed-Rank Test.

3.2.5 Similar levels of mutation in Apoe” SLOs and ATLO PCs

To study the mutations in PCs, both percentage of mutated PCs and mean mutations per PCs
were determined (Figure 3.15). Both WT spleen and RLNs showed a high fraction of mutation-
carrying PCs, further supporting the age-related accumulation of mutations (Figure 3.15A).
Blood and BM also contained high percentages of mutation-carrying PCs, indicating homing
of mutated PCs from SLOs to BM (Figure 3.15A). Interestingly, the composition of mutated
BCRs in Apoe” spleen PCs was strongly increased when compared to WT spleen PCs (WT
spleen: ~50%; Apoe™” spleen: ~75%) (Figure 3.15A), indicating the mutated B cells have higher
probability to enter the PC pool in Apoe” spleen versus WT spleen. However, the percentages
of mutated PCs showed no significant difference between WT and 4poe”” RLN PCs, and the
fraction in homed and circulating PCs were comparable in WT and Apoe”” mice (Figure 3.15A).
The percentage of mutation-carrying PCs in ATLOs was similar to that in corresponding Apoe
/- SLOs, accounting for approximate 60% of total ATLO PCs (Figure 3.15A). This data
indicated the varied development of mutation-carrying B cells into PCs. When calculating the
average mutation numbers in each BCR, the results were similar to the results of mutation
fractions. (1). Similar numbers of mean mutations were found in WT SLOs, blood and BM

(Figure 3.15B); (2). Spleen PCs demonstrated higher numbers of average mutations per
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sequence in Apoe’” mice than those in WT mice (Figure 3.15B); (3) No significant difference
was observed when compared to the mean mutations in Apoe”” RLN, blood and BM versus their
WT counterparts (Figure 3.15B); (4). ATLO PCs showed similar levels of mean mutations
when compared to Apoe” SLO PCs (Figure 3.15B). These results suggest increased
diversification in Apoe” spleen PC clones may result from increased mutations. This data also
implies the similar mechanisms of development of mutated B cells to PCs in Apoe”™ SLOs and

ATLOs.
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Figure 3.15 Similar levels of mutations in Apoe”- SLOs and ATLOs

(A) The fraction of mutated sequences and (B) the average number of mutations per sequence
in each sample is shown in the boxplot. The ends of the boxes showed the upper and lower
quartiles; the central lines represent medians. The sizes of the dots represent the number of BCR
sequences in each sample. In WT mice, BM n=5, blood n=4, spleen n=5, RLNs n=4; in Apoe™
mice, BM n=6, blood n=9, spleen n=9, RLNs n=9, ATLOs n=6. The p-values for two-group
comparisons were determined by Wilcoxon-Signed-Rank Test.

3.2.6 Decreased fraction of class-switched PCs in ATLOs

To examine the CSR in B-PC development, the percentages of switched PCs were analyzed in
WT and Apoe”’” mice. In WT SLOs, only 1/4 to 1/3 of PCs were class-switched, and the most
abundant switched isotype was IgG2c (Figure 3.16A and B). There was also high fraction of
IgG1 and IgG3 in WT SLO switched PCs (Figure 3.16A and B). Around 50% of homed BM
PCs and circulating blood PCs in WT mice had undergone class-switching, and IgA dominated
the switched PCs (Figure 3.16A and B). These data also indicate other origins of PCs that

home to BM via the circulation. Apoe”” blood showed less switched PCs, with a significantly
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decreased fraction of IgA in Apoe” blood in comparison to WT blood (Figure 3.16A and B).
There was no significant difference when comparing the fraction of switched PCs in WT and
Apoe”~ SLO PCs (Figure 3.16A and B), though the percentage of switched B cells in Apoe”
RLN surpassed WT RLN. These data implicate similar portion of switched B cells develop into
PCs in both WT and Apoe”~ SLOs. Compared to Apoe”~ SLOs, there were less class-switched
PCs in ATLOs, and the fraction of IgG dramatically dropped in ATLO PCs in comparison to
Apoe’- SLOs (Figure 3.16A and B). These results suggest that a lower portion of switched B
cell develop into PCs in ATLOs. To further delineate how the switching preference would
influence PC development, the networks were introduced to estimate the switching between
two isotypes (Figure 3.16C-E). There was no systemic difference on CSR frequency between
WT SLOs and Apoe”~ SLOs. The most common switching was 1gG3 to IgG2 and IgG1 to 1gG2,
and these switches were seen in WT and Apoe”” RLNs (Figure 3.16C and D). However, when
compared to Apoe”’” RLNs, ATLO PCs showed less switching from IgG1 to IgG2, accompanied
by a lower frequency of IgG2 (Figure 3.16E). This observation is consistent with the results in
ATLO B cells, suggesting the decrease of IgG2 in ATLO PCs is associated with the reduced
fraction of ATLO IgG2 B cells. Because ATLO showed less class-switched cells in both B cells
and PCs, and the variation of switched preference were maintained from B cells to PCs. This
data indicates the CSR is dysfunctional in ATLO B cells, but there was no further compromised
CSR during B-PC development.
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Figure 3.16 Decreased fraction of class-switched isotypes in ATLO PCs

(A) The piecharts show average percentages of unswitched and switched PCs in each tissue.
The inner circles display WT results, and the outer circles display Apoe” results. (B) The
boxplot shows the isotype proportion in both WT and Apoe” PCs. The ends of the boxes show
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the upper and lower quartiles; the central lines represent medians. (C-D) The CSR events in
SLO PCs of WT and Apoe”’- mice. The significance was calculated comparing Apoe”” mice to
WT mice. (E) The CSR events in ATLO PCs. The significance was calculated comparing
ATLOs to RLNs. Each circle represents one isotype, and the size of the circles is proportional
to the percentage of unique BCR sequences in that isotype. The edges and arrows indicate class-
switching direction between paired isotypes; the thickness of arrows is proportional to the
relative frequency of CSR events In WT mice, BM n=5, blood n=4, spleen n=5, RLNs n=4; in
Apoe’” mice, BM n=6, blood n=9, spleen n=9, RLNs n=9, ATLOs n=6. The p-values for two-
group comparisons were determined by Wilcoxon-Signed-Rank Test.

3.2.7 Varied IGHV family selection in Apoe” PCs

To examine preference of IGHV family usage in PCs, the percentage of each IGHV family in
PCs was analyzed. The IGHV1 family occupied a high fraction comprising both WT and 4poe
/~PCs, accounting for more than 50% of the total PC populations in each group (Figure 3.17).
The decreased fraction of IGHV4 and IGHV11 was noticed in Apoe” PCs in comparison to
WT PCs (Figure 3.17), consistent with their reduction in Apoe” B cells. While IGHV4
occupied around 4% of PCs in WT mice, the fraction sharply dropped to around 1% in Apoe™
mice, and IGHV11 showed a significant decline from ~2.5% to ~0.5% between WT and Apoe
/~SLOs (Figure 3.17). The tendency of increased IGHV7 was noticed in most of Apoe™" tissues,
and ATLO PCs had a very high potential to select IGHV7 family (Figure 3.17). Besides, the
IGHV 14 family was considerably overrepresented in Apoe” PCs when compared to WT PCs
(Figure 3.17). These results are also consistent with the findings comparing Apoe” B cells to
WT B cells, indicating the usage of IGHV families is maintained during B-PC development in
mice lacking Apoe. The expression of IGHV family in ATLO PCs showed similarities with
Apoe”™ SLO PCs, but the occupation of IGHV2 was significantly lower in ATLO PCs when
compared to Apoe’” SLO PCs (Figure 3.17). ATLO also showed less IGHV9 PCs in
comparison to Apoe”~ SLO PCs (Figure 3.17). The significant decrease of IGHV3, IGHV4,
IGHVS and IGHV13 as well as the increase of IGHV12 was noticed when comparing ATLO
PCs to Apoe”~ SLO PCs (Figure 3.17). A similar tendency was observed in ATLO B cells
although there was no significant difference. In summary, the variation of IGHV usage which
we observed in ATLO B cells also presented in ATLO PCs when compared to Apoe”™ SLOs,
indicating a preference of IGHV family usage is not disrupted in ATLOs during B-PC

development.
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Figure 3.17 Specific IGHV family usage in Apoe”~ PCs
The average frequency of PC IGHV family usage in individual mice is shown by barplots. The

error bar indicates standard error of the mean. In WT mice, BM n=5, blood n=4, spleen n=5,
RLNs n=4; in Apoe’~ mice, BM n=6, blood n=9, spleen n=9, RLNs n=9, ATLOs n=6. The p-
values for two-group comparisons were determined by Wilcoxon-Signed-Rank Test. The
significantly changed V families were labelled. *: p<0.05, **: p<0.01, ***: p<0.001.

3.3 Breakdown of B cell immune tolerance in Apoe”™ mice

To estimate whether the Apoe”~-associated early hyperlipidaemia or late atherosclerosis affect
B cell immune tolerance mechanisms, immature naive B cells and mature naive B cells were
recruited at two checkpoints to examine if autoreactive B cells are detectable and whether this
may be due to immune tolerance breakdown (Melchers, 2015). Using flow cytometry, immature

naive B cells (CD19°CD43-CD24*IgM IgD") were isolated from the BM and mature naive B
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cells (CD19°CD43-CD24 1gM*IgD™) were isolated from the spleen. Both young (8-10 weeks)
and aged (78-85 weeks) mice were used for sorting and comparison. In total, 59 samples were
sequenced to obtain more than 250,000 unique BCRs (Supplemental table 3). Spleen GC B
cells (CD45°CD19IgD'GL7'PNA™) and PCs, as well as BM PCs were also isolated from
young mice to investigate the B cell development in young age. About 600,000 unique BCRs

were obtained from a total of 30 samples (supplemental table 4).

3.3.1 Increased clonality of B cells during B cell development in young Apoe” mice

Long-lived PCs either reside in SLOs or home to BM (Figure 3.18A). In young mice (8-10
weeks), naive B cells, GC B cells and PCs were sorted to estimate the development of B cells
before and after exposure to antigen(s) by determining the clonal expansion index and clonal
diversification index (Figure 3.18B and C). WT BM immature naive B cells and spleen mature
naive B cells showed low clonal expansion index (Figure 3.18B), indicating less expanded cells
in this population. This data, as expected, is consistent with the concept that major autoreactive
B cells are removed during B cell development (Wardemann et al., 2003b). Of note, WT spleen
GC B cells showed a low clonal expansion index, while WT spleen PCs and BM PCs showed
high levels of clonal expansion indices (Figure 3.18B). However, a significantly higher clonal
expansion index was found in both Apoe”~ immature naive B cells and mature naive B cells
when compared to WT mice, suggesting increased expanded naive B cells in young Apoe™
mice (Figure 3.18B). These data imply the autoreactive B cells are not properly removed at
tolerance checkpoints early in life and trigger clonal expansion in Apoe” naive B cells.
Therefore, the mechanism of B cell central tolerance may break down in young 4Apoe”” mice.
Clonal expansion also increased in Apoe” spleen GC B cells when compared to WT GC B cells
(Figure 3.18B), supporting the concept that autoreactive B cells which escaped tolerance
checkpoints may initiate GC responses, as reported (Degn et al., 2017). There was no significant
difference between WT and Apoe”” spleen PCs, indicating clonal expanded CD19" B cells have
a higher probability to develop into PCs than non-expanded B cells in both young WT and
Apoe’” mice (Figure 3.18B). In contrast, while comparing the BM PCs, the clonal expansion
index in young Apoe’” mice were lower than that in young WT mice (Figure 3.18B), raising
the possibility that 1). expansion-derived PCs are retained locally rather than homing to the BM
in young Apoe’~ mice; 2). young Apoe’~ BM contains more non-expanded PCs that had
migrated from other tissues. There were low values of clonal diversification indices in WT BM
immature naive B cells and spleen naive B cells, and the indices were comparable between WT

and Apoe”’” mice (Figure 3.18C). This data indicates there are low mutations within clones in
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both young WT and 4poe” naive B in the absence of GC reactions, consistent with the concept
that GC-dependent SHM is the major source for B cell mutations. In contrast, Apoe”- GC B
cells showed slightly higher values of clonal diversification index than WT GC B cells, and
significantly elevated clonal diversification index in young Apoe”~ spleen PCs and BM PCs
when compared to their WT counterparts (Figure 3.18C). This data implies the important

possibility aberrant GC reactions triggered by unknown autoantigens in young 4poe”” mice.
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Figure 3.18 Increased clonal expansion and diversification in young Apoe” mice

(A) Schematic view shows the development paths of B cells. BM immature naive B cells
migrate to spleen or LNs for further maturation. After activation, antigen-experienced B cells
enter GCs for affinity maturation, and consequently generate memory B cells or PCs. Activated
B cells are also capable to bypass GCs to directly develop into PCs. Long-lived PCs reside in
SLOs or home back to the BM. (B) The clonal expansion index and (C) clonal diversification
index in young Apoe”- and WT mice. The ends of the boxes show the upper and lower quartiles;
the central lines represent medians. The sizes of the dots represent the relative number of
sequences in each sample. BM immature naive B cells: WT n=7, 4poe”" n=10; spleen mature
naive B cells: WT n=7, Apoe”” n=10; spleen GC B cells: WT n=5, Apoe”" n=5; spleen PCs: WT
n=5, Apoe’" n=5; BM PCs: WT n=5, Apoe”’" n=5. The p-values for two-group comparisons were
determined by Wilcoxon-Signed-Rank Test. *: p<0.05; **: p<0.01.

To conclude, the increased clonal expansion and diversification indicate the lack of Apoe gene

or hyperlipidemia may disrupt B cell tolerance during B cell development in young Apoe” mice.
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3.3.2 Similar clonality in aged WT and Apoe™ naive B cells

To investigate immune tolerance during aging, clonal expansion index, D20 value and clonal
diversification index of naive B cells isolated from aged mice (78-85 weeks) were also
calculated (Figure 3.19A-C). Both aged WT and Apoe”~ showed higher clonal expansion
indices in naive cells when compared to young mice (Figure 3.18B and 3.19A), indicating
more expanded B cells in aged mice, thus supporting the age-related skew of the BCR repertoire
which has been described previously (Gibson et al., 2009). Of note, there was no significant
difference on clonal expansion index when compared aged Apoe”” naive B cells to WT naive B
cells (Figure 3.19A), suggesting similar levels of expanded naive B cells in aged WT and Apoe
" mice. Similar results were also obtained in the total fraction of top 20 clones as the D20 values
was comparable between aged WT and Apoe”’” naive B cells (Figure 3.19B), further indicating
similar levels of autoreactive immune responses in aged WT and Apoe” naive B cells. The
clonal diversification index in both aged WT and Apoe” naive B cells was low and with no

significant difference (Figure 3.19C), supporting low mutations in aged naive B cells.
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Figure 3.19 Similar clonality of naive B cells in aged Apoe” mice

(A) The clonal expansion index (B) the D20 fraction and (C) the clonal diversification index of
naive B cells in both young and aged mice. The ends of the boxes show the upper and lower
quartiles; the central lines represent medians. The sizes of the dots represent the number of
sequences in each sample. BM immature naive B cells: WT n=4, Apoe”" n=8; spleen mature
naive B cells: WT n=5, Apoe”- n=8. The p-values for two-group comparisons were determined
by Wilcoxon-Signed-Rank Test.

Above, we reported increased clonal expansion in young Apoe” naive B cells when compared
to young WT mice, suggesting breakdown of tolerance to lead to autoreactive B cell response
in young Apoe”” mice. Since aging is one factor to shrink the BCR repertoire, it is not surprising
to detect more clonal expanded naive B cells in aged mice. The expansion was comparable

between aged WT and Apoe’ naive B cells, implying aging plays a more important role in
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naive B cell clonal expansion than lack of Apoe. Although there was no significant difference,
aged Apoe”’ naive B cells displayed a tendency to increase their expansion versus WT naive B

cells, suggesting tolerance breakdown of aged Apoe”” mice.

3.3.3 Atherosclerosis-specific overexpression of IGHV families in aged Apoe”" mice

The results obtained from aged mice have uncovered the underrepresentation of IGHV4,
IGHV11 and IGHV13 families, as well as overexpression of IGHV7 and IGHV 14 families in
aged Apoe’" mice (Section 3.1.6 and 3.2.7). However, whether the bias of IGHV gene
expression is attributable to Apoe deficiency in young mice or late atherogenesis has not been
investigated. To answer this question, the usage of IGHV family in naive B cells from both
young and aged mice were assessed (Figure 3.20). The frequency of IGHV4 and IGHV11
families between young WT and Apoe”™ mice was comparable in both immature naive B cells
and mature naive B cells (Figure 3.20A and B). Low usage of IGHV7 and IGHV 14 families,
as well as increasing of IGHV13 family were found in young Apoe”~ mice when compared to
young WT mice, which was opposite to the results obtained from aged B cells and PCs (Figure
3.20A and B). This data indicates that the decreased selection of IGHV4,IGHV11 and IGHV 13,
as well as increased selection of IGHV7 and IGHV 14 occur in aged Apoe”” mice and may be in
relation to atherosclerosis rather than Apoe deficiency. When comparing the IGHV family
usage in aged WT and Apoe’" naive B cells, there was no significant difference in the
frequencies of IGHV4, IGHV11, IGHV13 and IGHV 14 between two genotypes, but IGHV7
showed tendency to increase in aged Apoe” naive B cells (Figure 3.20C and D). Therefore, in
aged Apoe’ mice, the lower usage of IGHV4, IGHV 11 and IGHV 13 families, as well the higher
usage of IGHV 14 family initiate in activated B cells, whereas the increasing of IGHV7 usage
tends to initiate in naive B cells (Figure 3.20C and D). In addition, the significant changes of
the fraction in IGHV1, IGHV2, IGHV3 and IGHV10 families in young mice were to some
extent similar to variations in IGHV usage frequency in aged SLOs (Figure 3.7, 3.17 and 3.20),
and thus those changes may be associated with loss of Apoe. However, the young mice used
here had an age of 8-10 weeks and were maintained under normal mouse chow. Apoe”" mice
are born hyperlipidemic with a very high level of total cholesterol. Although at 8-10 weeks of
age there is no macroscopic visible atherosclerosis, evidence indicates that these mice have a
series of morphological changes including macrophage/foam cell accumulation in the intima of
the aortic arch. We therefore believe that it is too early to say whether the B cell immune
response in young Apoe”’” mice is due to the absence of Apoe or due to changes that are related

to hyperlipidemia and/or early stages of atherosclerosis.
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Figure 3.20 Frequency of IGHV family usage of naive B cells in young WT and Apoe™
mice

The average frequency of IGHV family usage in (A) young immature naive B cells, (B) young
mature naive B cells, (C) aged immature naive B cells and (D) aged mature naive B cells were
shown in barplots. The error bar indicates standard error of the mean. In WT mice, young
immature naive n=7, young mature naive n=7, aged immature naive n=4, aged mature naive
n=>5; in Apoe’ mice, young immature naive n=10, young mature naive n=10, aged immature
naive n=8, aged mature naive n=8. The p-values for two-group comparisons were determined
by Wilcoxon-Signed-Rank Test. *: p<0.05; **: p<0.01; ***: p<0.001.

3.4 Disruption of immune tolerance in ATLO GCs

To investigate the gene expression in relation to B cell functions and subtypes, scRNA-seq was
applied to aged WT RLNs, Apoe”’ RLNs and ATLOs to determine the gene expression profile
in each B cell. Importantly, the sequences of BCR heavy and light chain in each B cell were
paired to the expression profile, giving us the opportunity to relate mRNA profiles to the
respective BCR trees. After ruling out cells with low quality, a total of 12,854 B cells were
obtained from three tissues (WT RLNSs: 5,336; Apoe”’” RLNs: 5,102; ATLOs: 2,416).
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3.4.1 Distinct gene expression profiles in ATLO B cells

First, the totality of DEGs in different tissues was determined. A total of 247 significantly up-
regulated genes was obtained for three tissues. The WT RLNs and 4poe”” RLNs showed major
similarity in terms of total B cell gene expression (Figure 3.21A). Only 4 significantly up-
regulated genes were found in WT RLN B cells when compared to Apoe”~ RLNs and ATLOs
(Figure 3.21A). These genes cannot be enriched to any functional pathways when annotated in
KEGG database, suggesting the identified genes do not display significant associations with
any specific biological processes or molecular functions. Apoe”” RLN B cells showed no
significantly up-regulated genes when compared to the other two groups (Figure 3.21A). The
majority of DEGs were observed between ATLO B cells versus RLN B cells, i.e., 243 genes
were significantly over-expressed, and 4 genes were down-regulated in ATLO B cells. Both
ATLO up-regulated and down-regulated DEGs were used for further functional enrichment
analysis. It was determined that the DEGs showed a significant enrichment in pathways
associated with immune response. Specifically, the DEGs were found to be enriched in TNF
signalling pathways, the chemokine signaling pathway and importantly B cell receptor
signalling pathways (Figure 3.21B). This suggests that the DEGs in ATLOs B cells have
functional roles in regulating immune responses, potentially influencing processes such as
inflammation, cell migration and autoantibody production. Therefore, the overall comparison
on B cells between ATLOs and SLOs indicates distinct immune responses in ATLOs, providing

evidence that ATLOs may be the unique site for atherosclerosis B cell immune response.
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Figure 3.21 Distinct gene expression profiles in ATLO B cells versus SLO B cells

(A) The heatmap shows the expression of top 20 significantly up-regulated genes in each tissue.
The expression was visualized as a scaled value after normalization. DEGs: log(FC)>0.25 and
p<0.05. (B) Representative KEGG pathways enriched in ATLO DEGs. Ratio = observed genes
/ background genes. The significance of enrichment was determined as FDR < 0.05.
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3.4.2 scRNA-seq identifies 7 B subsets from total B cells

To dissect B subsets, the top 2,000 highly variable genes in total B cells were used to construct
the UMAP plot. UMAP is a method to reduce the dimensionality of scRNA-seq data and
visualize the relationships of cells based on expression of thousands of genes. In our data, the
total B cells obtained from three tissues were assigned to 10 clusters (Figure 3.22A). Based on
canonical markers and signature genes provided by Mathew and colleagues, the clusters were
combined and identified as 7 B subsets, including a PC subset, a Mem/B-1 subset and 5 B-2
subsets (Mathew et al., 2021) (Figure 3.22B-D). Cluster 7 (C7) was identified as the PC
population by high expression of Ighm gene as well as marker genes including Xbpl,
Sdcl(Cdi38), Prdml, Jchain and Slpi (Shi et al., 2015) (Figure 3.22C and D). C4 comprised
B-1 B cells which were marked as Cd/9 and Spn (Cd43) double-positive cells (Cunningham et
al., 2014). This cluster also expressed Zeb2 and Vim, which are markers of memory B cells
(Laidlaw et al., 2020, Riedel et al., 2020) (Figure 3.22C and D). Therefore, this cluster was
named as Mem/B-1 subset. The other 7 clusters were characterized as B-2 cells by high
expression of Cd/9 but low expression of Spn (Cd43) (Muri et al., 2019) (Figure 3.22C). CO-
C3 accounted for the majority of B-2 cells. They were named as B-2 subsets since they were
Cd19-positive and Cd43-negative but lacking other specific markers for further identification
(Figure 3.22C and D). C9 showed increased expression of interferon regulatory factor 7 (Irf7)
and several interferon-inducible genes (e.g., Ifi203 and Ifit3) (Figure 3.22C and D). Cd$§3,
Fcer2a, Junb, Nr4al and CD69 were over-expressed in C5, indicating that this cluster
comprised newly activated B cells (Nac B) (Mathew et al., 2021) (Figure 3.22D). C6 showed
higher expression of Myc, Npml, Eif5a, Ran, Mif and Eif4al, which were suggested to be
expressed in early GC B cells (Mathew et al., 2021) (Figure 3.22D). C8 was defined as late GC
B cells by highly expressing Aicda, which plays a critical role in SHM and CSR (Victora and
Nussenzweig, 2012) (Figure 3.22C). This cluster also showed high expression of Mki67, which
encodes Ki-67 protein associated with cell proliferation (Sobecki et al., 2016) (Figure 3.22D).
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Figure 3.22 7 B subsets were identified from total B cells

(A) The UMAP algorithm used a total of 12,854 B cells which were separated into 10 clusters.
(B) All clusters were classified into 7 B subsets based on gene expression profiles. The UMAP
plot shows the name and the location of each population in the UMAP map. (C) Normalized
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expression of B cell markers in UMAP plot. (D) Scaled expression of genes selected to define
B subsets. The dot sizes are corresponding to the proportion of cells expressed that gene and
the colors indicate the levels of average expression in each subpopulation.

Expression of top10 highly expressed genes in each B cell subset was next visualized (Figure
3.23A). B-2 subset showed higher expression of Cd55, Ccr2, Sell and Bankl, indicating
involvement of B cell immune responses (Figure 3.23A). In addition to /fi203, IFN"¢h B subset
also showed high expression of Statl, Trim30a, Parpl4, Rnf213, Irgml, which are involved in
type-1 Interferon signalling pathways (D'Souza et al., 2021) (Figure 3.23A). The expression of
Myc, Nfkbl, Rel, Egrl and Egr3 transcripts was detected in the Nac B subset to regulate cell
survival, proliferation and death (Figure 3.23A). The early GC and late GC subsets were
separated by expression of cell cycle-related genes Ranbpl, Eif5a, Nme2, Mki67, Hmgb2,
Stmnl and Top2a (Figure 3.23A). The PC subset was identical by highly expressing BCR-
related genes like Jchain, Iglvl and Igkc (Figure 3.23A). The Mem/B-1 subset showed
increased expression of memory-related genes Fcrl5, Zeb2 and B-1-related genes Plac8 (Kim
et al., 2019, Luo et al., 2022) (Figure 3.23A). The specifically highly-expressed genes in each
subset were referred to the KEGG database for functional enrichment analysis. B-2 subsets
were significantly enriched on B cell receptor signalling pathway and chemokine signalling
pathway (Figure 3.23B). The IFN"gh B subset showed higher enrichment on several infection-
related terms as expected (Honda et al., 2005, Ivashkiv and Donlin, 2014) (Figure 3.23B). The
ribosome biogenesis pathway was observed in the Nac B subset and Mem/B-1 subset, which
was known to play a role in protein synthesis, cell proliferation and apoptosis (Jiao et al., 2023)
(Figure 3.23B). Oxidative phosphorylation (OXPHOS), which has been reported to be
enhanced in activated B cells, was markedly enriched in early GC, late GC, PC and Mem/B-1
subsets (Price et al., 2018) (Figure 3.23B). Early GC and late GC B cells also exhibiting
enriched function pathways related to proteasome, spliceosome and protein processing in the

endoplasmic reticulum (Figure 3.23B). These pathways are crucial in regulating protein
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homeostasis, antibody production and generation of high-affinity antibodies during immune
response. PCs were noticed to be involved in protein export as expected, as this function is

essential for the secretion of antibodies (Figure 3.23B).
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Figure 3.23 The transcriptome and functional prediction in different B cell subsets

(A) The heatmap shows the expression of topl0 highly expressed genes in each B cell
population. The expression was visualized as a scaled value after normalization. (B) Topl0
KEGG terms enriched in each B cell subset. The ratio was calculated as the observed genes /
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the background genes. The colors indicate adjusted p-values, and the sizes of dots are
proportional to the ratio. The significance of enrichment was determined as p<0.05.

In conclusion, the different B cell subsets were distinguished by specific gene expression and

functional enrichment, supporting distinct roles of each subset in the immune response.

3.4.3 Distinct B-cell compositions in ATLOs

To determine the differences of B cell compositions in WT RLNs, Apoe”~ RLNs and ATLOs,
the proportion of B cell subsets in each tissue was compared (Figure 3.24). All B cell subsets
were presented in all tissues including in ATLOs (Figure 3.24A), supporting the notion that
the required spectrum of B cell adaptive immune responses can be organized not only in SLOs
but also in ATLOs. WT and 4poe”~ RLNs showed major similarities in cellular composition
and there was no significant difference on the percentages of most of B cell subsets (Figure
3.24B and C). They both composed an overwhelming population of B-2 subsets, accounting
for more than half of the total B cells (WT: 78.19%; Apoe™: 79.67%) (Figure 3.24B). RLNs
also contained a significant percentage of Nac B cells (WT: 5.36%; Apoe”: 4.39 %) and
Mem/B-1 cells (WT: 5.23%; Apoe™: 5.31%) (Figure 3.24B). IFN"i¢" B cells, early GC B cells,
late GC B cells and PC subsets only occupied a small fraction in both WT and Apoe”- RLN B
cells (Figure 3.24B). Compared to WT and Apoe”” RLNs, ATLOs exhibited reduced number
of B-2, IFN"eh B and Nac B subsets (Figure 3.24B). And the proportion of late GC B cells in
ATLOs was decreased comparing to WT RLNs (p=0.0058) and Apoe’~ RLNs (p=0.052)
(Figure 3.24B). Additionally, the fraction of PCs in ATLOs markedly increased to 4-fold when
compared to Apoe”~ RLNs (Figure 3.24B). Furthermore, ATLOs harbor a higher proportion of
early GC and Mem/B-1 cells (Figure 3.24B). These observations were consistent with the data
obtained by flow cytometry analysis based on protein expression published by our group

(Srikakulapu et al., 2016).

80



Results

WT RLNs Apoe’ RLNs ATLOs

-10 -5

Apoe’ RLNs
n=5102

. Late GC (p=0.37; p=0.052)

. B-2 (p=0.24; p<0.0001)

. IFNNGN B (p=0.60; p<0.001) . PC (p=1.00; p<0.0001)

Nac B (p=0.040; p<0.0001) . Mem/ B-1 (p=0.71; p<0.0001)

. Early GC (p=0.56; p<0.0001)

Figure 3.24 Distinct B cell compositions in ATLOs

(A) The UMAP plot shows the distribution of B cell subsets in each tissue. Each dot represents
one cell. (B) The proportion of different B cell subsets in each tissue. The p-value was
determined by the Chi-square test and adjusted by Benjamini-Hochberg correction. The first p-
value in the brackets was determined by comparing Apoe” RLNs versus WT RLNs, while the
second p-value was determined by comparing ATLO versus Apoe”” RLNs.

In summary, these data indicate distinct differences in cellular composition between RLNs and
ATLOs. ATLOs exhibit a modified distribution of B cell subsets, suggesting the potential for
unique B cell immune responses in ATLOs. Further study is necessary to elucidate the
functional differences and their implication in B cell immune response within these tissues.
However, the data suggests the important possibility that ATLOs harbor dysfunctional GC

dynamics and function.
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3.4.4 Distinct gene expression profiles in ATLO B cell subsets

To further investigate the potential functional differences to conduct B cell immune responses
in ATLOs versus SLOs, DEGs of each tissue (logFC>0.25, p<0.05) were determined in each B
cell subset. Only a few genes were specifically dysregulated in WT and Apoe” RLNs, while
ATLOs showed a pronounced number of DEGs in each B cell subset (Figure 3.25A). ATLO
early GC, late GC and Mem/B-1 subsets showed an increased number of dysregulated genes
when compared to their corresponding RLN subsets. Around 100 DEGs are shown in each
group (Figure 3.25A). In ATLOs B-2, IFN"e" and Nac B subsets, more than 200 genes were
markedly dysregulated in comparison to their RLN counterparts (Figure 3.25A). In order to
investigate whether these DEGs are cell-specific or are expressed across B cell subtypes, the
DEGs obtained from different ATLO B subsets were further analyzed. A total of 750 DEGs
across B cell subsets were found to be dysregulated in ATLOs (Figure 3.25B). There were a
large number of DEGs observed across multiple ATLO B cell subsets. The overexpression of
Junb, Gm15564, lars2 and Cebpb were detected in all ATLO B cell subsets when compared to
corresponding RLN B cell subset. And there were 8 DEGs across 6 B cell subset, 16 DEGs
across 5 B cell subset, 39 DEGs across 4 B cell subsets (Figure 3.25B). Most of DEGs were
observed in less than 4 cell types (Figure 3.25B), indicating their regulation are B cell subset-
specific. Next, a total of 750 DEGs were referred to databases for functional projection, and the
functional-related DEGs were clustered. The ATLO-specific genes were specifically enriched
to regulate OXPHOS, ribosome assembly, cell activation and proliferation (Figure 3.25C-F).
This suggests that these dysregulated genes in ATLO B cells may play a role in regulating
mitochondrial energy production, protein synthesis and immune response activation and

proliferation.
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Figure 3.25 Potential functional implications of dysregulated gene expression profiles in
ATLO B cell subsets

(A) The rose diagram shows the number of DEGs in each tissue within different B cell subsets.
(B) Heatmap illustrates the distribution of ATLO DEGs across different B cell subsets. The
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number of DEGs across tissues are shown at right in the table. (C-F) Clusters of functional-
related DEGs in ATLO B cell subsets. The nodes indicate genes, and the edges indicate gene
associations. The colors represent up-regulated DEGs and down-regulated DEGs, respectively.

Overall, these findings highlight the distinct gene expression profiles and functional differences
in between ATLO and SLO B cell subsets. The dysregulated genes in ATLOs may contribute
to the unique immune response of the specific B cell subsets in this TLO during atherosclerosis.
The observation of both common and subset-specific DEGs in ATLOs suggests the presence
of dysregulated functions shared by multiple ATLO B cell subsets, as well as subset-specific

dysregulation of functionality.

3.4.5 Distinct B cell clonality in ATLOs

Apart from the transcriptome of single B cells, the BCRs of each single B cell was also
sequenced using the pairing approach. This provided the important opportunity to pair
individual B cell clonalities and their single cell gene expression profiles. Around 61%
(3,248/5,336) WT RLN B cells, 68% (3,457/5,102) Apoe”” RLN B cells and 81% (1,946/2,416)
ATLO B cells were successfully paired with their BCR sequences, indicating a high quality of
our data. Because the information of BCR heavy chain is sufficient to determine B cell clones,
BCR clones were determined as cells containing identical V, J family and CDR3aa regions in
heavy chains (Zhou and Kleinstein, 2019, Bashford-Rogers et al., 2019). All clonally expanded
B cells were highlighted in the UMAP plot (Figure 3.26A). Illustrated by the UMAP plot, the
expanded B cells were mainly limited to three B cell subsets: (1) late GC subset; (2) PC subset
and (4) Mem/B-1 subset (Figure 3.26A). To quantify this observation, the fraction of expanded
cells in each B cell subset was calculated. Late GC, PC and Mem/B-1 B cell subsets showed
more than 20% of expanded cells, while expanded cells only accounted for a small fraction in
B-2 cells, IFNMigh B cells, Nac B cells and early GC B cells (Figure 3.26B). These data were
consistent with the concept that activated GC B cells undergo clonal expansion and terminally
differentiated into PCs or memory B cells in GCs. To compare the tissue difference of
expansion in late GC, PC and Mem/B-1 B cell subsets, the expansion of these 3 subsets in RLNs
and ATLOs was analyzed. In WT and Apoe”~ RLNs, PCs showed the highest percentage of
expanded cells, while the fraction in late GC and Mem/B-1 subsets was similar (Figure 3.26C).
However, the fraction of expanded cells in ATLO PCs decreased to levels similar to those in
ATLO late GCs (Figure 3.26C), suggesting dysfunctional ATLO GCs. Next, the mutation in
heavy chain in each B cell was calculated (Figure 3.26D and E). Only a few mutations were

observed in B-2, IFN"2" Nac and early GC B cell subsets, while the mean mutations surged to
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around 5 in Mem/B-1 and exceeded 7 in PCs (Figure 3.26D). GCs showed the highest mean
mutations, i.e. each cell on average contained more than 10 mutations (Figure 3.26D). When
compared the mutations in different tissues, WT RLNs and Apoe”’- RLNs were similar. Late GC
B cells displayed significantly higher mutations than PCs and Mem/B-1 cells, supporting rapid
SHM in WT and 4poe”- RLN GCs (Figure 3.26E). The mean mutations in ATLO late GC
subsets decreased, however, with significantly increasing of mean mutations in PCs when
compared to ATLO late GC and Mem/B-1 B cells (Figure 3.26E). This data indicated that
SHM in ATLO GCs may be compromised. The class-switched cells were also abundant in late
GC, PC and Mem/B-1 B cell subsets (Figure 3.26F). In WT and Apoe”~ RLNs, a large number
of late GC and PCs were class-switched, and the fraction of switched cells in Mem/B-1 subsets
was dramatically lower than that in late GC and PC subsets (Figure 3.26G). However, ATLO
late GC, PC and Mem/B-1 B cell subsets contained comparable percentages of class-switched
cells (Figure 3.26G). These findings implicate the mechanism of CSR in ATLO GCs may be
disrupted.
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Figure 3.26 B cell subset clonality in ATLOs

(A) The UMAP plot highlights clonally expanded B cells. The expanded cells were coloured
as red; the light grey indicates nonexpanded B cells, B cells without paired heavy and light
chains, or B cells that BCR sequences remained undetected. (B) The fraction of expanded B
cells in different B cell subsets. (C) The fraction of expanded cells in late GC, PC and Mem/B-
1 B cell subsets in each tissue. (D) The mean mutations on heavy chain in different B cell
subsets. The error bar indicates standard error of the mean. (E) Total mutations per cell on BCR
heavy chain and light chain within different GC states in each tissue. Each dot represents one
cell, and the red short lines indicate mean mutations in the group. (F) The fraction of
unswitched and class-switched B cells in different B cell subsets. (G) The fraction of
unswitched and class-switched B cells in late GC, PC and Mem/B-1 cell subsets in different
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tissues. The p-value in C and G was determined by Chi-square test and adjusted by Benjamini-
Hochberg correction. The p-value in E was calculated using Wilcoxon-Signed-Rank Test with
Benjamini-Hochberg correction.

In summary, clonal expansion, mutation and fraction of class-switched cells are primarily
observed in GC and post-GC B cells (PCs and memory B cells) in both RLNs and ATLOs. This
observation is in line with concepts that activated GC B cells undergo clonal expansion and
differentiate into PCs or memory B cells. ATLO displayed less expanded PCs, as well as
decreased levels of mutation-carrying and class-switched late GC B cells when compared to
RLNs, suggesting lower levels of SHM and CSR in ATLO GCs. These data indicated
compromised GC-dependent immune response in ATLOs, raising the possibility that ATLO B

cells may undergo tolerance checkpoint breakdown in GCs.

3.4.6 Identification of 3 GC B cell subsets in total GC B cells

Regrettably, the number of GC B cells in our data was insufficient for further delineation. Still,
in order to determine the heterogeneity of GC B cells in SLOs and ATLOs, early GC and late
GC B cell subsets were integrated with a published scRNA-seq data of GCs (GSE154634)
(Chen et al., 2021). The published GC B cells data were obtained from mice immunized with
either single antigen (4-hydroxy-3-nitrophenylacetyl conjugated with keyhole limpet
hemocyanin, NP) or complex antigen (ovalbumin, OVA) based on cell surface markers
B220"FasMGL-7"NP* and B220'Fas"'GL-7"OVA". After normalization and integration, no
batch effect was observed between published data and our data (Figure 3.27A). The UMAP
strategy nonsupervisory assigned all integrated GC B cells into 7 clusters (Figure 3.27B). A
set of gene markers in relation to GC dark zone (DZ), light zone (LZ) and resting stage were
introduced to identify the GC B cell subsets (Chen et al., 2021) (Figure 3.27E and F).
Expression of cell cycle-associated genes, i.e., genes prototypically expressed during the G2/M
and S phases was evaluated to categorize cells based on their specific cell cycle phases. Cells
exhibiting limited expression of both G2/M- and S-related genes were designated as non-
cycling cells in the GO or cells during their transition from GO to S, i.e. the G1 phase (Tirosh et
al., 2016) (Figure 3.27C). The enriched expression of Cd83 and Myc in C0O, C4 and C6
indicated that they are mainly LZ GC B cells (Holmes et al., 2020) (Figure 3.27E and F). They
also highly expressed H2-Ebl, Cd74, Cd79b and Syk, implying they are involved in antigen
presenting and BCR signalling pathways (Chen et al., 2021) (Figure 3.27E). C0, C4 and C6
also showed enrichment of Zbtb2(0, which contributes to PC maintenance (Zhu et al., 2018)
(Figure 3.27E). Cells in the C0, C4 and C6 primarily undergo GO/G1 phase of the cell cycle
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(Figure 3.27C), supporting they are non-cycling cells. The DZ markers such as Mcm3, Pcna,
Tubb5, Cenpa, Mki67, Cxcr4 and Aicda were markedly expressed in C1, C2 and C3, implying
elevated cell proliferation and SHM in these clusters (Figure 3.27E and F) (Holmes et al., 2020,
Chen et al., 2021). The cell cycle analysis also supported the conclusion that these cells were
in phases of S-G2-M for mitosis and/or DNA synthesis (Figure 3.27C). C5 showed low
expression of activation- and proliferation-related genes, but exhibited highest expression on
resting markers like Ighd, Cd38 and Ly6d (Figure 3.27E) (Chen et al., 2021). Cells in C5 also
indicated that they are in the GO/G1 phase (Figure 3.27C). Additionally, the expression of
Rasgrp2 and Ccr6 in C5 indicated the presence of precursors of memory B cells, suggesting

resting GC B cells of C5 (Figure 3.27E and F) (Holmes et al., 2020).
In summary, integrating the in-house GC data with published GC data showed heterogeneity of

GCs and identified three major GC subsets in total GC B cells, including LZ GC B cells (CO,
C4 and C6), DZ GC B cells (C1, C2 and C3) and resting GC B cells (C5) (Figure 3.27D).
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Figure 3.27 Identification of 3 GC B cell subsets in SLOs and ATLOs

(A) The UMAP plot shows overlap of two datasets after normalization and integration. (B) The
UMAP algorithm constructed dimensionally reduced plots and nonsupervisory projected GC B
cells into 7 clusters. (C) The UMAP plots show the projection of cell cycle stages in each GC
B cell. (D) The cluster of DZ, LZ and resting GC B cells. (E) The scaled expression of markers
involved in LZ, DZ and the resting state. The dot sizes correspond to the proportion of cells
that expressed that gene, and the colors indicate the levels of average expression in each cluster.
(F) The UMAP plot shows expression of a set of genes which are related to GC dynamics. Each
dot represents one cell.

3.4.7 Disrupted GC dynamics in ATLOs

GC B cells shuttle between DZ and LZ compartments to undergo cycles of SHM and selection.
This dynamic leads to accumulation of high-affinity B cells to antigens (Mesin et al., 2016). To
investigate the GC dynamics in RLNs and ATLOs, the fraction of GC B cell from different
compartments in WT RLNs, Apoe”~ RLNs and ATLOs were analyzed (Figure 3.28). The
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presence of all GC B subsets was observed in all tissues (Figure 3.28A), indicating there was
no tissue-specific GC B subsets and supporting the notion that ATLOs experience GC dynamics
similar to RLN GCs. Comparative analyses between WT and Apoe’ RLN GCs revealed
similarities in their cellular composition, as there was no notable difference in the proportions
of each GC B cell subsets (Figure 3.28B). Both WT and Apoe”’- RLN GCs revealed substantial
populations of DZ and LZ GC B cells, with only a minor fraction of resting GC B cells.
Additionally, the relative abundance of DZ cells is lower compared to LZ cells in RLN GCs
(Figure 3.28B). Nevertheless, the cellular component of ATLO GCs were noticeably different
from WT and Apoe”~ RLNs. The proportion of DZ GC B cells in ATLO GCs were significantly
lower when compared to RLN GCs (Figure 3.28B). Instead, there was a significant relative

increase in the portion of LZ B cells in ATLO GCs (Figure 3.28B).
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Figure 3.28 Distinct B cell compositions in ATLO GCs

(A) The UMAP plot shows the distribution of GC B cell subsets in each tissue. Each dot
represents one cell. (B) The piecharts display proportion of DZ, LZ and resting GC B cells in
each tissue. The p-value was determined by Chi-square test and adjusted by Benjamini-
Hochberg correction. The first p-value was determined by comparing Apoe” RLN GC B
subsets versus WT RLN GC B subsets, while the second p-value was determined by comparing
ATLO versus Apoe”” RLNG.
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The difference in DZ and LZ cell distribution supports the concept of compromised GC
dynamics in ATLOs, suggesting a distinct immune response and selection process in ATLOs
compared to RLNs. The proliferation and SHM in ATLO DZ may decline, while the antigen

presentation and T cell interaction in LZ may be enhanced.

3.4.8 Compromised GC reactions in ATLOs

Taking the opportunity of pairing scRNA-seq profiling with single cell BCR sequencing
(scBCR-seq) analysis, the BCR clonality between SLO GCs versus ATLO GCs were compared
to evaluate GC reactions in different tissues. Both RLNs and ATLOs contained a large
population of expanded B cells as identified previously (Figure 3.26C). In WT RLNs, around
40% of DZ cells were clonally expanded (Figure 3.29A), indicating that GC B cells undergo
rapid proliferation in DZs. The percentage of expanded cells decreased to approximately 11%
in WT LZ (Figure 3.29A), supporting the notion that B cells experience positive selection to
eliminate low-affinity cells in GC LZ. Resting GCs exhibited no expanded cells (Figure 3.29A),
raising the possibility that these cells newly enter GCs without proliferation and clonal
expansion. Similar to WT RLN GCs, 4poe”” RLN and ATLO DZ comprised more expanded
cells than LZ cells, with no expanded cells in resting GCs (Figure 3.29A). These findings
indicate similar mechanisms of proliferation and affinity selection in Apoe”- RLN and ATLO
GCs. In both WT and Apoe” RLN GCs, DZ and LZ B cells displayed dramatically higher
mutation levels compared to resting cells, with DZ cells showing significantly higher mutations
than LZ B cells (Figure 3.29B). These data indicate that extensive SHM occurs in RLN DZ.
However, the mutation levels in ATLO DZ, LZ and resting GC B cells were comparable, with
significantly decreased mutations in ATLO DZ (Figure 3.29B). These observations indicate
dysfunction of SHM in ATLO GCs. The class-switched B cells primarily accumulated in GC
DZ in WT and Apoe”~ RLNs, showing a higher fraction of switched B cells in RLN DZ than
LZ (Figure 3.29C). Conversely, the class-switched BCRs in ATLO DZ were notably lower
than RLN DZ, and no significance was observed between DZ, LZ and resting GC B cells
(Figure 3.29C). These results indicated disrupted CSR mechanism in ATLO GCs.

91



Results

A B (o]
Dz Lz Resting p =0.0033
p = 0.0060 p=0.010 p=1.00
p = 0.0060 p=0.0033
033 e T p <0.0001 p <0.0001 p=1.00
p <0.0001 s p < 0.0001 p=0.42 p=0.61 p=1.00
EE——— 80- p <0.0001 100 4
3 p=0.027
£® p <0.0001 o
! 117% 0% :
2z : > p<0.0001 75 |
= = 60 p=0.065 p=0.13
p=0.16 £ e p=0073 _
= N T p=032 @
p=0.78 S b4 o’ — = 50 |
- = 5
p =0.0083 P oaod %o . %
] e T
8 i ¢ . - 8 55
h) ] ° H L] D
o e
§§ 18,!/., 5.4% 0% é o S ) &
<g 20+ o8 3% of H
: ™ e He . . L i
o
p=078 = ° . . & NN 2 NN D NN D
p=1.00 5 o oo E o £ a £ o ]
=0.0036 N ! N 4] 3 3
— By g 8y g NNE ; & e
o 4 ; g 3 -
@ ”a
= bS] az,Qb 7.4% 0% o« [ o« WT RLN Apoe”” RLN ATLO
< GCs GCs GCs
A
WT RLN Apoe”” RLN ATLO ) )
M Expanded Non-expanded GCs GCs GCs B Class-switched O Non-switched

Figure 3.29 Compromised GC reactions in ATLOs

(A) The percentage of expanded B cells in each GC B subsets in each tissue. The size of the pie
is proportional to the number of cells in the group. (B) Total mutations per cell on BCR heavy
chain and light chain within different GC states in each tissue. Each dot represents one cell, and
the red short lines indicate mean mutations in the group. (C) Proportion of class-switched cells
within different GC states in each tissue. The p-value in A and B was determined by Chi-square
test and adjusted by Benjamini-Hochberg correction. The p-value in C was calculated using
Wilcoxon-Signed-Rank Test with Benjamini-Hochberg correction.

In conclusion, the findings indicate ATLO GCs exhibit aberrant mechanisms of SHM and CSR
compared to RLN GCs, suggesting impaired GC dynamics in ATLOs. These data suggest GC
reactions are compromised in ATLOs, which could be related to tolerance breakdown in ATLO

GCs.

3.4.9 Functional enrichments in ATLO GC B cell subsets

To explore potential functional changes in RLN and ATLO GC B cell subsets, the gene
expression profiles were compared between ATLO versus corresponding WT and Apoe”” RLN
GC subsets. The fold change values of gene expression were referred to the GO database to
construct function projections using GSEA, allowing to identify potential pathways affected by
these gene expression changes (Figure 3.30). There was no significantly enriched GO term
when compared ATLO resting GCs to SLO resting GCs, indicating functional similarities in
SLO and ATLO resting GC B cells. Compared to RLN DZ GCs, ATLO DZ GCs significantly
enriched in more than 150 GO terms, including regulation of leukocyte proliferation, positive
regulation of apoptotic process and somatic diversification of immunoglobulins (Figure 3.30A).
The regulation of proliferation was observed in ATLO DZ GCs when compared to SLO DZ
GCs, with overexpression of Tyrobp, Cdknla, Ighm and Irs2 (Figure 3.30A and B). Tyrobp
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has been reported to limit B cell proliferation in humans, while Cdknla is involved in cell cycle
arrest (Nakano-Yokomizo et al., 2011, Beguelin et al., 2017). Therefore, the proliferation in
ATLO DZ GCs is under control of negatively and positively regulation. Apart from DZ, these
genes were also up-regulated in LZ and resting GCs, indicating dysfunction of GCs in ATLOs
(Figure 3.30B). ATLO DZ GCs also showed up-regulation of the apoptotic process (Figure
3.30A). Genes in relation to apoptosis were up regulated in DZ vs LZ and resting GCs (Figure
3.30C). These data indicate increased apoptosis in ATLO DZ GCs, consistent with decreased
numbers of DZ GC B cells in ATLOs. This data suggests that dysregulated apoptosis may
contribute to the altered dynamics in ATLO GCs. The negative enrichment of somatic
diversification of immunoglobulins, as well as the decreased expression of isotype switching-
related genes like Atad5, Bcl6, Rifl and Aicda in ATLO DZ GCs is consistent with lower
isotype-switching in ATLO GCs (Figure 3.30A and D). These observations indicate disruption
of antibody maturation and diversification in ATLO GCs. ATLO LZ GC B cells demonstrated
enrichment in GO terms including BCR signaling, negative regulation of apoptotic process and
tolerance induction when compared to RLN LZ GC B cells (Figure 3.30E). The BCR signaling
pathway was observed to be negatively regulated in ATLO LZ GCs (Figure 3.30E).
Importantly, CD22, which has been reported as a key inhibitory checkpoint to restrain B cell
activation to self-antigens, was down-regulated in ATLO LZ GCs (Rubin et al., 2019) (Figure
3.30F). This dysregulation may contribute to the pathogenesis of autoimmune diseases, which
are often associated with the breakdown of tolerance mechanisms. Apoptosis in ATLO LZ GC
B cells was down-regulated, and up-regulation of Myc and Nfkbl was detected to regulate cell
survival (Figure 3.30E and G). These data are consistent with higher portion of LZ GC B cells
in ATLOs, suggesting the enrichment of this pathway may lead to accumulation of B cells
potentially involved in autoimmune responses in ATLOs. Furthermore, ATLO LZ GCs showed
enrichment in tolerance induction term (Figure 3.30E). The expression of CD86 has also been
positively associated with autoimmune disease, while CD274 has been reported to limit
autoimmune responses (O'Neill et al., 2007, Mi et al., 2021). These findings further indicate
dysregulation of tolerance in ATLO LZ GCs.
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Positive regulation of apoptotic process
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Figure 3.30 GSEA shows potential functional enrichments in ATLO DZ and LZ GCs

(A) The GSEA plot of selected GO terms enriched in ATLO DZ GC B cells. The x-axis shows
genes (vertical black lines) represented in the GO terms; the color indicated positive (red) or
negative (blue) correlations. The green line connected gene and enrichment score to show the
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enrichment of the GO term. (B-D) The expression of selected GO term-related genes within
GC subsets. (E) The GSEA plot of selected GO terms enriched in ATLO LZ GC B cells. (F-H)
The expression of selected GO-term-related genes within each GC subset. NES: normalized
enrichment score.

Overall, these data provide potential functional evidence of dysregulated immune processes in
ATLO GC B cells, supporting that ATLOs may mount atherosclerosis-specific B cell

autoimmune response.

3.4.10 Overexpression of survival factors in ATLO PCs

To study the characteristics of PCs in SLOs and ATLOs, PCs were analyzed and re-clustered
into 3 subsets, each exhibiting different gene expression profiles (Figure 3.31A and B). The
expression of cell cycle-related genes Tubb5, Actb, Mki67 and Top2a by PC3 is in line with
proliferation of plasmablasts or early PCs (Khodadadi et al., 2019) (Figure 3.31B). Long-lived
PCs lose expression of MHC II molecules, which has been observed in PC1 (Wilkinson et al.,
2012). This subset also expressed Rgcc, Fos and Nfkbia, which in critical for PC differentiation
and long-term survival (Gerondakis and Siebenlist, 2010) (Figure 3.31B). PC2 was observed
to be in an intermedia stage with lower expression of MHC II genes but higher expression of
Ms4al, Pdia4 and Hexb (Figure 3.31B). There were no tissue-specific PC subsets as the 3
subsets in either SLOs or ATLOs (Figure 3.31C). In WT RLNs, most of PCs belong to the PC1
or PC2 subsets, while only a few PCs were identified in the PC3 subset. This trend was also
observed in Apoe”” RLN and ATLO PCs (Figure 3.31C). However, compared to Apoe”” RLNs,
the proportion of PC2 subsets was higher in ATLOs, while the proportion of PC3 subsets was
slightly lower, supporting a higher possibility of long-lived PCs in ATLOs (Figure 3.31C).
This data indicates distinct cellular component in ATLO PCs in comparison to RLNs. Next,
survival factors were estimated in different tissues. The expression of Tnfrsf17 (receptor of
BAFF), Cxcr4 (receptor of CXCL12) and Tnfrsfla (receptor of TNF) was low in both WT and
Apoe”” RLNs, but significantly enhanced in ATLOs (Figure 3.31D). TnfisfI3c was expressed
in both SLOs and ATLOs, and the expression was increased in ATLO PCs (Figure 3.31D).
The data suggest that BAFF, CXCL12 and TNF signaling pathways contribute to the enhanced
survival of ATLO PCs (Lightman et al., 2019). Furthermore, upregulation of Cxcr4 was
observed predominantly in the PC2 subset when comparing ATLO to RLN PCs. Tnfrsf17
showed high expression levels in both PC1 and PC2 subsets within ATLOs, whereas the
expression of Tnfrsf13c was increased in ATLO PC1. ATLO PC3 was found to be the primary
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subset expressing Tnfrsfla (Figure 3.31E). These data implicate each PC subset relies on

distinct survival factors to maintain their survival in ATLOs.

A B
-'.'. PC3{{®@ o o ¢ @ @ o o o ° P
oh® .
AN A rwe |
2,54 b XY XY & Percent Expressed
o8, %o v"’b
o . A .25
e A MR OIS PC2{ e o - « o o =« .III e o 50
N 0.0 . ..-.""'al’;-? 75
g X SRR ] @100
g ’-:: °s ’o:'.
» o..;.’. PC1{e - - o« o ® e - @ o|lo o @
25 e .q. S ge EXP
1.0
5 A . ¥ D W D D O o s 00
P @ P 2 00 W 00 2 (@ (P
F W F T pwp\“\)@ﬂ’r@e Q08 o € l-o.s

& @

N

C
[ PC1 (p<0.0001)
B PC2 (p<0.0001)
B PC3 (p=0.96)
D
Tnfrsf17 Cxcrd Tnfrsf13c Tnfrsfla
p<0.0001 p=0.16 p=0.0070 p=0.27
p=0.0097 p=0.61 p=0.16 p=0.28
p=0.028 p=0.044 p=0.46 =0.026
]
>
3 1.0
c
°
@
o 0.5
o
>
w
0.0
e% ec_, 06
' N \%
4\@ V& L
VQ&
E
PC1 ! PC2 ! PC3
: : Average Expression
Tnfrsf1a . . | ' . ® i 2
| | 1
I 1 0
Tnfisfiae] @ ° | ° s o, @) . I_1
| 1
I o ! .
Tnirsf17 o ® | | Percent Expressed
| 1 .
Cxcr4- . . ° ° . o [ J ° . (2)0
: ; e ' P ; T %
S S S ¥ = (8] S = (8] ® 60
NG N % ' NG \% NG N \%
@Q‘ '\.Q“ Y‘S X ’\,Q“ Y‘S @Q‘ ’\,Q“ Y‘S . 80
Qo?: () ]
¥ W W

Figure 3.31 ATLO PCs up-regulate survival-related genes

(A) PCs were nonsupervisory separated into 3 subsets in the UMAP plot. (B) Dot plot shows
expression of marker genes in 3 PC subsets. (C) The fraction of each PC subset in different
tissues. The p-value was determined by Chi-square test. (D) Violin plots show expression of
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survival-related genes in different tissues. Each dot represents one cell. The p-value was
determined by Wilcoxon-Signed-Rank Test. (E) Dotplot shows expression of survival-related
genes in 3 PC subsets in different tissues.

In conclusion, this result suggests the presence of different PC subsets with unique survival
requirements in ATLOs. The enrichment of long-lived PCs in ATLOs, along with the
upregulation of survival factors, supports the notion that ATLOs provide a suitable niche for

the persistence of PCs in response to pathogenesis.
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4 Discussion

Atherosclerosis and its complications incur enormous burdens on the health system worldwide.
Although B cells have been reported to be involved in both atheroprotective and atherogenic
mechanisms, the role of B cells in atherosclerosis remain poorly understood (Sage et al., 2019).
Here, we employed NGS approach in both young and aged mice to get insight into the
pathophysiology of atherosclerosis. For this purpose, we used a cross-tissue and cross genotype
approach using bulk Rep-seq and scRNA-seq paired with scBCR-seq to map B cell immune
responses in WT versus Apoe”” mice. The following major conclusions are supported by this
work: (1) ATLOs are capable to mount GC-dependent B-2 cell immune responses with
evidence of clonal expansion, SHM, CSR and specific overexpression of several V-J
recombinations; (2) The PC differentiation and migration pathways are compromised in ATLOs;
(3) The breakdown of B cell tolerance occurs as early as in young (8-10 weeks) Apoe”” mice in
mice without visible macroscopic atherosclerosis; (4) Several checkpoints of peripheral B cell
tolerance control are disrupted in ATLOs. When taken together, this work supports the
conclusion that ATLOs may be involved in the generation of autoimmune B cell responses,
opening the door to characterize atherosclerosis as a bona fide humoral B cell autoimmune

disease.

4.1 Mapping of B cells indicates B cell differentiation occurs in SLOs and
ATLOs of Apoe” mice

4.1.1 Increased clonal expansion and diversification in Apoe”” mice

Several lines of evidence including highly significant up-regulation of clonal expansion and
diversification of B-2 cells in aged Apoe”” mice versus their WT control mice implicate the
existence of atherosclerosis-specific autoantigens in SLOs and ATLOs. In contrast, as expected,
B-1 cells in PerC showed high clonal expansion but lower clonal diversification in both WT
and Apoe’” mice. This result was in agreement with data discussed by Wong et al. that the
repertoire of B-1 cells was biased in order to protect against microbial antigens (Wong et al.,
2019). In addition, our data are consistent with those of Yang and colleagues who reported the
repertoire of B-1a cells was more restricted than that of B-2 cells (Yang et al., 2015). Similar
data on B-1a versus B-1b cells confirmed previous data of our group using FACS (Srikakulapu

et al., 2016). Bashford-Rogers et al. characterized the disease-prone repertoires in six immune-
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related diseases including Crohn’s disease, SLE and IgA vasculitis, revealing that B cell
repertoire mapping in different diseases and tissues is powerful approach towards
understanding both mechanisms and locations where autoimmune B cell responses occur and -
by the same token - autoimmune diseases may be initiated (Bashford-Rogers et al., 2019).
Therefore, the clonal expansion and diversification of B-2 cell in aged Apoe”~ SLOs may be a
result of the chronic inflammatory state associated with the Apoe deficiency and strongly
suggests the existence of atherosclerosis-specific autoantigens and autoimmune B cells
generated in GCs. Chronic inflammation can lead to the activation and proliferation of B cells,
which would contribute to the expansion of certain B cell clones in the repertoire (Cain et al.,
2009). This hypothesis is supported by previous studies that have shown increased clonal
expansion in response to chronic inflammatory diseases. For example, the expanded B cells
was observed in cerebrospinal fluid and central nervous system of patients suffering from
multiple sclerosis (Obermeier et al., 2011). Itoh and colleagues recognized B cell clonal
expansion as common and characteristic features in patients suffered rheumatic disease (Itoh et
al., 2000). The increased diversification of clones in the aged Apoe”™ mice is a more complex
phenomenon, however. One possibility is that the increased inflammation in the Apoe”~ mice
could lead to the recruitment and activation of clonally related B cells. Another possibility is
that the loss of Apoe could impact the affinity selection of specific B cell clones during
development, leading to a more diverse repertoire. A third possibility is that both central
tolerance as well as peripheral tolerance checkpoints are compromised in 4poe” mice. The
dramatic differences in clonal expansion in the Apoe”” SLOs and ATLOs versus their WT RLN
and spleen counterparts, however, speak in favor of a major breakdown of B cell tolerance in

SLOs and ATLOs.

4.1.2 Increased SHM and CSR in Apoe’~ mice

SHM and CSR occur within GCs to generate high-affinity antibodies in response to specific
antigens (Klein and Dalla-Favera, 2008). Compared to germline mutations, this somatic
mutation shows extremely higher frequency (10° fold) and predominately results from single-
base substitutions in hypervariable regions of BCRs (Martin et al., 2015) . Therefore, the high
frequency point mutations reported in our Rep-seq data explain the levels of SHM in the B cells.
In this study, we observed higher levels of mutations in aged Apoe”" mice when compared to
WT mice, suggesting increased SHM in Apoe”™ mice. To increase the affinity to antigens, the
activated B cells undergo high rates of somatic mutations. Many studies have shown extensive

SHM in vaccination models and chronic inflammation diseases (Li et al., 2013, Beltran et al.,
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2014). Therefore, the enhanced SHM in aged Apoe’ mice results from the chronic
inflammation afforded by atherosclerosis. B cells in GCs undergo CSR to generate different
isotypes to deal with specific antigens. In our data, the larger proportion of isotype-switched B
cells in Apoe”" mice was also observed in comparison to WT mice. Our data is the first study to
elucidate the specific features of B cell isotypes in atherosclerosis from not only percentage,
but also the switching preference between individual isotypes. For example, we pointed out the
enhanced class switching from IgG1 to IgG2 in aged Apoe” RLNs, which results in elevated
IgG2. Since the SHM and CSR of B cells occurs in GCs with help of Tru cells, the enhanced
SHM and CSR in our data indicate enhanced antigen-triggered T cell-dependent response in

Apoe’- mice, implying the existence of atherosclerosis-specific antigens.

4.1.3 Differential V-J recombination in Apoe’~ mice

Some individual families have been associated with specific diseases. For example,
overrepresented IGHVS family and underrepresented IGH1 family have been reported in
splenic B cells isolated from SLE patients (Fraser et al., 2003). In our data, the aged Apoe” B-
2 cell were distinct from WT mice by underexpression of IGHV4, IGHV11 and IGHV13
families as well as overexpression of IGHV7 and IGHV 14 families. Of note, the decrease of
IGHVI-5, IGHVI-81 and IGHV5-17 gene segments as well as the increase of /IGHV'7-3 gene
segment were significant in at least two Apoe™" tissues when compared to their corresponding
WT tissues. This raise the possibility that atherosclerotic mice harbour a unique set of B cells
in response to the inflammatory environment, which may predominately express IGHV7 and
IGHV 14 families, as the IGHV7 family was poorly expressed in WT mice but extremely high
in Apoe’” mice. In Apoe” mice, IGHV7-3 mainly recombined with /GHJ4 segment, therefore

this combination may specifically occur in response to atherosclerosis.

4.2 ATLOs regulate atherosclerosis-specific B cell autoimmune responses

4.2.1 Why choosing ATLOs as sites for studying atherosclerosis-specific autoimmune
responses?

Till now, the presence of B cells within atherosclerotic lesions is still controversial. Only a few

B cells were positioned in human coronary plaques based on studies, but most researchers did

not find any B cells in mouse plaques except for rare cases of mice that develop ATLO-like

immune cell aggregates (Moos et al., 2005, Grabner et al., 2009, Canducci et al., 2012, Zhang

et al., 2021, our unpublished data). Instead, Grabner et al. believed that ATLOs are the major
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locations for infiltrated B cells in the diseased arterial wall emerging adjacent to plaques in the
adventitia in advanced atherosclerosis (Grabner et al., 2009). Apart from ATLOs in
atherosclerosis, the neogenesis of other TLOs have also been characterized in four major types
of human diseases: autoimmune and autoimmune-related diseases, microbe infections, allograft
rejection and some type of cancers (Mohanta et al., 2014). Climbing evidence has stated TLOs
are at least partially maintained as sites to generate autoreactive B cells and sustain local
autoimmune response (Lehmann-Horn et al., 2016, Corsiero et al., 2019). Regarding our current
data we conclude that atherosclerosis triggers autoimmune B cells particularly in ATLOs as the
evidence is weak that Apoe-deficiency is associated with an enhanced generation of expanded

and clonally expanded B-2 cell that react to exogenous antigens.

4.2.2 Dysregulation of immune tolerance in mice lacking Apoe

Multiple central and peripheral tolerance mechanisms are developed to prevent autoreactive B
cells become disease promoting B cells. We studied both young and aged mice to examine
tolerance checkpoints. Surprisingly, increased clonal expansion was firstly noticed in young
Apoe’ naive B cells, raising the possibility that B cell central tolerance compromises in young
(8 weeks) hyperlipidemic mice, while more work is needed to confirm this possibility. The
BCR clonal expansion is also observed in GC B cells of young 4Apoe”” mice when compared to
young WT mice, which raises another possibility that after few clonal expanded autoreactive B
cells who escaped central tolerance deletion in the BM, they enter peripheral to initiate GC
responses before macroscopically visible atherosclerosis occurs. We then analysed the clonal
expansion in aged naive B subsets. Similar to young mice, the clonal expansion is increased in
Apoe’” immature naive B cells when comparing to WT immature naive B cells in aged mice.
While there was no statistical difference between Apoe” and WT mature naive B cells. This
may attribute to the age-induced shrink of repertoire in both aged WT and Apoe”” mice. IGHV7
and IGHV 14, which showed no significance in young mice, but were overrepresented in aged
naive and/or antigen-experienced B cells. It raised the possibility that the unbalanced immune
tolerance may contribute to the accumulation of these families. Consequently, the breakdown
of immune tolerance is likely inferred in both young hyperlipidemic mice and advanced

atherosclerotic mice.

4.2.3 Existence of GC-dependent B-2 cell immune response in ATLOs
The structure of ATLOs is similar to SLOs as they are organized in separated B cell follicles,

T cell zones and PC niches (Yin et al., 2016). B cells seed in ATLOs could be tissue-resident
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B cells or circulating B cells that come from other tissues. Our data indicated that the BCR
repertoire in ATLOs can be distinguished from its counterparts in the circulation and SLOs.
The levels of clonal expansion, diversification and SHM in ATLO B cells is comparable to
Apoe”- SLO B cells, indicating presence of GC-dependent B-2 cell immune response in ATLOs.
However, the landscape of B cell BCR repertoire in ATLOs is distinct in that CSR in ATLOs
as more unswitched IgM sequences were observed in ATLOs in comparison with RLNs. Two
possibilities may contribute to the high IgM in ATLOs: 1). ATLOs contain more B-1 B cells,
which have been identified previously by FACS (Srikakulapu et al., 2016). Thus, the increased
IgM isotype in ATLO may result from the increased B-1 B cells which mainly produce IgM.
2). The dysregulation of CSR-related genes may contribute to the defect of CSR and therefore
more B-2 B cells are unswitched in ATLOs.

4.2.4 Disruption of immune tolerance in ATLO GCs

The dissimilarity between ATLOs and SLOs have been confirmed previously by microarray
data (Hu et al., 2015). Our data extended this conclusion by providing B cell transcriptomes at
single cell resolution in these three tissues. ATLO B cells differ from RLN B cells by
upregulation of immune response-related transcripts, implying the enhanced B cell functions,
i.e., antigen presentation, TNF signalling pathways, and B cell receptor signalling pathways.
Relying on scRNA-seq, we identified distinct B cell subtype compositions and phenotypes in
ATLOs when compared to WT RLNs and 4poe”” RLNs. Therefore, our current studies are the
first to describe B cell subtype and B cell phenotype atlas in ATLOs, allowing the possibility
to dissect the mechanism of specific B subsets in atherosclerosis, i.e., to identify autoimmune
B cells, clone their BCRs, express them in vitro and determine their disease-related functions,
and define the cognate autoantigen(s) they respond to. Spontaneous GCs have been reported in
both autoimmune and non-autoimmune conditions, but GCs in autoimmune diseases displayed
higher frequencies of antibody-producing B cells (Domeier et al., 2017). In our data, the newly
activated B cells - which may have encountered autoantigens - accounted for around 5% of total
B cells in WT and Apoe”™ RLNs. This fraction significantly decreased, with considerable
increasing of PCs and memory B cells in ATLOs. Therefore, these data also indicate that GCs
in ATLOs may generate atherosclerosis-specific autoimmunity. By integrating with published
GC data, we further analyzed GC B cells in WT and Apoe”~ RLNSs, as well as ATLOs. This
further indicated dysregulated GC reaction in ATLOs. By analyzing DEGs and their functional
enrichment, we observed overexpression of proliferation-inhibitory genes, upregulation of

apoptosis-related genes, as well as downregulation of CSR-related genes in ATLO DZs. These
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data may provide the hints to understand the decreased fraction of DZ GC B cells and decreased
CSR in ATLO GCs. CD22 has been reported to be required to maintain B cell tolerance by
inhibiting BCR signaling (Muller and Nitschke, 2014). Deficiency of CD22 leads to
spontaneous high affinity autoantibody generation (O'Keefe et al., 1999). Crosses of CD22-
deficient mice with autoimmune-prone mice promoted autoimmune disorder, and mutations of
CD22 has been detected in lupus-prone strains (Dorner et al., 2012). CD86 is upregulated in
activated B cells to facilitate autoimmune response by co-stimulation of T cells, as previously
reported (Wong et al., 2005). The overexpression of CD86 has been observed in autoimmune
diseases like rheumatoid arthritis and autoimmune thyroid disease (Catalan et al., 2010,
Watanabe et al., 2020). The down-regulation of CD22 and up-regulation of CD86 in ATLO LZ
GCs encourage us to propose that immune tolerance breakdown in ATLO GCs occurs via

dysregulation of CD22 and CDS6.

4.2.5 Compromised PC machinery in ATLOs

PCs are capable for homing to BM or re-distribute to other lymphoid organs after terminal
differentiation (Hargreaves et al., 2001). In our data, ATLO PCs shared BCR clones with blood,
BM and SLO PCs, indicating that ATLO PCs could also migrate there. However, compared to
SLOs, the fraction of ATLO/blood and ATLO/BM BCR clones significantly decreases,
suggesting the persistence of PCs in ATLOs. This PC retention may contribute to the increased
fraction of PCs in ATLOs when compared to SLOs. PCs are classified into two groups based
on their lifespan. First, there are short-lived PCs or plasmablasts, which are actively
proliferating cells with a lifespan of around 3 to 5 days. Second, there are long-lived PCs, which
are non-proliferating and can survive for several months up to an individual's lifetime
(Khodadadi et al., 2019). The long-lived PCs are the major source of PCs to home to the BM.
Previous studies of our group have confirmed the existence of both short-lived and long-lived
PCs in ATLOs (Srikakulapu et al., 2016). Our data suggests that ATLOs may have different
portion of short-lived and long-lived PCs, which may contribute to the distinct BCR repertoire
in ATLO PCs, WT RLN PCs, and Apoe”’ RLN PCs. Shrikakulpu and colleagues reported
expression of PC survival factors such as CXCR12 and BAFF in ATLOs (Srikakulapu et al.,
2016). BAFF, APRIL, CXCR12 and TNF are critical for PC survival (Roth et al., 2014,
Tsiantoulas et al., 2021). By scRNA-seq data, we observed up-regulation of BCAM (receptor
for BAFF and APRIL), CXCR4 (receptor for CXCR12) and TNFR (receptor for TNF) in ATLO
PCs, which may also be a contributor of increasing PCs in ATLOs. Several other factors, such

as adhesion molecule, NF-kB pathway activation and anti-apoptotic factors could also regulate
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PC survival, however, though we did not observe ATLO-specific overexpression of these genes

in our data (Khodadadi et al., 2019).

To conclude, this project, utilizing NGS, provides the first evidence suggesting atherosclerosis
may be a bona fide autoimmune disease orchestrated within ATLOs. Our findings reveal
multiple layers of tolerance breakdown and GC-dependent B cell immune responses in ATLOs.
Corroborating our results, our colleagues have successfully isolated atherosclerosis-specific B-
2 cells from ATLO GCs using single-cell cloning technology. These B cells demonstrate high
affinity to plaque components, and notably, the administration of autoantigens or cognate
autoantibodies accelerates disease progression in atherosclerotic mouse models (Zhang, 2022).
These wet-lab experiments further substantiate the role of ATLOs in organizing atherosclerosis-
specific B cell autoimmune responses, reinforcing our sequencing-based findings with

functional evidence.
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Figure 4.1 ATLOs organize atherosclerosis-specific B cell autoimmune responses

Due to the breach of central tolerance, autoreactive B cells in Apoe”” mice escape sufficient
deletion and potentially migrate into ATLOs. Within these structures, these autoreactive B cells
encounter atherosclerosis-associated autoantigens, triggering GC reactions. This process
culminates in the generation of high-affinity autoreactive memory B cells and plasma cells
specifically tailored to respond to atherosclerosis.
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4.3 Limitations and outlook

In our studies, we have characterized ATLOs as distinctive sites of the atherosclerosis B cell
immune landscape and transcriptome profiling point of view. In particular, the current data
provide a series of results that ATLOs are sites of generating autoimmune B cells. To our
knowledge, this is the first systemic assessment of BCR repertoire in atherosclerosis, and
particularly the first study to characterize the B cell landscape in ATLOs by Rep-seq and
scRNA-seq. Nonetheless, there are still limitations in our studies. The limited number of B cells
in ATLOs restricted a more detailed investigation of paired H-L BCR repertoire in drop-based
scRNA-seq; thus, we focused more on the BCR repertoire of heavy chains obtained from bulk
Rep-seq. By this way, unfortunately, the H-L paired information which is also important to
delineate B cell specificity was not possible. For example, we lost the chance to investigate the
underling relationship between specific gene expression and largely expanded clones.
Therefore, it is not possible to produce specific autoantibodies only based on the results of Rep-
seq to examine their affinity and screen potential autoantigens. Moreover, epitope spreading in
inflammatory and autoimmune diseases allows B cells to target previously unrecognized
antigenic components (Vanderlugt and Miller, 2002). And different ATLOs were identified to
harbour large clones with unique features. These factors rise the complexity to isolate common
atherosclerosis-specific autoantibodies and autoantigens. Besides, in our Rep-seq experiments,
some samples, particularly small-sized ATLOs or RLNs, yielded insufficient BCR sequences
for robust analysis. Consequently, samples containing only a limited number of sequences were
excluded from further analysis after pre-processing. This necessary quality control resulted in
unbalanced comparisons in the project. Modified scRNA-seq for low number B cell populations,
optimized Rep-seq to reduce confounder and other advanced technologies need to be integrated
in the future for a more precise evaluation of underlying B cell machinery in ATLOs and

atherosclerosis.

Interruption of TLO formation has been reported as a clinically therapeutic strategy targeting
autoimmune disease (Pitzalis et al., 2014, Bombardieri et al., 2017). Increasing evidence
indicates that B cells could be considered as target for the intervention of atherosclerosis. For
instance, depletion of B cells with rituximab, which is an anti-CD20 agent, led to a reduction
role in atherosclerotic progression (Porsch and Binder, 2019). Hence with further investigation
on ATLO B cell immune response, regulation of B cells in ATLOs and subsequent modification

of ATLOs would be a promising prospect for clinical prevention and therapy of atherosclerosis.
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Supplemental Tables
Supplemental table 1: Basic information of B cells in aged mice
. Expansion | Diversification
ID | Mouse | Genotype | Tissue BCRs Clones D20 . .
index index
1 1625 WT Blood 431 367 0.19 0.12 0.03
2 1629 WT Blood 951 924 0.05 0.01 0.00
3 33 WT Blood 792 765 0.06 0.01 0.00
4 1627 WT Blood 3,897 3,481 0.03 0.00 0.00
5 1625 WT RLNs 1,616 1,334 0.13 0.15 0.04
6 1629 WT RLNs 1,243 1,096 0.12 0.11 0.03
7 33 WT RLNs 5,181 4,529 0.08 0.06 0.02
8 1627 WT RLNs 4,127 3,492 0.09 0.09 0.01
9 1625 WT PerC 3,370 1,598 0.47 0.42 0.00
10 | 1629 WT PerC 4,487 2,348 0.43 0.37 0.01
11 |33 WT PerC 502 140 0.81 0.70 0.17
12 | 1627 WT PerC 3,968 1,932 0.49 0.39 0.08
13 | 1801 WT PerC 3,167 1,307 0.58 0.51 0.01
14 | 1625 WT Spleen | 7,716 4,745 0.17 0.13 0.01
15 | 1629 WT Spleen | 27,622 | 15,131 |0.18 0.12 0.01
16 |33 WT Spleen | 5,092 3,099 0.25 0.24 0.01
17 | 1627 WT Spleen | 33,588 | 21,257 |0.25 0.12 0.08
18 | 1801 WT Spleen | 16,043 | 8,603 0.18 0.14 0.01
19 | 6375 Apoe™- ATLOs 806 610 0.48 0.15 0.31
20 | 6423 Apoe™- ATLOs 991 459 0.59 0.49 0.10
21 | 9013 Apoe™- ATLOs 225 207 0.24 0.06 0.08
22 | 9017 Apoe™- ATLOs 304 271 0.26 0.09 0.09
23 | 7751 Apoe™- ATLOs 1,341 226 0.88 0.63 0.19
24 | 7785 Apoe™- ATLOs 17,434 | 4,323 0.31 0.30 0.02
25 |5 Apoe™- Blood 10,326 | 9,479 0.06 0.03 0.00
26 |7 Apoe™- Blood 44,631 | 34,557 |0.18 0.16 0.00
27 |9 Apoe™- Blood 13,475 | 8,281 0.29 0.21 0.01
28 | 6375 Apoe™- Blood 394 372 0.13 0.02 0.03
29 | 6423 Apoe™- Blood 2,906 821 0.72 0.63 0.05
30 | 7751 Apoe™- Blood 4,069 3,461 0.11 0.04 0.00
31 | 9017 Apoe™- Blood 1,855 1,756 0.04 0.01 0.00
32 9013 Apoe™- Blood 231 220 0.16 0.04 0.02
33 | 7785 Apoe™- Blood 834 808 0.06 0.00 0.00
34 |5 Apoe™- RLNs 18,392 | 12,201 |0.21 0.18 0.03
35 |7 Apoe™- RLNs 6,172 3,987 0.22 0.19 0.12
36 |9 Apoe™- RLNs 82,082 | 14,409 |0.36 0.34 0.38
37 | 6375 Apoe™- RLNs 5,598 3,131 0.29 0.29 0.07
38 | 6423 Apoe™- RLNs 10,144 | 4,296 0.37 0.37 0.09
39 | 7751 Apoe™- RLNs 25,818 | 5,388 0.58 0.50 0.49
40 | 9017 Apoe™- RLNs 2,495 1,777 0.24 0.25 0.06
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41 | 9013 Apoe™ RLNs 1,913 1,268 | 0.25 0.29 0.06
42 | 7785 Apoe™ RLNs 1,789 1,442 | 0.16 0.17 0.02
43 | 6375 Apoe™ PerC 24,847 |2,783 |0.84 0.74 0.12
44 | 6423 Apoe™ PerC 26,865 | 4,750 |0.88 0.74 0.38
45 | 7751 Apoe™ PerC 3,103 535 0.85 0.77 0.06
46 | 9013 Apoe™ PerC 15,213 | 3,823 |0.70 0.64 0.01
47 | 7785 Apoe™ PerC 6,160 1,994 | 0.67 0.61 0.02
48 |5 Apoe”- Spleen |30,038 | 18,951 |0.27 0.22 0.01
49 |7 Apoe™ Spleen | 278,876 | 122,751 | 0.50 0.31 0.22
50 |9 Apoe’ Spleen | 131,345 | 43,846 | 0.54 0.24 0.33
51 | 6375 Apoe™ Spleen | 34,695 | 11,585 |0.40 0.27 0.02
52 | 6423 Apoe™ Spleen |39,249 | 20,867 |0.61 0.23 0.53
53 | 7751 Apoe™ Spleen | 559 295 0.52 0.44 0.10
54 | 9017 Apoe™ Spleen |8,940 |4,325 |[0.24 0.22 0.05
55 | 9013 Apoe™ Spleen | 29,343 | 10,663 |0.40 0.22 0.15
56 | 7785 Apoe™ Spleen | 25,314 | 7,495 |0.32 0.30 0.05
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Supplemental table 2: Basic information of PCs in aged mice

Supplemental Tables

ID | Mouse | Genotype | Tissue | BCRs | Clones D20 ExP ansion Dlvef'sﬂicatlon
index index
1 1625 WT Blood | 61,065 | 18,945 |0.50 0.11 0.12
2 1629 WT Blood | 151 98 0.53 0.27 0.07
3 33 WT Blood | 145 80 0.61 0.32 0.05
4 1627 WT Blood | 75,949 |43,916 |0.26 0.08 0.14
5 1625 WT BM 2,316 504 0.46 0.38 0.12
6 1629 WT BM 17,521 | 12,475 | 0.27 0.04 0.19
7 33 WT BM 34,965 | 21,060 | 0.28 0.09 0.08
8 1627 WT BM 351 108 0.58 0.50 0.08
9 1801 WT BM 59,140 | 31,019 |0.34 0.11 0.08
10 | 1625 WT RLNs | 8,744 1,071 0.58 0.52 0.27
11 | 1629 WT RLNs | 5,340 934 0.43 0.44 0.26
12 |33 WT RLNs |22,319 | 3,586 0.37 0.36 0.21
13 | 1627 WT RLNs | 20,651 | 3,798 0.36 0.35 0.25
14 | 1625 WT Spleen | 1,317 531 0.29 0.43 0.21
15 | 1629 WT Spleen | 3,826 777 0.40 0.47 0.28
16 |33 WT Spleen | 87,590 |43,112 | 0.37 0.23 0.33
17 | 1627 WT Spleen | 9,681 1,292 0.35 0.46 0.23
18 | 1801 WT Spleen | 64,864 | 37,144 | 0.39 0.18 0.32
19 | 6375 Apoe’ ATLOs | 6,445 255 0.97 0.86 0.28
20 | 6423 Apoe’ ATLOs | 3,065 345 0.81 0.56 0.13
21 | 9013 Apoe’ ATLOs | 384 173 0.67 0.53 0.13
22 | 9017 Apoe’ ATLOs | 3,438 255 0.93 0.64 0.23
23 | 7751 Apoe’ ATLOs | 1,354 146 0.93 0.65 0.28
24 | 7785 Apoe’ ATLOs | 18,502 | 1,301 0.48 0.46 0.20
25 |5 Apoe’ Blood | 870 575 0.24 0.08 0.02
26 |7 Apoe’ Blood | 472 244 0.50 0.20 0.06
27 19 Apoe’ Blood | 345 165 0.64 0.38 0.09
28 | 6375 Apoe’ Blood | 112 101 0.34 0.08 0.03
29 | 6423 Apoe’ Blood | 390 67 0.79 0.47 0.12
30 | 7751 Apoe’ Blood | 7,828 4,228 0.31 0.13 0.06
31 | 9017 Apoe’ Blood | 196 178 0.29 0.04 0.02
32 19013 Apoe’ Blood | 107 101 0.37 0.06 0.07
33 | 7785 Apoe’ Blood | 227 95 0.70 0.33 0.11
34 | 6375 Apoe’ BM 46,431 | 14,689 | 0.75 0.48 0.41
35 | 6423 Apoe’ BM 24423 110,179 | 0.55 0.24 0.31
36 | 7751 Apoe’ BM 8,916 7,337 0.34 0.05 0.22
37 {9017 Apoe’ BM 31,051 |20,842 | 0.37 0.09 0.18
38 19013 Apoe’ BM 96,434 | 42,530 | 0.54 0.24 0.23
39 | 7785 Apoe’ BM 15,747 | 12,715 | 0.35 0.05 0.16
40 |5 Apoe’ RLNs | 46,525 |5,351 0.39 0.35 0.18
41 |7 Apoe’ RLNs | 4,190 968 0.47 0.46 0.26
42 |9 Apoe’ RLNs | 75,224 |37,184 |0.26 0.16 0.19
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43 | 6375 Apoe™- RLNs |[38,616 | 15471 |0.52 0.29 0.34
44 | 6423 Apoe”- RLNs | 1,143 965 0.17 0.14 0.01
45 | 7751 Apoe™- RLNs | 1,535 313 0.57 0.58 0.27
46 | 9017 Apoe™- RLNs | 1,012 368 0.61 0.59 0.17
47 19013 Apoe”- RLNs | 1,029 391 0.51 0.54 0.16
48 | 7785 Apoe™- RLNs |24,614 |2,637 0.49 0.42 0.29
49 |5 Apoe™- Spleen | 260,855 | 81,915 | 0.48 0.36 0.30
50 |7 Apoe™- Spleen | 119,105 | 20,123 | 0.64 0.55 0.37
51 |9 Apoe™- Spleen | 161,694 | 45,364 | 0.52 0.33 0.39
52 | 6375 Apoe™- Spleen | 85,435 |39,037 | 0.60 0.27 0.46
53 | 6423 Apoe™- Spleen | 40,919 |25,294 | 0.53 0.23 0.42
54 | 7751 Apoe”- Spleen | 10,970 | 9,455 0.41 0.06 0.35
55 9017 Apoe™- Spleen | 58,033 |37,253 | 0.35 0.10 0.32
56 | 9013 Apoe™- Spleen | 65,125 | 46,165 | 0.45 0.12 0.40
57 | 7785 Apoe™- Spleen | 30,558 |21,971 | 0.44 0.11 0.41
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Supplemental table 3: Basic information of naive B cell samples

ID | Mouse | Genotype | Tissue | Cell Age BCRs Clones D20 Ex!aansmn Dlve.r sification
index index
1 1625 WT BM IN* | Aged | 778 698 0.10 0.10 0.01
2 1629 WT BM IN Aged | 831 782 0.06 0.05 0.00
3 33 WT BM IN Aged | 6,764 6,038 0.04 0.02 0.00
4 1801 WT BM IN Aged | 10,903 | 6,477 0.17 0.17 0.00
5 1625 WT Spleen | MN* | Aged | 681 570 0.18 0.16 0.02
6 1629 WT Spleen | MN | Aged | 1,997 1,648 0.14 0.14 0.01
7 33 WT Spleen | MN | Aged | 5,156 4,922 0.02 0.01 0.00
8 1627 WT Spleen | MN | Aged | 6,935 5,748 0.10 0.09 0.01
9 1801 WT Spleen | MN | Aged | 4,414 3,809 0.09 0.08 0.01
10 | 679 WT BM IN Young | 1,898 1,745 0.04 0.02 0.00
11 | 685 WT BM IN Young | 235 211 0.20 0.09 0.05
12 | 1827 WT BM IN Young | 921 895 0.04 0.00 0.00
13 | 1829 WT BM IN Young | 359 350 0.08 0.03 0.00
14 | 1831 WT BM IN Young | 740 724 0.05 0.02 0.00
15 | 1837 WT BM IN Young | 303 296 0.10 0.01 0.00
16 | 1839 WT BM IN Young | 659 642 0.06 0.00 0.00
17 | 679 WT Spleen | MN | Young | 6,612 6,392 0.01 0.00 0.00
18 | 685 WT Spleen | MN | Young | 6,309 6,058 0.01 0.00 0.00
19 | 1827 WT Spleen | MN | Young | 374 366 0.08 0.00 0.00
20 | 1829 WT Spleen | MN | Young | 140 131 0.22 0.04 0.01
21 | 1831 WT Spleen | MN | Young | 118 81 0.58 0.32 0.13
22 | 1837 WT Spleen | MN | Young | 407 400 0.07 0.00 0.00
23 | 1839 WT Spleen | MN | Young | 273 265 0.15 0.03 0.00
24 | 6375 Apoe™- BM IN Aged | 8,550 2,150 0.63 0.50 0.18
25 | 6423 Apoe™- BM IN Aged | 14,545 |514 0.94 0.88 0.51
26 | 7751 Apoe™- BM IN Aged |9,194 6,557 0.10 0.12 0.01
27 | 9017 Apoe™- BM IN Aged | 3,372 1,683 0.30 0.35 0.04
28 | 9013 Apoe™- BM IN Aged | 6,022 1,948 0.52 0.45 0.09
29 | 7785 Apoe™- BM IN Aged | 1,847 1,611 0.09 0.07 0.00
30 | 3397 Apoe™- BM IN Aged | 3,428 2,787 0.08 0.09 0.00
31 | 3405 Apoe™- BM IN Aged | 4,415 3,714 0.08 0.08 0.01
32 | 6375 Apoe™- Spleen | MN | Aged | 8,700 6,987 0.16 0.10 0.00
33 | 6423 Apoe™- Spleen | MN | Aged | 2,861 1,488 0.46 0.42 0.01
34 | 7751 Apoe™- Spleen | MN | Aged | 2,332 2,214 0.04 0.01 0.01
35 | 9017 Apoe™- Spleen | MN | Aged | 3,813 2,950 0.16 0.13 0.01
36 | 9013 Apoe™- Spleen | MN | Aged | 7,151 4,490 0.31 0.25 0.03
37 | 7785 Apoe™- Spleen | MN | Aged | 2,516 2,216 0.10 0.07 0.01
38 | 3397 Apoe™- Spleen | MN | Aged | 6,425 5,651 0.08 0.06 0.00
39 | 3405 Apoe™- Spleen | MN | Aged | 5,574 4,968 0.05 0.04 0.00
40 | 8295 Apoe™- BM IN Young | 2,251 2,071 0.04 0.01 0.00
41 | 8297 Apoe™- BM IN Young | 7,371 6,793 0.01 0.00 0.00
42 | 8299 Apoe™- BM IN Young | 1,119 1,061 0.05 0.03 0.00
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43 | 8301 Apoe™- BM IN Young | 1,427 1,371 0.03 0.00 0.00
44 | 8309 Apoe‘/‘ BM IN Young | 6,904 6,559 0.01 0.00 0.00
45 | 233 Apoe‘/‘ BM IN Young | 18,838 14,842 0.03 0.00 0.00
46 | 237 Apoe‘/‘ BM IN Young | 3,318 3,087 0.03 0.00 0.00
47 | 249 Apoe‘/‘ BM IN Young | 5,655 5,154 0.02 0.00 0.00
48 | 251 Apoe™- BM IN Young | 4,785 4,352 0.03 0.01 0.00
49 | 253 Apoe™- BM IN Young | 8,134 7,320 0.02 0.00 0.00
50 | 8295 Apoe™- Spleen | MN | Young | 4,982 4,224 0.07 0.03 0.00
51 | 8297 Apoe™- Spleen | MN | Young | 8,429 6,080 0.10 0.04 0.00
52 | 8299 Apoe™- Spleen | MN | Young | 7,592 6,316 0.05 0.01 0.00
53 | 8301 Apoe™- Spleen | MN | Young | 1,247 1,068 0.11 0.03 0.00
54 | 8309 Apoe™- Spleen | MN | Young | 2,282 2,044 0.07 0.01 0.00
55 |233 Apoe™- Spleen | MN | Young | 3,401 3,161 0.04 0.01 0.00
56 | 237 Apoe™- Spleen | MN | Young | 4,864 4,556 0.02 0.00 0.00
57 | 249 Apoe™- Spleen | MN | Young | 5,661 5,313 0.03 0.00 0.00
58 | 251 Apoe™- Spleen | MN | Young | 2,696 2,504 0.06 0.00 0.00
59 | 253 Apoe™- Spleen | MN | Young | 3,809 3,501 0.05 0.00 0.00

*: IN: immature naive B cells; MN: mature naive B cells
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Supplemental table 4: Basic information of GC B cells and PC samples in young mice

ID | Mouse | Genotype | Tissue Cell BCRs | Clones D20 EXil:I 2:111esxion Dive;;i(ﬂiation
1 1827 WT BM PC 32,788 | 8,257 0.25 0.59 0.43
2 1829 WT BM PC 31,365 | 5,547 0.27 0.61 0.35
3 1831 WT BM PC 14,590 | 4,646 0.31 0.6 0.44
4 1837 WT BM PC 28,262 | 4,189 0.41 0.7 0.4
5 1839 WT BM PC 18,892 | 3,878 0.27 0.64 0.46
6 1827 WT Spleen | GC 20 19 - - -

7 1829 WT Spleen | GC 299 279 0.15 0.06 0.01
8 1831 WT Spleen | GC 25 25 - - -

9 1837 WT Spleen | GC 28 27 - - -

10 | 1839 WT Spleen | GC 18 17 - - -

11 | 1827 WT Spleen | PC 27,310 | 10,825 |[0.24 0.39 0.32
12 | 1829 WT Spleen | PC 29,347 | 12,404 |[0.17 0.32 0.3
13 | 1831 WT Spleen | PC 12,103 | 6,504 0.18 0.32 0.34
14 | 1837 WT Spleen | PC 5,051 3,644 0.19 0.26 0.38
15 | 1839 WT Spleen | PC 17,851 | 6,879 0.2 0.4 0.26
16 |233 Apoe’ BM PC 46,956 120,942 |[0.38 0.47 0.58
17 |237 Apoe’ BM PC 42,215 17,027 [0.34 0.5 0.5
18 | 249 Apoe’ BM PC 18,206 | 11,407 |[0.27 0.34 0.53
19 | 251 Apoe’ BM PC 43,078 | 18,463 [ 0.28 0.48 0.52
20 | 253 Apoe™ BM PC 51,165 23,057 [0.25 0.42 0.55
21 233 Apoe™ Spleen | GC 717 568 0.19 0.13 0.03
22 | 237 Apoe™ Spleen | GC 2,546 1,842 0.07 0.02 0.01
23 [ 249 Apoe™ Spleen | GC 575 396 0.19 0.18 0.01
24 | 251 Apoe’ Spleen | GC 4,271 2,751 0.11 0.08 0.01
25 |[253 Apoe™ Spleen | GC 1,163 848 0.17 0.11 0.06
26 233 Apoe™ Spleen | PC 53,148 | 34,857 (0.3 0.2 0.42
27 | 237 Apoe™ Spleen | PC 50,921 |31,458 [0.17 0.19 0.33
28 |249 Apoe’ Spleen | PC 20,042 12,782 [0.23 0.25 0.34
29 | 251 Apoe™ Spleen | PC 10,784 | 9,192 0.3 0.11 0.45
30 | 253 Apoe™ Spleen | PC 33,055 21,801 [0.21 0.18 0.42
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